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Mutations of the neurofibromatosis 2 (NF2) tumor suppressor gene have frequently been detected not only
in schwannomas and other central nervous system tumors of NF2 patients but also in their sporadic coun-
terparts and malignant tumors unrelated to the NF2 syndrome such as malignant mesothelioma, indicating a
broader role for the NF2 gene in human tumorigenesis. However, the mechanisms by which the NF2 product,
merlin or schwannomin, is regulated and controls cell proliferation remain elusive. Here, we identify a novel
GTP-binding protein, dubbed NGB (referring to NF2-associated GTP binding protein), which binds to merlin.
NGB is highly conserved between Saccharomyces cerevisiae, Caenorhabditis elegans, and human cells, and its
GTP-binding region is very similar to those found in R-ras and Rap2. However, ectopic expression of NGB
inhibits cell growth, cell aggregation, and tumorigenicity in tumorigenic schwanomma cells. Down-regulation
and infrequent mutation of NGB were detected in human glioma cell lines and primary tumors. The interaction
of NGB with merlin impairs the turnover of merlin, yet merlin does not affect the GTPase nor GTP-binding
activity of NGB. Finally, the tumor suppressor functions of NGB require merlin and are linked to its ability
to suppress cyclin D1 expression. Collectively, these findings indicate that NGB is a tumor suppressor that
regulates and requires merlin to suppress cell proliferation.

Neurofibromatosis type 2 (NF2) is a dominantly inherited
disorder that is characterized by predisposition to the devel-
opment of multiple benign tumors of the central nervous sys-
tem. The most common tumors found in NF2 are vestibular
schwannomas, meningiomas, and ependymomas (3, 56). These
tumors grow slowly, but their location predominantly within
the central nervous system has catastrophic effects on sensitive
intracranial and intraspinal structures, thus resulting in a high
rate of morbidity and mortality. The NF2 gene encodes a
595-amino-acid protein called merlin (58) or schwannomin
(44), which is a member of the band 4.1 superfamily of cyto-
skeleton-associated proteins. This family consists of a large
group of membrane-associated cytoplasmic proteins including
protein 4.1, talin, ezrin, radixin, and moesin (ERM) proteins,
several protein-tyrosine phosphatases, and at least two non-
muscle myosins (31). The distinct feature of this superfamily is
a conserved region of 200 to 300 amino acids located in the N
terminus of each protein. This region is highly conserved
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among the ERM proteins and merlin (62% identity in the first
350 amino acids). The ERM proteins function as molecular
linkers by binding to transmembrane proteins through the
amino-terminal domain and linking them to the cortical actin
cytoskeleton through a carboxyl-terminal actin-binding domain
(1, 42, 43). Therefore, merlin might form a link between the
cell membrane and cytoskeletal proteins and thereby partici-
pate in cell-cell and cell-matrix contact signaling (2, 17, 29, 35).
Studies of cultured cells indicate that expressed merlin protein
accumulates in certain actin-rich membrane regions, such as
membrane ruffles at the leading edge of migrating cells, con-
sistent with the localization of ERM proteins. However, sev-
eral lines of evidence demonstrate that merlin has functions
that are clearly distinct from those of ERM proteins. First,
merlin lacks the well-defined C-terminal actin-binding domain
found in ERM proteins. In addition, the ERM proteins are
functionally redundant, whereas there is no evidence for re-
dundancy between merlin and the ERM proteins. Homozy-
gous knockout of the Nf2 gene is lethal in mice (34). Het-
erozygous knockout of Nf2, but not of genes encoding ERM
proteins, develops a variety of highly metastatic malignant
tumors (12, 33). Finally, expression of merlin, but not ERM
proteins, in NIH 3T3 cells significantly inhibits cell growth
and Ras transformation (30, 57).

The NF2 gene is composed of 17 exons. Alternative splicing
events lead to expression of several isoforms of merlin (19, 28).
The two most abundant isoforms lack residues corresponding
to either exon 16 (isoform I, 595 amino acids) or exon 17
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(isoform II, 590 amino acids), leading to variant C-terminal
ends of the proteins. It has been shown that isoform I, but not
isoform II, is able to form intramolecular interactions between
a central region spanning residues 288 to 400 and the C ter-
minus encoded by exon 17 and is essential for inhibition of cell
growth and tumorigenicity in rat schwannoma cell lines (52). A
previous study demonstrated that merlin interacts with an ac-
tin-binding protein BII-spectrin. As merlin itself lacks the actin
binding sites found in ERM protein, signaling from merlin to
the actin cytoskleton could be mediated via actin-binding sites
on Bll-spectrin (48). In addition, several merlin-associated
proteins have been identified, including NHE-RF, HRS, and
SCHIP-1 (13, 14, 49, 54). NHE-REF is a regulatory cofactor of
Na™*-H" exchanger and possesses two PDZ domains that are
thought to mediate protein-protein interaction. NHE-RF in-
teracts with both merlin and ERM proteins via downstream
PDZ domains (13). HRS refers to the hepatocyte growth fac-
tor-regulated tyrosine kinase substrate, whose tyrosine phos-
phorylation is induced by growth factors and cytokines. More-
over, HRS also interacts with STAM, which is associated with
JAK?2 and the JAK3/Stat pathway, suggesting a possible role of
NF2 in sorting of membrane receptors and inhibition of the
Jak/Stat pathway (49, 50). SCHIP-1 is a serine-rich protein that
contains coil-coil domains that allow SCHIP-SCHIP dimeriza-
tion. Interestingly, SCHIP-1 only interacts with some naturally
occurring mutants of NF2 or with an NF2-spliced isoform
lacking exons 2 and 3 but not with the NF2 isoforms exhibiting
growth-suppression activity (14). A recent study showed that
merlin also interacts with Ral guanine nucleotide dissociation
stimulator (RalGDS), a downstream molecule of Ras and in-
hibits RalGDS-induced RalA activation, colony formation,
and cell migration in mammalian cells (45).

In addition, the phosphorylation status of merlin is related
to its tumor suppressor function, i.e., hyperphosphorylation
inactivates merlin, whereas the dephosphorylated form of mer-
lin is associated with its growth inhibitory function (53). It has
been shown that, in logarithmically growing low-density cell
cultures, CD44 interacts with phosphorylated merlin. Upon
treating cells with CD44 antibody or CD44 ligand hyaluronate,
merlin becomes hypophosphorylated, which results in disasso-
ciation with CD44 and inhibition of cell growth. Thus, CD44
and merlin form a molecular switch to specify cell growth
arrest or proliferation (37, 46). Constitutively active Rac has
been shown to induce merlin phosphorylation and decreases
the association of merlin with the cytoskeleton through PAK1
and PAK2 (24, 60, 61), and overexpression of merlin inhibits
Rac-induced signaling, such as activation of JNK and PAKI,
leading to downregulation of cyclin D1 (21, 24, 47, 51, 62).
Although these findings greatly enhance our knowledge of
merlin function, the mechanisms by which merlin is regulated
and contributes to tumor suppression remain elusive.

With the goal to understand the normal cellular function of
merlin and how it acts as a tumor suppressor, we utilized the
yeast two-hybrid system to isolate potential interacting pro-
teins. In this report, we describe the identification of a novel
merlin-interacting protein, NGB, which contains five sequence
motifs, G1 to G5 that are well conserved in the small G-protein
family. NGB interacts with merlin both in vitro and in vivo in
mammalian cells. The G-protein homology domain of NGB
and the N and C termini of merlin are required for their
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interaction. Expression of NGB prevents degradation of mer-
lin and inhibits cell growth in rat schwannoma and human
glioma cells. Our findings suggest that NGB is itself a tumor
suppressor that plays an important role in merlin regulation.

