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Integrin signaling promotes, through p21-activated kinase, phosphorylation and inactivation of the tumor
suppressor merlin, thus removing a block to mitogenesis in normal cells. However, the biochemical function of
merlin and the effector pathways critical for the pathogenesis of malignant mesothelioma and other NF2-
related malignancies are not known. We report that integrin-specific signaling promotes activation of mTORC1
and cap-dependent mRNA translation. Depletion of merlin rescues mTORC1 signaling in cells deprived of
anchorage to a permissive extracellular matrix, suggesting that integrin signaling controls mTORC1 through
inactivation of merlin. This signaling pathway controls translation of the cyclin D1 mRNA and, thereby, cell
cycle progression. In addition, it promotes cell survival. Analysis of a panel of malignant mesothelioma cell
lines reveals a strong correlation between loss of merlin and activation of mTORC1. Merlin-negative lines are
sensitive to the growth-inhibitory effect of rapamycin, and the expression of recombinant merlin renders them
partially resistant to rapamycin. Conversely, depletion of merlin restores rapamycin sensitivity in merlin-
positive lines. These results indicate that integrin-mediated adhesion promotes mTORC1 signaling through
the inactivation of merlin. Furthermore, they reveal that merlin-negative mesotheliomas display unregulated
mTORC1 signaling and are sensitive to rapamycin, thus providing a preclinical rationale for prospective,
biomarker-driven clinical studies of mTORC1 inhibitors in these tumors.

The NF2 gene, which encodes the FERM domain protein
merlin, was identified in 1993 as the tumor suppressor inacti-
vated in the familial cancer predisposition syndrome neurofi-
bromatosis type 2 (50, 60). Since then, biallelic NF2 mutations
have been found not only in sporadic schwannomas and me-
ningiomas, but also in a large fraction of malignant mesothe-
liomas and, less frequently, in other tumor types. Furthermore,
conditional inactivation experiments have indicated that mer-
lin has a broad tumor-suppressive function in mice (29, 39).

Merlin is a member of the ezrin/radixin/moesin (ERM) fam-
ily of proteins, which link membrane receptors to the cortical
actin cytoskeleton (4). ERM proteins consist of an N-terminal
FERM domain followed by a coiled-coil domain and a C-
terminal domain containing an actin-binding motif. They are
believed to switch between a closed conformation, which is
inactive, and an open conformation, which mediates the link-
age of certain cell adhesion proteins to the actin cytoskeleton.
In contrast to classical ERM proteins, merlin does not contain
a standard actin-binding motif. In addition, although merlin
also switches between an open and a closed conformation, it is
the closed form that suppresses tumorigenesis and is thereby
considered active (25, 37, 57). The serine/threonine kinase
p21-activated kinase (PAK) inactivates merlin by phosphory-

lating its C-terminal tail at Ser 518 and thereby disrupting the
intramolecular interaction between the FERM domain and the
C-terminal tail, which maintains the protein in the closed
conformation (21, 56, 67). Conversely, the protein phosphatase
MYPT1-PP1� is thought to promote merlin-mediated growth
inhibition by reversing the phosphorylation of Ser 518 (19).

Distinct adhesion-dependent stimuli converge on merlin to
regulate cell proliferation. Cadherin-dependent cell-to-cell ad-
hesion and CD44 engagement by hyaluronic acid activate
MYPT1-PP1� and inhibit PAK, causing an accumulation of
dephosphorylated, closed-conformation merlin (19, 33, 38, 55).
In contrast, integrin-dependent adhesion to the extracellular
matrix activates PAK, causing inactivation of merlin and
thereby presumably removing a block to cell cycle progression
(38). These results suggest that merlin functions as a phosphor-
ylation-dependent switch downstream of cell adhesion recep-
tors. Although significant progress has been made toward elu-
cidating the mechanisms that act upon merlin to regulate
growth suppression, the biochemical function of merlin and
the critical effector pathways through which it suppresses tu-
morigenesis have remained elusive.

Several studies have provided evidence that the closed form
of merlin inhibits Rac signaling (22, 34, 38, 56). In this model,
PAK-mediated inactivation of merlin would enhance Rac sig-
naling, either by removing a block to the recruitment of Rac to
the plasma membrane (38) or by alleviating direct inhibition of
PAK (22). Indeed, NF2-deficient schwannoma cells display
large lamellipodia and membrane ruffles, which are distinctive
of activated Rac signaling (44). Other studies have docu-
mented effects of merlin on the Ras-extracellular signal-regu-
lated kinase (ERK) pathway (19, 34), the phosphatidylinositol
3-kinase (PI-3K)-AKT pathway (49), and focal adhesion kinase
signaling (46). Recently, it has been shown that merlin binds to
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the cytoplasmic tails of receptor tyrosine kinases (RTKs) in
contact-inhibited cells and that, although merlin decreases the
rate at which the RTKs are internalized, it hinders their abil-
ities to initiate signaling (7). In apparent contrast, studies of
the Drosophila fruit fly have indicated that merlin does not
decrease, but rather increases, the rate of internalization of
RTKs and other cell surface receptors, thus reducing their
signaling activities (27). Finally, the results of genetic epistasis
experiments with the same model indicate that merlin cooper-
ates with the related ERM protein Expanded to activate the
Hippo tumor suppressor pathway, which impinges on the tran-
scriptional activator Yorkie (5, 16, 43). Although it is possible
and, indeed, likely that loss of merlin activates several mito-
genic pathways, it remains unclear whether any of the identi-
fied pathways are critical for NF2-dependent tumorigenesis.

