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The neurofibromatosis type2 (NF2) tumor suppressor
gene product, merlin, is structurally related to the ezrin-radixin-moesin (ERM) family of proteins that anchor the actin cytoskeleton to specific membrane proteins and participate in cell signaling. However, the
basis of the tumor suppressing activity of merlin is not
well understood. Previously, we identified a role of
merlin as an inhibitor of the Ras-ERK signaling pathway. Recent studies have suggested that phosphorylation of merlin, as of other ERM proteins, may regulate
its function. To determine whether phosphorylation of
merlin affects its suppression of Ras-ERK signaling,
we generated plasmids expressing full-length merlin
with substitutions of serine 518, a potential phosphorylation site. A substitution that mimics constitutive
phosphorylation (S518D) abrogated the ability of merlin to suppress effects of the Ras-ERK signaling pathway such as Ras-induced SRE transactivation, Elkmediated SRE transactivation, Ras-induced ERK
phosphorylation and Ras-induced focus formation. On
the other hand, an S518A mutant, which mimics nonphosphorylated merlin, acted like wild type merlin.
These observations show that mimicking merlin phosphorylation impairs not only growth suppression by
merlin but also its inhibitory action on the Ras-ERK
signaling pathway.
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Introduction
Neurofibromatosis type2 (NF2) is an autosomal dominant
inherited cancer predisposition syndrome that renders individuals prone to develop schwannomas, meningiomas and
ependymomas (Baser et al., 2003). The NF2 tumor suppressor gene was identified by positional cloning and found
to encode a 595 amino-acid protein, merlin, with significant sequence similarity to the ezrin-radixin-moesin (ERM)
family of proteins that link the actin cytoskeleton to cell
surface glycoproteins (Rouleau et al., 1993; Trofatter et al.,
1993).
ERM proteins provide a regulated link between plasma
membrane proteins and the cortical cytoskeleton, and also
participate in signal transduction. Like other ERM proteins, merlin is composed of three structural domains: a
globular N-terminal FERM domain, an extended α-helical
region, and a short C-terminal domain. Both inter- and
intramolecular associations can regulate the functions of
ERM proteins and their interactions with other proteins
(Gonzalez et al., 1999; Gronholm et al., 1999; Nguyen et
al., 2001). ERM proteins are regulated by intramolecular
association between the FERM domain and C-terminal
domain, and changes in conformation are needed to
“open” or “activate” them and permit interaction with other
proteins. Like other ERM proteins, merlin also forms both
intramolecular and intermolecular FERM/carboxyl terminal associations (Gonzalez et al., 1999; Gutmann et al.,
1999). Previous studies have shown that its ability to
function as a negative growth regulator is dependent on
its forming a productive head-to-tail intramolecular association (Gutmann et al., 1998; Morrison et al., 2001;
Sherman et al., 1997).
Phosphorylation of ERM proteins regulates their inAbbreviations: ERM, ezrin-radixin-moesin; NF2, neurofibromatosis type2; SRE, serum response element.
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tra/intermolecular associations and function (Tsukita et al.,
1997). Both phosphorylation of a conserved threonine
residue (Thr-567 in ezrin, Thr-564 in radixin, Thr-558 in
moesin) in the C terminus, and binding of phospholipids,
regulate the activity of ERM proteins (Bretcher et al.,
2002), and merlin can be phosphorylated on both serine
and threonine residues. Phosphorylation of serine 518
promotes heterodimerization between merlin and ezrin, an
event thought to convert merlin from a growth-suppressing
to a growth-permissive state (Alfthan et al., 2004). Moreover,
the use of anti-phospho-S518 merlin antibodies revealed
that phosphorylated merlin has a different subcellular distribution from unphosphorylated or wild type merlin, which
may be relevant to its function as a negative growth regulator (Kissil et al., 2002; Shaw et al., 2001).
We have previously shown that wild type merlin suppresses SRE-dependent transcription by inhibiting activation of the Ras-ERK signaling pathway (Lim et al., 2003).
To determine the functional significance of merlin phosphorylation for NF2 gene function, we generated merlin
substitutions at serine-518 that mimic nonphosphorylated
(S518A) and phosphorylated (S518D) merlin, and examined the ability of these mutants to suppress the Ras-ERK
signaling pathway. We found that the S518D, but not the
S518A substitution, impaired the ability of merlin to suppress Ras-induced and Elk-mediated SRE transactivation.
In addition, expression of the S518A mutant and wild
type merlin resulted in a dramatic decrease in Ras-induced
ERK phosphorylation and focus formation not seen with
the merlin substitution mimicking constitutive phosphorylation. These results suggest that phosphorylation of S518
regulates merlin activity, especially its suppression of the
Ras-ERK pathway.

Materials and Methods
Cell culture NIH3T3 mouse fibroblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
FBS, penicillin and streptomycin, in a humidified atmosphere
with 5% CO2 at 37°C.
Plasmids Plasmid pcDNA-wt NF2 was kindly provided by Dr.