MATERIALS AND METHODS

Reagents and antibodies. Cell culture media, protein A/G beads, and Lipo-
fectamine Plus were from Invitrogen (Carlsbad, CA). [y-*P]ATP, Tran->>S
label, and [methyl->H]thymidine were from ICN (Irvine, CA). NGB polyclonal
antibodies were generated by immunizing rabbits with glutathione S-transferase
(GST)-NGB (amino acids [aa] 338 to 501) fusion protein. The serum was col-
lected and affinity purified by passing it over a protein A-Sepharose column
(Pharmacia) according to the manufacturer’s procedure. Anti-HA (hemaggluti-
nin) and -Flag antibodies were purchased from Roche (Indianapolis, IN) and
Sigma (St. Louis, MO), respectively. Anti-cyclin D1 and -B-actin antibodies were
from Santa Cruz (CA). Anti-NF2 antibody was described previously (9). The
EnzChek caspase-3 assay kit was purchased from Molecular Probes.

Cell culture, transfection, and tumor DNAs. JS-1 rat schwannoma cells (a gift
of D. Gutmann), which express low levels of NF2 (52), and 82HTB rhabdomyo-
sarcoma cells (American Type Culture Collection), which express abundant NF2,
and Nf2-deficient (—/—) mouse embryonic fibroblasts (MEFs) (62) as well as
glioma cell lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum. Cells were transfected with NGB,
NF2, and RNA interference (RNAIi) expression plasmids using Lipofectamine
Plus. Stably transfected clonal cell lines were established following G418 selec-
tion. Primary glioma DNAs were obtained from patients who underwent surgery
at H. Lee Moffitt Cancer Center and at Community Hospital, Braunschweig,
Germany.

Cell proliferation, viability, DNA synthesis, and colony formation assays.
NF2-, NGB-, or NF2/NGB-transfected cells were plated in 35-mm dishes at a
density of 1.0 X 10° cells/dish. Cell numbers were measured with a Coulter
Counter (Coulter Electronics, FL) daily for up to 3 days following seeding. MTS
assays were performed according to the manufacturer’s recommendations (Pro-
mega, Madison, WI). The cells were plated in 96-well microtiter plates at a
density of 1.0 X 10? cells/well in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum. The number of cells at 1, 2, and 3 days was determined using
cell counter and the colorimetric CellTiter96 AQueous (MTS) assay (Promega).
Results were depicted as absorbance at 490 nm as a function of time. Cell
viability was examined with Trypan blue staining and caspase-3 activity fol-
lowing treatment of cells with VP16 (5 pM), taxol (100 nM), or doxorubicin
(2 uM) for 12 h.

Thymidine incorporation was used to investigate the effect of NGB and/or
NF2 on DNA synthesis. The cells were grown to 80% confluence in 96-well
plates, and during the last 16 h of growth, they were subjected to 5 wCi/ml of
[*H]thymidine. After rinsing twice with ice-cold serum-free medium, the cells
were incubated twice with 5 ml of 10% trichloroacetic acid for 10 min on ice and
lysed in 500 pl 1% sodium dodecyl sulfate (SDS) in 0.3 N NaOH for 30 min at
37°C. Incorporated radioactivity was quantitated with a spectrometer. Colony
formation in soft agar was examined as previously described (8).

Plasmid constructions. For yeast two-hybrid screening, the N-terminal portion
of merlin encoding amino acids 1 to 374 (4, 6, 44, 58) was cloned into the EcoRI
and BamHI sites of pJK202 to create the bait pNLexA-NF2N. For mapping of
interaction domains, a series of deletion fragments of NF2 and NGB were
prepared by PCR and inserted into pJK202 or pJG4-5. The oligonucleotide
primers used were as follows: for NF2, 5'-ATGGCCGGGGCCATCGCTTC-3',
5'-CCCAAGACGTTCACCGTGAG-3', 5'-CGGACTCTGGGGCTCCG-3', 5'-
CTAGAGCTCTTCAAAGAAGGC-3', 5'-AGCGAGGCGCTGCCGCTC-3',
5'-TGAGGAGTTAAACTTGAAGAC-3', and 5'-GCCTCGGTGCTCTGCGT
ACC-3'; for NGB, 5'-ATGGCACATTACAACTTCAAG-3', 5'-ACCCTGCTT
TTGTGTGGGTAC-3', 5'-AATAAAGTGAATGAGGTGCTG-3', 5'-TTGGA
AGAATTAGAAAAAG-3', 5'-CTATCTCCTGTCCTTTTTACC-3', 5'-TTTCT
TCATGATGGCTGG-3', 5'-TCCCTTCATTTTGGTTTC-3’, and 5'-CCTGGT
ATTCGGATCAATG-3'. The coding sequence of NGB was ligated to pGEX to
generate a GST-NGB fusion protein (Pharmacia). A fused HA-NGB was con-
structed by first creating an EcoRI site just 5’ of the start codon using PCR and
inserting this coding sequence into the EcoRI and Xbal sites of a cytomegalo-
virus (CMV)-based expression vector, pcDNA3 (Invitrogen). A double-stranded
oligonucleotide adapter encoding the HA epitope tag was then inserted
between the engineered EcoRI site of the cDNA and HindIII sites of the
vector to create CMV-Flag-NGB and CMV-HA-NGB. A similar strategy was
used to create CMV-Flag-NF2 and CMV-HA-NF2. The constructs prepared
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using PCR products were confirmed by nucleotide sequencing. Adenovirus-
cyclin D1 was kindly provided by S. Chellappan and I. Cozar-Castellano. The
lentivirus of pLKO.1-shRNA/Nf2 (5'-GCTCTTAGAAATCGCCACCAA-3")
was obtained from Sigma.

Yeast two-hybrid screen. A genetic screen using the yeast two-hybrid system
was performed as previously described (19). Briefly, yeast strain EGY191, which
harbors the LexAop-Leu2 reporter gene, was transformed with bait plasmid
pNLexA-NF2N and reporter plasmid pSH18-34 and subsequently transformed
with a human brain interaction library. Approximately 2 X 10° primary library
transformants were obtained and plated on Ura™ His™ Trp~ Leu  galactose-
raffinose plates. Candidate clones were identified by their ability to grow on Ura ™
His™ Trp~ Leu™ galactose-raffinose plates, but not on Ura™ His™ Trp~ Leu™
glucose plates, and their ability to yield blue colonies on Ura™ His™ Trp~ X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside)-galactose-raffinose plates,
but not on Ura™ His™ Trp~ glucose plates. KC8 cells were transformed with
plasmids isolated from positive colonies. The specificity of interaction of candi-
date plasmids with pNLexA-NF2N was tested by retransformation of positive
clones into yeast harboring either the NF2 bait or several unrelated bait plas-
mids. Nucleotide sequence analysis of cDNA inserts was performed using an
Applied Biosystems automated sequencer.

Northern blot analysis and cDNA library screening. A northern filter contain-
ing poly(A)* RNAs prepared from various human tissues (Clontech) was hy-
bridized with a radiolabeled NF2 or NGB probe. NGB clones were isolated by
plaque hybridization from a human skeletal muscle cDNA library (Clontech).
DNA probes were labeled using [**P]JdCTP and a random primer kit (Amer-
sham). Filters were preincubated for 3 h at 60°C in hybridization solution (0.5 M
sodium phosphate [pH 7.2], 7% SDS, 2.0 mM EDTA, 0.1% sodium pyrophos-
phate, and 100 pg/ml of denatured salmon sperm DNA). The filters were then
incubated overnight at 60°C with a 3?P-labeled NGB probe in hybridization
solution, washed two times with 0.1X SSC (1x SSCis 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% SDS at 65°C and analyzed by autoradiography.

In vitro protein binding assays. A solution binding assay is designed to exam-
ine the interaction of GST fusion proteins with endogenous cellular protein, in
vitro-translated protein, or protein overexpressed in the cells. Expression and
purification of GST fusion proteins were performed as previously described (8).
Cell extracts were precleared with glutathione-agarose beads and then incubated
with GST fusion protein-conjugated glutathione-agarose beads for 2 h at 4°C.
The beads were then washed five times with TNN buffer (50 mM Tris-HCI, pH
7.4, 150 mM NaCl, and 0.5% Nonidet P-40) containing 1 mM phenylmethylsul-
fonyl fluoride, 2 pg/ml aprotinin, 2 pg/ml leupeptin, and 1 mM sodium or-
thovanadate. The samples were resolved by SDS-polyacrylamide gel electro-
phoresis (PAGE), transferred to the membrane, and detected with the antibody.

Immunoblotting and immunoprecipitation. A2780 human ovarian cancer cells
were synchronized at different stages of the cell cycle using a double thymidine
block (28). DNA content measured by flow cytometry was used to monitor cell
synchronization. Immunoblotting was carried out as described previously (8).
Briefly, equivalent amounts of protein were separated on a SDS-PAGE gel and
transferred onto a Hybond-C Super membrane (Amersham). Following over-
night incubation in 1% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) at 4°C, the filters were exposed for 1 h at room temperature to
antibody in blocking solution (1% BSA in PBS) and then detected with the ECL
Western blotting analysis system (Amersham). For immunoprecipitation, cells
were washed in ice-cold PBS and lysed in 1 ml of lysis buffer. Cell debris was
removed by centrifugation at 14,000 rpm for 10 min at 4°C. Cell lysate was
precleared with protein A-G (2:1) agarose (Gibco BRL) beads for 20 min,
centrifuged to remove the beads, and incubated with antiserum for 1 h. Protein
A-G beads were then added, and the suspension was incubated at 4°C for 2 h
with constant rotation. The beads were washed four times with incubation buffer,
and proteins were eluted with Laemmli sample buffer. Eluted proteins were
analyzed by SDS-PAGE and immunoblotting with appropriate antibodies.

Immunofluorescence. S2HTB cells were grown on glass chamber slides for 2 to
3 days. Cells were fixed for 1 h at 37°C using 2% paraformaldehyde in 0.1 M
sodium phosphate buffer (pH 7.4) and permeabilized with cold (—20°C) ethanol
for 15 min. After washing three times with PBS-0.1% Triton X-100 (PBST), the
cells were treated for 1 h with blocking buffer (0.9% NaCl, 1% BSA, 10 mM
Tris-HCI, pH 8.0, 0.05% Tween 20, and 0.02% NaN,), washed three times with
PBST, and then incubated for 1 h with 150 pl of PBST and 1% BSA containing
either anti-NGB polyclonal antibody or anti-NF2 monoclonal antibody at a
dilutions of 1:20 to 1:40. After three washes with PBST, the cells were incubated
for 1 h with 150 pl of PBST and 1% BSA containing fluorescein isothiocyanate-
conjugated goat anti-rabbit or anti-mouse immunoglobulin G secondary anti-
body (Sigma) (1:200 dilution) and rhodamine-conjugated phalloidin (Sigma)
(1:200 dilution). The cells were then washed three times with PBST and mounted
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using Vectashield mounting fluid (Vector). Imaging was analyzed using a con-
focal microscope.

Cell migration, attachment, and aggregation assays. A membrane invasion
culture system (MICS) was used to assess the migratory ability of the JS1 cells as
previously described (18). Briefly, a 10-um-pore-size polycarbonate membrane
(Osmonics, CA) soaked in 0.1% gelatin was placed between the upper and lower
plates of the MICS chamber with 1 X 10° cells and incubated for 4 h at 37°C.
Those cells that had migrated through the pores to the lower wells were har-
vested with 2 mM EDTA in PBS and stained with a LeukoStat staining kit
(Fisher Scientific), and cells in 6 to 8 random high-power microscopic fields were
counted visually to calculate the migration rate. The migration rates for the
stable NGB and NF2 cell lines were determined by normalizing values for the
pcDNA3 vector JS1 clones to 100% and comparing its relative migration values
with those of the experimental NGB- and NF-expressing cell lines. Cell attach-
ment was measured by seeding 10,000 pcDNA3-, NGB-, or NF-transfected JS1
cells into 96-well plates precoated with 10 pg/ml fibronectin, collagen IV, or
collagen I (Gibco Life Sciences). Twelve wells were used for each condition.
After 1 or 3 h, the plates were gently washed in 1X PBS, and the number of
adherent cells was determined by incubation with 0.5% crystal violet for 30 min,
followed by extraction in 1% SDS overnight and spectrophotometric analysis at
540 nm. For cell aggregation assay, subconfluent cultures of pcDNA3-, NGB-, or
NF-transfected JS1 cells were detached from tissue culture dishes and washed
with medium. Each well of a 24-well, low-binding-affinity tissue culture plate
(Costar, Cambridge, MA) contained 500 pl of single-cell suspension at a con-
centration of 5 X 10* cells/ml in DMEM. Plates were incubated at 4°C or 37°C
on a rotating platform for 45 min as described previously (31). Cell aggregation
was assessed by counting single cells, small aggregates of 5 to 10 cells, and large
aggregates of >10 cells using an inverted phase-contrast microscope. For each
measurement, 100 observations were collected and classified into the three
groups (single cells, small aggregates of 5 to 10 cells, and large aggregates of >10
cells). Aggregated cell mixtures were fixed with 2% glutaraldehyde. The aggre-
gates were defined as cell clumps containing more than five cells. Aggregates in
four randomly selected high-power fields were counted using light microscopy.

GTP binding assay. GTP binding to NGB was determined with the rapid
filtration method (10, 41). Flag-NGB and HA-NF2 were immunoprecipitated
from the transfected-COS7 cells with anti-Flag or anti-HA antibody in the
presence of protein A-G beads. After being washed three times with lysis buffer,
NGB and NF2 proteins were eluted from the beads with Flag or HA peptide in
a buffer containing 50 mM Tris (pH 7.4) and 150 mM NaCl. NGB (1 pg) or
bovine serum albumin (1 pg) was incubated in binding buffer (20 mM Tris [pH
7.4], 50 mM NaCl, 0.1% Triton X-100, 1 mM dithiothreitol, 40 pg/ml bovine
serum albumin, 1 mM EDTA, 10 mM MgCl,, and 1 pM GTPyS [0.45 mCi/
sample]) at 22°C. At the indicated times, aliquots of 100 wl were withdrawn in
duplicate, and the reaction was stopped by the addition of 150 pl of ice-cold wash
buffer (20 mM Tris [pH 7.4], 50 mM NaCl, and 5 mM MgCl,) and immediately
filtration through BA 85 nitrocellulose filters equipped in a slot blotting device,
followed by four washed with ice-cold wash buffer. The filters that were taken
from slot blotting were washed twice with wash buffer for 10 min at room
temperature. After air drying, the membranes were exposed to X-ray film and
then quantitated by scintillation counting. Nonspecific background was deter-
mined by the assay in the absence of added protein. To examine the specificity
of GTP binding, nonlabeled ribonucleotides at a final concentration of 20 pM
were added to the reaction and incubated for 1 h prior to filtration.

GTPase assay. Inmunopurification of NGB and NF2 was described as above.
GTP hydrolysis assays were performed in buffer containing 20 mM Tris-HCI, pH
7.5, 100 mM NaCl, 1 mM dithiothreitol, 1 mM MgCl,, NGB and/or NF2 protein
(1 pgfreaction), 10 uM [**P]GTP, and either 30 mM UTP or 20 mM UTP and
10 mM GTP (11). Reaction mixtures were incubated at 30°C, and 1-pl aliquots
were removed at the indicated times and spotted directly on poly(ethyleneim-
ine)-cellulose plates (EM Separations). Chromatograms were developed in 1 M
LiCl-1 M formic acid and exposed to X-OMAT AR film (Kodak) for 15 h. The
migration of authentic GTP and GDP standards was detected with UV (254 nm).
The plate was quantified with a Molecular Dynamics PhosphorImager. The
percentage of GTP hydrolysis was calculated by dividing the amount of radio-
activity in the GDP region by that in the sum of the GDP and GTP regions.