David Gutmann (Washington University, USA). pFA2-Elk1,
pFR-Luc and oncogenic Ras expression plasmids were purchased from Stratagene, and the SRE-Luc reporter gene was
from Promega. We generated pcDNA S518D and S518A by
oligonucleotide-directed mutagenesis using sense oligonucleotides containing single nucleotide substitutions, using a QuikChange Site-Directed Mutagensis Kit (Stratagene, USA). All the
constructs used in this study were confirmed by sequencing.
Transient transfection and transcriptional activation Gene
Porter2 transfection reagent (Gene Therapy System Inc.) was
used to transfect reporter constructs. For the transcriptional acti-
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vation assay, 3 × 105 NIH3T3 cells were plated in DMEM containing 10% FBS in a 35 mm plate. After sixteen hours, the cells
were transfected with 0.3 µg of the reporter plasmid along with
the appropriate combination of expression plasmids. The total
amount of transfected DNA was kept constant with plasmid
pcDNA3.1 as carrier. Twenty-four hours later, the transfected
cells were harvested and their luciferase activity was measured.
The results are expressed as relative luciferase activities. We
could not use an internal control plasmid to measure transfection efficiency because merlin could alter its transcription,
thereby invalidating it as a control. The transfection experiments
were performed three times in duplicate, and the results were
averaged. Standard errors are shown at the top of each bar. In
addition, several different stocks of DNA were used for the
transfections to control for variations of transfection efficiency
due to different DNA preparations.
Antibodies and Western blot analysis The merlin antibody
(Santa Cruz Biotechnology, Inc.), β-actin antibody (Sigma, Inc.),
and phospho-ERK, ERK and Ras antibodies (New England Biolabs) were obtained from commercial sources. For Western blot
analysis, cells were rinsed with phosphate-buffered saline, and
lysed for 30 min on ice in RIPA-B buffer (0.5% Nonidet P-40,
20 mM Tris, pH 8.0, 50 mM NaCl, 50 mM NaF, 100 µM
Na3VO4, 1 mM DTT and 50 µg/ml PMSF). Insoluble material
was removed by centrifugation at 12,000 rpm for 20 min at 4°C,
and the supernatant was subjected to SDS-PAGE and Western
blot analysis. The blots were blocked in phosphate-buffered
saline with 5% skim milk and 0.05% Tween 20, and incubated
with the appropriate antibodies followed by secondary antibodies conjugated to horseradish peroxidase. They were subsequently assayed with an ECL detection system (Amersham
Pharmacia Biotech).
Focus formation assay NIH3T3 cells were plated at 3 × 105
cells/35-mm plate in DMEM containing 10% fetal bovine serum.
Sixteen hours later, they were transfected with 1 µg each of the
indicated expression plasmids. The total amount of transfected
DNA was kept constant using pUC19 plasmid DNA as carrier.
Twenty four hours after transfection, the cells were diluted 20:1
or 100:1 and cultured in the presence of 600 µg/ml G418. After
a set number of days on the selective medium, colonies were
fixed for 10 min on ice in a PBS solution that contained 0.2%
glutaraldehyde and 4% PFA, and stained with 0.2% crystal violet for 10 min at room temperature. The average numbers of
colonies in three independent experiments performed in duplicate are presented.
Cell lines stably expressing merlin NIH3T3 cells were obtained from the American Type Culture Collection, and all the
experiments were performed using cells < 15 passages from the
original stock. The cells were cultured in DMEM containing
10% fetal bovine serum, and transfected with pcDNA-NF2. 24 h
post-transfection, they were diluted 20:1 or 100:1 and cultured
in the presence of 600 µg/ml of G418. After 21 days growth on
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Fig. 1. Merlin S518A but not S518D inhibits Ha-Ras-mediated
transcriptional activity. A SRE-Luc reporter plasmid (0.3 µg)
was transfected into NIH3T3 cells together with 0.1 µg of an
expression plasmid encoding Ha-ras, and 0, 0.1, 0.3 or 0.5 µg of
wild type (A), S518A (B) or S518 (C) merlin pcDNA-NF2 expression plasmids. After 24 h, cell lysates were prepared and
luciferase activities determined. The experiments were performed three times in duplicate, and results averaged. Standard
errors are shown at the top of each bar, and numbers in the left
column represent relative luciferase activities. Western blot
analysis showed that merlin levels increased in a concentrationdependent manner, and that the expression of ras was unaffected
by increasing amounts of merlin. Loading of equal amounts of
protein was confirmed using anti-β-actin antibody. * P < 0.05.

selective medium, individual G418-resistant colonies were isolated.

Results and Discussion
Inhibition by merlin of Ha-ras-mediated transcriptional activity is impaired by phosphorylation of serine
518 We have previously reported that wild type merlin
suppresses SRE-dependent transcription by inhibiting
activation of the Ras-ERK signaling pathway (Lim et al.,
2003). A recent study showed that the subcellular location
of merlin and its growth suppressing function are modulated by phosphorylation of serine 518 (Shaw et al., 2001).