Pulse-chase experiments. Prior to the radioactive labeling, normal culture
medium was removed, and cells were washed twice with PBS and refed with
modified Eagle’s medium lacking methionine but supplemented with 10% dia-
lyzed fetal bovine serum. After 30 min, this starvation medium was removed and
replaced with 3 ml of the same medium supplemented with 300 pnCi of Tran3>S
label (ICN) per plate. For pulse-chase experiments, cells were incubated in
labeling medium for 30 min, and then one set of plates was harvested (pulse) and
the other plates were washed twice with warm PBS, refed with normal culture
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FIG. 1. Putative domain structure, protein sequence alignment, and expression pattern of NGB. (A) Schematic representation of domain
structure of NGB protein, which is composed of a GTP binding domain at the N terminus and a coiled-coil region at the C terminus. (B) Alignment
of amino acid sequence of NGB from human, mouse, Drosophila, C. elegans, and yeast cells. Conserved residues are indicated by asterisks.
(C) Sequence comparison of GTP-binding domain between NGB, R-Ras, RAP2, and rasl. Conserved amino acids are boxed. (D) Northern blot
analysis. A human multiple-tissue mRNA blot was hybridized with [**P]dCTP-labeled NGB, NF2, and B-actin cDNA probes. M., muscle.

medium supplemented with 1 mM cold methionine, and incubated for various RESULTS
lengths of time (chase). To harvest the cells, plates were washed twice in cold
PBS, and the cells were then scraped in PBS and transferred to 15-ml conical
tubes. Cells were pelleted at 4°C, resuspended in 1 ml of cold PBS, and counted.
Equal numbers of cells (approximately 5 X 10°) were then pelleted and resus-
pended in 100 pl of cold PBS. Three hundred microliters of RIPA buffer (50 mM

Tris [pH 7.4], 120 mM NaCl, 0.1% deoxycholic acid, 2% Nonidet P-40, 0.2%

Isolation of NGB using the yeast two-hybrid system. A seg-
ment of the merlin N-terminal region that shares high homol-
ogy with ERM proteins was used as bait in the yeast two-hybrid
system to identify merlin-interacting proteins. A human brain

SDS, aprotinin and leupeptin [2 wg/ml each], and dithiothreitol and phenylmeth-
ylsulfonyl fluoride [1 mM each]) was added. After vortexing for 10 min, the lysate
was cleared with a 16,000 X g spin and transferred to a fresh tube containing an
additional 600 pl of RIPA buffer. After gentle mixing, an aliquot was removed
for analysis of total merlin concentration prior to incubation with antibody. The
remaining lysate was mixed with our anti-NF2 antibody for 2 h at 4°C in the
presence of 40 wl of a 50% protein A-Sepharose. The beads were then washed
three times in RIPA buffer. Proteins were eluted from the beads and, after
boiling, were electrophoresed through an SDS-10% polyacrylamide gel. Gels
were stained and then subjected to fluorography, dried, and autoradiographed.
Quantitation of bands was performed with a PhosphorImager (Molecular Dy-
namics).

Nude mouse tumor xenograft model. NGB and NF2 stably transfected JS1
clonal cells as well as pcDNA3-transfected cells were harvested, resuspended in
PBS, and injected subcutaneously into 8-week-old female nude mice (10° cells/
mouse) as reported previously (8). Tumors were measured every 2 days.

cDNA library was used in this screen because merlin is highly
expressed in the brain (44, 58). An N-terminal portion (amino
acids 1 to 374) of merlin was cloned into the EcoRI and
BamHI sites of pJK202 to create the bait pNLexA-NF2N.
Three clones that specifically interacted with the bait were
identified. Sequence analysis revealed that two of the clones
contained overlapping sequences of a cDNA (26). The largest
clone contained a 243-amino-acid open reading frame with a
conserved GTP-binding domain named NGB (NF2-associated
GTP binding protein) (Fig. 1A). Additional cDNA clones were
isolated from a human skeletal muscle cDNA library by plaque
hybridization using the largest clone as the radiolabeled probe.
Sequence analysis revealed that the full-length open reading
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FIG. 2. Interaction between NF2 and NGB. (A and B) NGB binds to NF2/merlin in HEK293 cells cotransfected with HA-NF2 and Flag-NGB.
After 36 h of transfection, cells were lysed, immunoprecipitated with anti-Flag («-Flag), and detected with anti-HA (a-HA) antibody (A) or vice
versa (B). Bottom panels show expression of transfected plasmids. (C and D) Specificity of anti-NGB antibody. HeLa cells were transiently
transfected with Flag-NGB, lysed, and then subjected to immunoblotting (C) or IP-Western blotting analysis (D) with indicated antibodies. (E and
F) NGB interacts with NF2 at physiological protein levels. 82HTB rhabdomyosarcoma cells were lysed and immunoprecipitated with anti-NF2
(a-NF2) antibody or the antibody was preincubated with GST-NF2 antigen or preimmune serum. The immunoprecipitates were detected with
anti-NGB (a-NGB) antibody (E). Conversely, the NGB immunoprecipitates were blotted with anti-NF2 antibody (F). (G) GST-NGB pull down
of merlin. A GST pull-down assay was performed by incubation of GST and GST-NGB with HeLa cell lysate. After being washed four times,
pull-down products were immunoblotted with anti-NF2 antibody (top). The bottom panel is an SDS-PAGE gel stained with Coomassie blue (CBS).
(H) NGB colocalizes with NF2 in the perinuclear region. 82HTB rhabdomyosarcoma cells were cultured on glass coverslips, probed with anti-NGB
and -NF2 antibodies, incubated with fluorescein isothiocyanate- and rhodamine-conjugated secondary antibodies, and analyzed by confocal
microscopy. (I and J) Yeast two-hybrid mapping of interaction domains between NF2 and NGB. EGY191 yeast was cotransformed with plasmids
encoding a fusion protein between the GAL4 activation domain and full-length or NF2 deletion constructs and plasmids encoding a fusion protein
between LexA-DNA binding domain and full-length or deletion NGB constructs. All yeast clones grew on SD-Ura/Trp/His medium containing
Gal. The positive interaction was indicated by blue. (K) Identification of the binding site(s) of NGB. HEK293 cells were transfected with the
indicated plasmids and lysed, and then the protein was immunoprecipitated with anti-GFP (a-GFP) antibody and detected with anti-HA (a-HA)
antibody (top). The middle and bottom panels show expression of transfected plasmids.

frame of NGB encoded a 633-amino-acid protein (accession “All-in-One-SeqAnalyser-SMART3” program showed that the
number AF120334) (Fig. 1B). NGB contains coiled-coil do- structure and sequence homology of G1 to G5 of NGB are very
mains and five sequence motifs, G1 to G5, which are conserved similar to those found in the Ras and RAP small G-protein
in the GTPase superfamily (5, 20). Protein analyses by the families (Fig. 1C). Apart from these characteristic motifs, the
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FIG. 3. NGB inhibits JS1 cell proliferation and tumor growth in xenograft mouse model. (A) Immunoblotting (IB) analysis of NGB and NF2
stably transfected JS1 schwannoma clonal cell lines with anti-NGB (a-NGB, left panel), anti-HA (a«-HA, middle panel) and indicated antibodies
(right panel). (B) NGB inhibits cell growth. Stable NGB- and NF2-transfected cells as well as pcDNA3 vector-transfected cells were seeded in a
48-well plate at 0.2 X 10°/well. The cell number was counted daily for 3 days. The experiment was performed three separate times. (C) NGB
inhibits DNA synthesis. The stably transfected cells were labeled with [*H]thymidine (3 plates/clone cell/time point) and assayed as described in
Materials and Methods. Tumor growth (D) and tumor weight (E) were reduced by NGB. The stably transfected clonal cells were subcutaneously
injected into nude mice (3 X 10° cells/mouse). Tumor volume was measured every 2 days, and tumor weight was recorded at time of euthanasia.
Data are representative of two independent experiments carried out with 24 mice each (8 mice/clonal cell line). The number above each column
represents the proliferative index revealed by Ki-67 immunostaining. Mean values = standard errors of the proliferative index are given as the
counts of Ki-67-positive tumor cell nuclei in 10 consecutive high-power (magnification, X400) fields.

amino acid sequence differs substantially from those of the well
characterized G-proteins but is similar to uncharacterized
Caenorhabditis elegans (similarity, 70%; identity, 58%), Dro-
sophila (similarity, 67%; identity, 54%), and yeast (similarity,
67%; identity, 48%) (accession number U43281) (Fig. 1B)
proteins, suggesting the existence of a new subfamily of GTP-
binding proteins. The expression pattern of NGB is similar to
that of NF2, being abundant in the skeletal muscle, pancreas,
and heart (Fig. 1D). These data suggest the potential impor-
tance of NGB in NF2 signaling. In addition, we noted the
different expression levels between NGB and NF?2 in the brain,
placenta, and kidney, implying that they may have distinct
functions in different cell types.

Merlin interacts with NGB in vitro and in vive. To confirm
the association of merlin with NGB that was identified by the
yeast two-hybrid system, HA-tagged NF2 and Flag-tagged
NGB were cotransfected into HEK293 cells. After 48 h of the

transfection, the cells were lysed and immunoprecipitated with
anti-HA (NF2) or anti-Flag (NGB) antibody. The immunopre-
cipitates were subjected to Western blot analysis. As shown in
Fig. 2A and B, Flag-NGB and HA-NF2 were readily detected
in anti-HA and anti-Flag immunoprecipitates, respectively. To
demonstrate that endogenous NGB and NF2 interact, a coim-
munoprecipitation experiment was performed using both
82HTB cells and fresh skeletal muscle tissues with antibodies
against NF2 and NGB. The specificity of anti-NGB antibody
was demonstrated by Western and immunoprecipitation (IP)-
Western blot analysis (Fig. 2C and D). Figure 2E shows that
NGB was immunoprecipitated with anti-NF2 antibody but not
with preimmune serum. Moreover, the immunoprecipitation
of NGB was competed by GST-NF2 fusion protein, which was
used as an antigen to generate the anti-NF2 antibody. Further,
merlin was detected in NGB immunoprecipitates (Fig. 2F). In
addition, a GST pull-down assay shows that GST-NGB, but
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FIG. 4. NGB is down-regulated in glioma cells, and reconstitution of NGB induces cell growth arrest but not cell death. (A-C) Immunoblotting
analysis of doxycycline (Doxy)-inducible NGB HeLa cells (A), tumor cell lines (B), and stably transfected NGB H4 clonal cell lines (C) with
indicated antibodies. Right panels of panel B show mRNA levels of NGB in glioma cell lines examined by reverse transcription-PCR. (D and E)
NGB inhibits cell growth. HeLa Tet-on/NGB and H4-NGB cells were seeded in a 48-well plate in triplicate and treated with (+) or without (—)
doxycycline (D) as indicated on the figure. The cell number was counted daily for 3 days. The experiment was performed three separate times.
(F) NGB does not sensitize cells to chemotherapeutic drug-induced apoptosis. The cells were seeded and treated as described for panels D and
E and then administered VP16 (5 uM), taxol (100 nM), or doxorubicin (Doxo., 2 uM). After 12 h of incubation, cells were assayed for caspase-3

activity using the EnzChek Caspase-3 assay kit.

not GST, binds to merlin (Fig. 2G). These data indicate that
the association between NGB and merlin is specific in vivo and
in vitro.

The subcellular localization of NGB and merlin was exam-
ined by immunofluorescence and confocal microscopy using
anti-NGB polyclonal and anti-merlin monoclonal antibodies.
NGB localized to the nucleus and cytoplasm (Fig. 2H). NGB
and merlin predominantly colocalized in the perinuclear cyto-
plasm (Fig. 2H). These data support the interaction between
merlin and NGB observed in yeast two-hybrid and co-IP ex-
periments.

G-protein homology domain of NGB and amino and car-
boxyl termini of merlin are required for their interaction. To
identify the domains within merlin and NGB that are required
for their binding, we prepared a series of deletion constructs.
Yeast two-hybrid tests of interaction revealed that the amino
(aa 1 to 52) and carboxyl (aa 288 to 344) termini of merlin are
required for binding to NGB (Fig. 2I). Neither the amino
terminus nor the carboxyl region alone binds to NGB, suggest-
ing that interdomain association between the amino and car-
boxyl termini of merlin, which is essential for its tumor sup-
pressor activity (17, 52, 61), is necessary for interaction with
NGB (Fig. 2I). The binding region of NGB was mapped to the
G-protein homology domain (Fig. 2J). To define the binding
site(s) of NGB that interacts with merlin, we created a series of
mutant constructs within the G-protein homology domain of
NGB. Immunoprecipitation experiments showed that muta-

tion of lysine-395/arginine-394 to alanine (NGB-K395/R394A)
significantly reduced the ability of NGB to bind to merlin (Fig.
2K), indicating that the lysine-395 and arginine-394 are essen-
tial for their interaction, which could be important for NGB
function.

Expression of NGB inhibits cell proliferation and tumori-
genicity. We next examined the phenotypic changes of cells
expressing ectopic NGB. Since JS1 rat schwannoma cells have
been commonly used for NF2 function studies (18, 52) and
express low levels of NGB (Fig. 3A), we stably transfected the
NGB into JS1 cells. As controls, NF2 and pcDNA vector were
also introduced into JS1 cells. Eight clonal cell lines from each
transfectant were established after G418 selection. Expression
of NGB and NF2 was confirmed by Western blot analyses.
Interestingly, we observed that expression of merlin was ele-
vated in NGB-transfected JS1 cells (Fig. 3A), implying the
possible regulation of merlin by NGB. Cell growth, DNA syn-
thesis, and tumorigenicity were evaluated with these clonal cell
lines. As shown in Fig. 3B, cell growth was significantly inhib-
ited by ectopic expression of NGB. Furthermore, [*H]thymi-
dine incorporation experiments revealed that NGB represses
DNA synthesis (Fig. 3C). Notably, NGB exhibited more inhib-
itory effects than NF2 on cell proliferation and DNA synthesis
(Fig. 3B and C).