Based on these two observations, we hypothesized that
S518 phosphorylation of merlin may inhibit its tumor
suppressing activity. To test whether phosphorylation of
serine 518 affects its ability to inhibit SRE-dependent
transactivation, which is increased by Ha-ras overexpression, we generated merlin mutants mimicking its nonphosphorylated (S518A) and phosphorylated (S518D)
forms. An expression plasmid carrying the Ha-ras gene was
introduced into NIH3T3 cells along a SRE-Luc reporter
plasmid, with or without expression plasmids carrying the
wild type or mutant forms of merlin. The results of this
experiment are shown in Figs. 1B and 1C. Luciferase activity increased when the Ha-ras gene was transfected into the
NIH3T3 cells, and co-transfection with increasing amounts
of the wild type or S518A merlin mutant caused a dramatic
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Fig. 2. S518A inhibits Elk-mediated transcriptional activity, but
S518D does not. The GAL4-Luc reporter plasmid, pFR-Luc,
(0.3 µg) was transfected into NIH3T3 cells along with 0.1 µg of
expression plasmid pFA2-Elk encoding a GAL4-Elk fusion protein, together with 0, 0.1, 0.3, or 0.5 µg of the wild type, S518A
or S518D merlin expression plasmids. Other details as in the
legend to Fig. 1. * P < 0.05; ** P < 0.0099.

reduction in luciferase activity (Figs. 1A and 1B), whereas
introduction of the S518D mutant had no effect (Fig. 1C).
These results indicate that phosphorylation of the serine
518 residue of merlin inhibits its effect on Ras-induced
SRE-dependent transactivation.
Inhibition by merlin of Elk-mediated transcriptional
activity is impaired by phosphorylation of serine 518
Ras, a member of the family of small GTPases, is a key
mediator of several intracellular signaling cascades, including that of Raf (Dalton et al., 1992), which leads to
the activation of the transcription factor, Elk. We investigated whether phosphorylation of serine 518 of merlin has
an effect on its ability to inhibit Elk-mediated SRE transactivation. A pFA2-Elk1 plasmid, carrying a fusion gene
consisting of the DNA-binding domain of GAL4 fused
with Elk (Gal4-Elk), was transfected into the NIH3T3
cells along with the pFR-Luc reporter plasmid, either with
or without expression plasmids carrying the various forms
of merlin. Wild type merlin and its S518A mutant inhibited Elk-induced transactivation (Figs. 2A and 2B) whereas
the S518D mutant did not (Fig. 2C). These results indicate that phosphorylation of serine 518 of merlin prevents
its inhibition of Elk-induced transactivation.
Inhibition by merlin of Ha-ras-induced endogenous
ERK phosphorylation is impaired by phosphorylation
of serine 518 The ternary complex factor Elk-1 is a
strong transactivator of serum-responsive element (SRE)driven gene expression (Vanhoutte et al., 2001; Yang et
al., 1998) and it is a major nuclear target of extracellular
signal-regulated kinase (ERK) proteins (Seger et al.,
1995). We investigated whether phosphorylation of serine
518 of merlin has an effect on its ability to inhibit Ha-rasinduced ERK phosphorylation. An expression plasmid
carrying the Ha-ras gene was transfected into NIH3T3
cells with or without expression plasmids carrying the
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Fig. 3. S518A inhibits Ha-Ras-induced ERK phosphorylation.
NIH3T3 cells (3 × 105) were plated in 35 mm dishes. Sixteen
hours later, 0.3 µg of an expression plasmid encoding Ha-Ras
was transfected into the NIH3T3 cells along with 1.0 µg of the
various merlin expression plasmids. Cell lysates were prepared
and subjected to SDS-polyacrylamide gel electrophoresis and
Western blotting using anti-merlin antibody. Western blotting
was also performed with anti-pERK and anti-ERK antibodies.
pERKs indicates the phosphorylated form of ERK.
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viously reported that merlin inhibits Ha-ras-induced anchorage-independent growth (Lim et al., 2003) and focus
formation (Kim et al., 2002). To examine the effect of
phosphorylation of serine 518 of merlin on Ha-rasinduced anchorage-independent growth, we performed a
focus formation assay. The plasmid carrying Ha-ras was
transfected into NIH3T3 cells with or without expression
plasmids carrying the various forms of merlin and incubated on plates with G418 for 3 weeks. As shown in Fig.
4, NIH3T3 cells expressing Ha-ras formed more G418resistant colonies and foci than cells containing the parental plasmid (pcDNA3.1), while cells co-expressing S518A
merlin formed a reduced number of colonies and foci. In
contrast, co-expression of S518D had no effect on the
number of colonies and foci. These results indicated
phosphorylation of the serine 518 residue of merlin abolishes its inhibitory action on Ha-ras-induced cell growth.
In conclusion, the inhibitory action of merlin on the
Ras-ERK signaling pathway is regulated by phosphorylation of its serine 518 residue. This regulatory effect controls Ras-induced cell growth.
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