To determine whether NGB influences schwannoma cell
growth in vivo, NGB-, pcDNA-, and NF2-transfected JS1 cells
were subcutaneously injected into nude mice (8 mice for each
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FIG. 5. Ectopic expression of NGB reduces cell mobility, attachment, and aggregation. (A) Reduced cell mobility was observed in cells
overexpressing NGB. An MICS assay was used to directly measure cell migration. The migration is normalized to values obtained with pcDNA3
vector controls and is expressed in pM/h. Standard deviations for each cell line are shown. (B) NGB inhibits cell adhesion. NGB-59 and
pcDNA3-rat schwannoma cells were incubated in the presence or absence of 100 wM zinc chloride overnight and then harvested by trypsinization.
Equal numbers of cells were added to laminin-, fibronectin-, collagen IV-, and collagen I-coated 96-well plates. After 1 h, the number of adherent
cells was determined using crystal violet staining and a spectrophotometric assay. NF2-transfected cells (NF2-19) were used as controls. The
experiment was repeated three times. OD450, optical density at 450 nm. (C) JS1 cell aggregation was inhibited by NGB. Single-cell suspensions
(500 pl; 5 X 10* cells/ml in DMEM containing 0.5% BSA) were plated into each well of a 24-well low-binding plate. The plate was incubated at
4°C or 37°C on a rotating platform for 30 min. Photographs were taken using a Nikon N6006 camera (magnification, X100).

clonal cell line), and their tumor volumes were measured every
2 days. The tumors appeared between 8 to 10 days in all
injected mice. Tumors from cells expressing ectopic NGB grew
much slower than tumors expressing vector alone (Fig. 3D).
Moreover, the tumor weight of NGB transfectants was 50%
less than that of vector transfectants (Fig. 3E). In addition,
tumor growth and weight as well as the proliferative index of
NGB-expressing cells were slightly lower than those of the cells
expressing NF2 (Fig. 3D and E). Taken collectively, NGB has
tumor suppressor activity, and its ability to inhibit cell and
tumor growth is even greater than that of NF2.

NGB is down-regulated in human glioma cell lines, and
reconstitution of NGB induces cell growth arrest but not cell
death. To further demonstrate the tumor suppressor activity of

NGB, we established doxycycline-inducible NGB in HelLa cells
(Fig. 4A) and examined the NGB protein levels in a dozen
human cancer cell lines. NGB was greatly down-regulated in 2
glioma cell lines, one (H4) of which was low at both mRNA
and protein levels and the other (U138) only exhibited a low
level of NGB protein (Fig. 4B), suggesting that different mech-
anisms could be involved in the downregulation of NGB in
these 2 cell lines. In fact, treatment with 5-azacytidine, a de-
methylation agent, increased NGB protein expression in H4
but not U138 cells (data not shown).

Stably transfected clonal cell lines were established by intro-
ducing NGB into H4 cells (Fig. 4C). The cells transfected with
pcDNA vector alone were used as a control. Cell proliferation
and survival were examined with cell counting, caspase-3 ac-
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FIG. 6. Mutation of NGB in a human glioma and loss of tumor suppressor activity of NGB-P561R and NGB-K395/R394A. (A) Single-strand
conformation polymorphism analysis of exon 16 of the NGB gene. An abnormal band shift (arrow) was detected in tumor DNA of patient 2 (T2)
but not matched DNA (N2). (B) Sequence analyses revealed that a mutation from guanine to cytosine occurs in tumor DNA (arrow between
middle and bottom panels), resulting in a change of amino acid from proline to serine. (C) Immunoblotting analysis of H4 cells, which were
transfected with wild-type NGB, a naturally occurring mutant NGB-P561R, or the binding site mutant NGB-K395/R394A, with indicated
antibodies. (D and E) NGB-P561R and NGB-K395/R394A failed to inhibit cell growth (D) and DNA synthesis (E). H4-NGB-2 is a wild-type NGB

stably transfected clonal cell line (see Fig. 4C).

tivity analysis, and trypan blue staining. Figures 4D and E show
that ectopic expression of NGB represses cell proliferation.
However, NGB exhibited no effect on cell survival in response
to treatment with VP16, taxol, or doxorubicin (Fig. 4F and data
not shown). These findings provided further support that NGB
is a tumor suppressor gene and exerts its tumor suppressor
function largely through inhibition of cell proliferation.
Expression of NGB suppresses cell migration, attachment,
and aggregation. Cell adhesion is crucial for maintaining the
structural integrity of tissues. Cell matrix adhesion (cell attach-
ment) is mediated by heterophilic interactions between cell
surface receptors and their matrix ligands, whereas cell-cell
adhesion (cell aggregation) primarily involves direct ho-
mophilic interactions between cell surface molecules (16, 32,
55). As merlin decreases cell migration, adhesion, and attach-
ment (18, 27), we next assessed the effect of NGB on cell
migration using a MICS. As shown in Fig. 5A, JS1 cells stably
expressing NGB migrate much slower than pcDNA-trans-
fected cells. To determine the effects of NGB on cell attach-
ment and aggregation, pcDNA- and NGB-transfected JS1 cells

were trypsinized and equal numbers of cells were seeded onto
laminin-, fibronectin-, collagen IV-, and collagen I-coated 96-
well plates (cell attachment) or 24-well low-binding-affinity
tissue culture plates (cell aggregation) by following the proce-
dures described in Materials and Methods. We observed that
cells overexpressing NGB had decreased ability to attach to
collagen but not fibronectin or laminin (Fig. 5B). However,
both NGB and NF2 significantly inhibited cell aggregation
(Fig. 5C). Collectively, these data suggest that NGB may play
a role in inhibiting metastasis by regulation of cell migration,
attachment and aggregation.

Infrequent NGB mutations are detected in human glioblas-
toma. As NGB exhibited tumor suppressor activity and is lo-
cated at human chromosome band 10p15, a region frequently
deleted in human glioma (22, 59), we screened 17 paired gli-
oma tumor/normal DNAs for mutations of NGB. Single-strand
conformation polymorphism and sequence analyses of all 17
exons of the NGB gene revealed point mutations in exon 1
(C65T) or 16 (C1755G) in two different tumor specimens but
not in matched normal DNAs (Fig. 6A and B). The former
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FIG. 7. NGB possesses GTP-binding and GTPase activities that are not regulated by merlin. (A) NGB specifically binds to GTP. NGB (1 p.g)
or BSA (1 pg) was incubated with [**S]GTPS (1 wM) at 22°C for the indicated times (left panels) or for 1 h in the absence or presence of the
indicated nucleotides at concentration of 20 WM (right panels). The amount of [**S]GTP+yS binding was determined in a filter binding assay as
described in Materials and Methods. Each value is the average of the results from duplicate incubations and is representative of three separate
experiments. (B and C) [a->**P]GTP hydrolysis by NGB and merlin does not affect NGB GTPase activity. BSA (control) and NGB were incubated
with [a-**P]GTP (10 pM; 2 Ci/mmol). Aliquots were removed from the reaction mixture at the indicated times, analyzed by poly(ethyleneimine)
thin-layer chromatography plates, and exposed to film for 5 min. (D) Merlin does not regulate the GTP-binding activity of NGB. A GTP-binding
assay was performed as described above except that incubation of NGB was in the presence or absence of merlin.

mutation is located in a noncoding region, and the latter results
in an amino acid change from proline to arginine (P561R). No
NGB mutation was detected in 10 glioma cell lines examined.

NGB-P561R and NGB-K395/R394A fail to inhibit cell pro-
liferation. Having found a mutation in NGB in a glioma
(NGB-P561R) and that the NGB-K395A/R394A mutant is
compromised in its interaction with merlin (Fig. 2K), we
sought to determine if these mutations alter NGB tumor sup-
pressor activity. H4 glioma cells, in which NGB is down-regu-
lated (Fig. 4B), were stably transfected with pcDNA-NGB-
P561R and NGB-K395/R394A as well as pcDNA vector alone
(Fig. 6C). Compared to wild-type NGB stably transfected H4
(H4-NGB-2) (Fig. 4C), NGB-P561R or NGB-K395/R394A
had significantly decreased ability to inhibit cell growth and
DNA synthesis (Fig. 6D and E), suggesting that neither the
mutated NGB in glioma nor NGB-K395/R394A retains tumor

suppressor activity. These results also indicate that NGB bind-
ing to merlin is essential for its tumor suppressor function.
NGB possesses GTP-binding and GTPase activities. To de-
termine whether the NGB ¢cDNA coded for a protein possess-
ing GTP-binding and GTPase activities, Flag-tagged NGB was
expressed, affinity purified, with anti-Flag antibody, and eluted
from protein A-G beads with excess Flag peptides. The re-
leased Flag-NGB was then subjected to GTP binding assays.
Following incubation with [**S]JGTPyS, the bound GTP was
separated by rapid filtration on nitrocellulose. As seen in Fig.
7A, NGB binds to GTPyS within 2 min. The ability of various
ribonucleotides to compete for [**S]|GTPyS binding to NGB
was also examined. The NGB-[**S]GTP+S binding activity was
completely blocked by an excess (20-fold) of unlabeled GTP or
GDP but not ATP, UTP, or CTP, indicating that NGB is a
specific guanine nucleotide-binding protein (Fig. 7A). GTPase
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FIG. 7—Continued.

activity of NGB was determined by incubating Flag-NGB with
[a-*?P]GTP, and the products were analyzed by thin-layer
chromatography. Repeated experiments revealed that NGB
was capable of hydrolyzing [a->*P]GTP in the presence of an
excess of unlabeled UTP but not GTP (Fig. 7B and data not
shown), suggesting that NGB has intrinsic GTPase activity.

Merlin does not influence NGB GTPase and GTP-binding
activity. GTP-binding proteins have two interconvertible
forms, GTP-bound active and GDP-bound inactive forms. The
GTP-bound form is converted to the GDP-bound form by the
GTPase reaction, which is regulated by GTPase-activating pro-
teins (GAPs), and the GDP-bound form is converted to the
GTP-bound form by the GDP/GTP exchange reaction, which
is regulated by GDP/GTP exchange proteins, i.e., GDS/GEF
(GDP dissociation stimulator/guanine nucleotide exchange
factor) and GDI (GDP dissociation inhibitor). GDS/GEF
stimulates the dissociation of GDP and the subsequent binding
of GTP to its substrate G proteins, whereas GDI inhibits both
reactions. The protein neurofibromin, encoded by the neuro-
fibromatosis type I (NFI) gene, contains the domains con-
served in GAP proteins and functions as a RasGAP. While
merlin does not have GAP domain, it could act as a GDS/GEF
or GDI to regulate NGB. To test this hypothesis, HA-merlin
was immunopurified from HA-NF2-transfected COS7 cells.
NGB hydrolysis reaction mixtures were incubated with the
purified merlin. However, recombinant merlin did not inhibit
the GTPase activity of NGB (Fig. 7B and C). In addition, the
GTP-binding activity of NGB is not affected by merlin (Fig.
7D). These results suggest that NGB acts upstream rather than
downstream of merlin.

NGB impairs the ubiquitination and turnover of merlin. To
address whether NGB might affect the regulation of merlin,
HEK293 cells were transfected with increasing amounts of
Flag-NGB. Western blot analysis shows that endogenous mer-
lin was upregulated by NGB in a dose-dependent manner (Fig.
8A). However, mRNA levels of the NF2 did not differ between
NGB-transfected and untransfected HEK293 cells (Fig. 8B),
suggesting that NGB stabilizes merlin at the protein level. To
demonstrate NGB inhibition of merlin degradation, pulse-
chase assays were carried out in NIH 3T3 cells. After 36 h of
transfection with NGB and 60 min of [>*S]methionine labeling,
NF2 was immunoprecipitated, separated by SDS-PAGE, and
then exposed and quantitated with a Phosphoimager. Tripli-
cate experiments revealed that the half-life of merlin was ex-
tended from about 12 h in pcDNA-transfected cells to nearly
20 h in NGB-transfected cells (Fig. 8C). Furthermore, RNA
interference (RNAi) knockdown of NGB in JS1/NGB-59 cells
was found to decrease the expression of merlin and resulted in
cell regrowth (Fig. 8D). To explore how NGB regulates turn-
over of merlin, HeLa cells, which express both NGB and mer-
lin, were transfected with RNAI against NGB and Myc-ubig-
uitin and then treated with proteasome inhibitor MG132. As
shown in Fig. 8E, the ubiquitination of merlin was increased by
knockdown of NGB. However, no band shift (phosphoryla-
tion) (23) of merlin was observed in the cells expressing ectopic
NGB (Fig. 8A) or in cells where we knocked down endogenous
NGB (Fig. 8E). Therefore, we conclude that NGB regulates
merlin ubiquitination rather than phosphorylation, leading to
inhibition of merlin turnover.

To further define the link between NGB and merlin and
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isolated from the cells and subjected to semiquantitative reverse transcription-PCR using primers specific for cyclin D1 and B-actin (panels 4 and
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D1 is abrogated by knockdown of merlin. JSI/NGB-59 cells were infected with lentivirus pLKO.1-shRNA/Nf2 and pLKO.1-puro vector and
immunoblotted with indicated antibodies. (D and E) Merlin mediates NGB-inhibited cell growth and tumorigenicity. Indicated cells were seeded
in 48-well plates at 0.2 X 10°/well. The cell number was counted daily for 3 days. The experiment was performed in triplicate (D). The cells were
subcutaneously injected into nude mice (3 X 10° cells/mouse). Tumor volume was measured every 2 days. Data shown are representative of results

from two independent experiments carried out with 16 mice each (8 mice/cell line) (E).

examine if merlin regulates NGB expression, we stably ex-
pressed NF2 in Nf2-null MEFs. As shown in Fig. 8F, we found
that NF2 did not alter the expression of NGB. In contrast,
knockdown of NGB decreased the expression of ectopically
transfected merlin in Nf2~/~ MEFs (Fig. 8G), providing fur-
ther support that NGB up-regulates merlin at a posttransla-
tional level. In addition, DNA synthesis in Nf2-deficient MEFs
was inhibited by reexpression of merlin, which was largely
abrogated by knockdown of NGB (Fig. 8H). However, cell
survival was not affected in the MEFs treated with NGB-RNAi
(data not shown). Collectively, these findings suggest that mer-
lin acts downstream of NGB to suppress cell proliferation.
NGB down-regulates cyclin D1 and exerts tumor suppressor
function through merlin. Our previous study has shown that
merlin inhibits cell growth largely through reduction of cyclin
D1 expression (62). Since NGB stabilizes merlin, we reasoned
that NGB could inhibit cyclin D1 and tumor cell growth

through merlin. To test this hypothesis, JS1 cells were tran-
siently transfected with increasing amounts of NGB and HeLa
cells were treated with NGB-RNAI. Figures 9A and B show
that cyclin D1 protein and/or mRNA levels were reduced by
ectopic expression of NGB and increased by knockdown of
NGB. Furthermore, stable blockage of merlin in JS1/NGB-59
cells by infection with lentivirus expressing short hairpin RNA
(shRNA) against NF2 abrogated NGB-reduced cyclin D1 ex-
pression (Fig. 9C). Accordingly, NGB-inhibited cell prolifera-
tion and tumor growth in nude mice were also considerably
reduced by stable knockdown of NF2 in JS1/NGB-59 cells (Fig.
9D and E). Thus, we concluded that NGB exerts its cellular
function, at least to some extent, via the stabilization of merlin,
which leads to down-regulation of cyclin D1 (62).

Ectopic expression of cyclin D1 largely overrides the tumor
suppressor functions of NGB and merlin. To further explore
the role for cyclin D1 as a downstream target of NGB/merlin-

knockdown of NGB decreases the expression of reintroduced merlin. Results of Western blot analysis of Nf2~'~ MEFs, which were transfected
with NF2 (F) or NF2/NGB-RNAi (G), with indicated antibodies are shown. (H) Knockdown of NGB largely abrogated merlin-inhibited DNA
synthesis. Nf2-null MEFs were transfected with indicated plasmids and/or NGB-RNA.i. After 36 h culture, [*H]thymidine incorporation was
assayed as described in Materials and Methods.
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mediated tumor suppression, JS1/NGB-59, JS1/NF2-19, and
JS1/pcDNA cells were infected with adenovirus expressing cy-
clin D1 or adenoviral vector (Fig. 10A). Ectopic expression of
cyclin D1 in JS1/NGB-59 and JS1/NF2-19 cells considerably
abrogated NGB- and merlin-inhibited cell growth and DNA
synthesis compared to adeno-cyclin D1-infected JS1/pcDNA
cells (Fig. 10B and C). As expected, expression of NGB and
NF2 in JS1 cells inhibited colony formation in soft agar. How-
ever, adeno-cyclin D1 infection largely overrode the inhibitory
effects of NGB and merlin, although overexpression of cyclin
D1 in JS1/pcDNA cells also increased colony formation (Fig.
10D). Collectively, these data indicate that cyclin D1 is a major
downstream target of NGB/merlin and mediates NGB/merlin
tumor suppressor function.

DISCUSSION

Using the amino-terminal region of merlin as bait in a yeast
two-hybrid screen, we have identified a novel GTP binding
protein, NGB. NGB colocalizes and immunoprecipitates with
merlin. The interaction occurs between the G-protein homol-
ogy domain of NGB and the amino and carboxyl termini of
merlin. The binding sites of NGB to merlin were mapped to
lysine-395/ariginine-394. NGB is well conserved between yeast,
C. elegans, and human cells. Down-regulation and infrequent
mutation of NGB were observed in human glioma cell lines
and primary tumors. Expression of NGB inhibited tumor cell
growth in vitro and in vivo without significant effect on cell

survival. The mutated NGB in glioma and the mutation of the
binding sites of NGB lost the tumor suppressor activity. NGB
possesses GTPase and GTP-binding activity and inhibits cyclin
D1 expression and tumorigenicity through the stabilization of
merlin.

The high homology between merlin and the ERM proteins
suggests that these proteins function analogously. The ERM
proteins localize to cortical actin structures, particularly in
specialized or dynamic regions, such as microvilli, membrane
ruffles, or the cleavage furrow, and bind directly to actin
through a highly conserved domain at their carboxyl termini
(17). Although merlin lacks the carboxyl-terminal actin-bind-
ing domain, it does localize to cortical actin structures and is
particularly enriched in membrane ruffles. The fact that iso-
form 2 of merlin interacts with an actin-binding protein BII-
spectrin suggests that signaling from merlin to the actin cyto-
skeleton is mediated via actin-binding sites on BII-spectrin
(48). Unlike BII-spectrin, however, NGB does not contain an
actin-binding domain and primarily colocalizes with merlin in
the perinuclear cytoplasm, suggesting that NGB is not a cyto-
skeleton protein and could mediate merlin function through a
different mechanism.

A number of studies have demonstrated that ERM proteins
occupy a crucial position as protein linkers that both respond
to and participate in reorganization of membrane-cytoskeleton
interactions. The ERM proteins have also been implicated in
linked regulation of the activities of particular membrane pro-
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teins (29). As expected from its structural motifs, merlin be-
haves in a manner similar to the ERM proteins but with some
notable differences (6, 27, 32). Like the adenomatous polyposis
coli tumor suppressor protein, merlin may be involved with
multiple partners and signaling pathways, some of which are
shared with the ERM proteins. Defining merlin’s tumor sup-
pressor function will likely require identifying those differ-
ences. However, the fact that inactivation of merlin in the
mouse by targeted mutagenesis produces a variety of malig-
nant tumors with a high rate of metastasis (12, 33) suggests that
merlin’s suppression of tumor formation may involve different
partners and pathways in different cell types and genetic back-
grounds. To determine whether NGB interacts with ERM pro-
teins, co-IP experiments were performed with anti-ezrin, -ra-
dixin, and -moesin antibodies. The results showed that NGB
does not bind to ERM proteins (data not shown), suggesting
that NGB specifically interacts with merlin and may be an
important component in the NF2 tumor suppressor pathway.
Previous studies revealed that, like the ERMs, merlin localizes
mainly to the interface between the plasma membrane and the
actin cytoskeleton, with enrichment in ruffled edges (18, 32,
61). However, merlin, but not the ERMs, is also found in the
perinuclear region, sometimes in uncharacterized granules (18,
25, 32). In this report, we show that NGB and merlin colocalize
predominantly in the perinuclear cytoplasm (Fig. 2), providing
further support that NGB associates with merlin but not ERM
proteins.

The NF2 gene consists of 17 exons. Two major alternatively
spliced NF2 variants are expressed in normal tissues. Isoform I
lacks exon 16 and encodes a 595-amino-acid protein, whereas
the isoform II product is five amino acids shorter than that of
isoform I due to the insertion of 45-bp exon 16 introducing a
premature stop codon and preventing translation of exon 17. It
has been demonstrated that intramolecular binding between
the amino terminus and carboxyl terminus of isoform I, but not
isoform II, of merlin is essential for inhibition of cell growth
(17, 52). Isoform II of merlin interacts with the actin-binding
protein BII-spectrin. Unlike PBII-spectrin, which interacts
weakly with isoform I, NGB strongly binds to both isoform I
and isoform II of merlin. Both the amino (aa 1 to 52) and
carboxyl (aa 288 to 344) termini of merlin are required for its
binding to NGB (Fig. 2). Neither the amino terminus nor the
carboxyl region alone binds to NGB, suggesting that intermo-
lecular domain association between the amino and carboxyl
termini of merlin is necessary for association with NGB.

GTP-binding proteins constitute a large superfamily of reg-
ulatory molecules. This superfamily comprises at least three
subfamilies (5, 15), including the small GTP-binding proteins
(e.g., Ras), the a subunits of large heterotrimeric G-proteins
(e.g., transducin), and the GTPases involved in protein synthe-
sis (e.g., elongation and initiation factors). Based on the size of
NGB, it resembles the « subunits of the heterotrimeric G-
proteins that are known to act as molecular switches (15).
Although the conserved GTP-binding sequence of NGB shows
the most homology to small GTP-binding proteins, especially
R-Ras, overall, NGB does not display significant similarity with
the well characterized G-proteins. However, it is highly homol-
ogous to an uncharacterized protein found in C. elegans and
yeast cells, suggesting the existence of a new subfamily within
the GTP-binding protein superfamily. Interestingly, the GTP-
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binding domain of NGB is required for its interaction with
merlin, implying a functional interaction between NGB and
merlin. While merlin does not affect GTP-binding and GTPase
activity of NGB, ectopic expression of NGB inhibits the deg-
radation of merlin protein, and knockdown of NGB decreases
merlin expression. Moreover, blockage of merlin expression
largely abrogates NGB tumor suppressor function. In addition,
our data showed that the level of merlin induced by expression
of NGB (NGB-59) is slightly lower than that of NF2-trans-
fected JS1 (NF-19) cells (Fig. 3A), but NGB exhibits somewhat
greater tumor suppressor activity than does merlin (Fig. 3B to
E). Therefore, although merlin is a major target of NGB and
is required for NGB function, NGB must also regulate other
molecules that modulate tumor cell growth.

Finally, loss of chromosome band 10p15, encompassing the
NGB locus, has frequently been observed in human glioma and
prostate cancer cells. Infrequent mutations of the tumor sup-
pressor gene KLF6 in 10p15 have been detected in these tumor
types (7, 36, 38-40). In this report, we show that NGB, which
resides about 2 Mb telomeric to KLF6, is mutated in 2 of 17
primary gliomas, 1 of which is a missense mutation. Down-
regulation of NGB was also detected in glioma cell lines.
Moreover, ectopic expression of NGB inhibits tumor cell
growth in vitro and in a xenograft model. These findings sug-
gest that NGB is a candidate tumor suppressor gene, although
larger studies of these and other tumor types are required.
Further studies are needed to unravel the association of NGB
function with its GTPase activity as well as cross talk between
NGB and signaling molecules that regulate merlin.
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