Integrins bind to extracellular matrix components and coop-
erate with RTKs and other cytokine receptors to regulate cell
survival and cell cycle progression (8, 13, 63). Most of the
evidence to date suggests that the integrins control cell fate by
regulating transcription. However, increasing evidence sug-
gests that integrin-mediated adhesion also influences mRNA
translation. Maeshima and colleagues have shown that tumsta-
tin, an antiangiogenic fragment of collagen type IV, binds to
the �v�3 integrin and suppresses mTORC1 signaling and cap-
dependent translation in endothelial cells (26). Furthermore, it
has been shown that the engagement of �IIb�3 by fibrinogen
induces translation of the mRNA encoding Bcl-3 in activated
platelets through a rapamycin-sensitive pathway (42) and that
�6�4 enhances translation of the mRNA encoding vascular
endothelial growth factor in breast carcinoma cells through
phosphorylation of 4EBP1 (6). However, it has also been re-
ported that adhesion to fibronectin affects cap-dependent
translation independently of mTORC1 (14). These results sug-
gest that integrin signaling controls cap-dependent translation.
However, the mechanisms underlying this effect and its gener-
ality and scope currently remain unclear.

The initiation of mRNA translation is controlled by the
evolutionarily conserved TCS1-TCS2-Rheb-mTORC1 signal-
ing axis (15, 48). In this pathway, the TCS1-TCS2 complex
exerts GTPase-activating protein activity toward the GTPase
Rheb, which in turn activates the mTORC1 kinase complex.
Whereas hypoxia and energy deprivation activate TCS1-TCS2
through REDD1/REDD2 and AMP-activated protein kinase,
respectively, RTK signaling inhibits TCS1-TCS2 predomi-
nantly through AKT-mediated phosphorylation. Upon release
from TCS1-TCS2 inhibition, mTORC1 phosphorylates the
eIF4E inhibitory protein 4EBP1 and the kinase S6K1, thereby
promoting cap-dependent translation (48). Several oncopro-
teins, including Ras, PI-3K, and AKT, and tumor suppressor
proteins, such as LKB1, NF1, PTEN, and TCS1-TCS2, func-
tion upstream of or along this signaling axis, leading to fre-
quent dysregulation of mTORC1 signaling and enhanced cap-
dependent mRNA translation in human cancer. Both genetic
and pharmacologic evidence suggests that this signaling axis
plays an essential role in the initiation and maintenance of the
transformed phenotype, providing a rationale for the use of
mTOR inhibitors in certain cancer types (15, 54).

In this study, we provide evidence that integrin-specific sig-
naling promotes activation of mTORC1 and cap-dependent
translation through inactivation of merlin. We show that this

signaling mechanism contributes to the regulation of cell sur-
vival and cell proliferation. Through examination of multiple
mesothelioma cell lines, we provide evidence that the loss of
merlin causes activation of mTORC1 signaling in malignant
mesothelioma cells. Finally, we provide evidence that merlin
mutant malignant mesothelioma cells are selectively sensitive
to the growth-inhibitory effect of rapamycin.

MATERIALS AND METHODS

Cell lines, transfections, transductions, and constructs. Human umbilical vein
endothelial cells (HUVECs) were purchased from Clonetics and cultured in
serum-free medium (SFM; Gibco BRL) supplemented with serum and growth
factors. LP9 cells were obtained from Coriell Cell Repositories (Camden, NJ).
Meso-9 and Meso-33 cells were a gift from Suresh Jhanwar (Memorial Sloan-
Kettering Cancer Center [MSKCC], New York, NY). VAMT and H2452 cells
were a gift from Yuman Fong (MSKCC, New York, NY). 211H, H28, H2052,
JMN, and Meso-10 cells were a gift from M. Ladanyi (MSKCC, New York, NY).
Primary mouse embryonic fibroblasts (MEFs) harboring the conditional-mutant
allele NF2flox/flox were isolated from embryos at embryonic day 12.5. Mice car-
rying this mutation were a kind gift from T. Jacks (Massachusetts Institute of
Technology, Boston, MA).

For transfection of HUVECs, 5 � 106 cells were resuspended in 300 �l of SFM
with the vectors indicated below and subjected to electroporation at 300 V and
450 �F. The small interfering RNA (siRNA) oligonucleotides si-Mer-1 (TGGC
CAACGAAGCACTGAT) and si-Mer-2 (GUCUCAAGCCCAAAGAGCATT)
were designed to target human merlin and were synthesized by the RNA Inter-
ference Facility of MSKCC. The siRNA oligonucleotide for TSC2 (TSC2 siRNA
I) was purchased from Cell Signaling Technology. Cells were cultured in six-well
plates (Transwell; Costar) until 40% confluent and transfected with 1 ml of
Opti-MEM (Gibco BRL) containing 4 �l of Oligofectamine (Invitrogen) and 5
�l of 20 �M siRNA for 4 h. Cells were then incubated in SFM supplemented
with 20% fetal bovine serum and growth factors for 24 h and deprived of growth
factors for 24 h before the assays. pLKO.1 plasmids (clones TRCN0000018338
and TRCN0000039977) encoding short hairpin RNAs (shRNAs) targeting mer-
lin were from Open Biosystems. Viral supernatants were generated by transfect-
ing 293-FT cells with the shRNA constructs in combination with the packaging
vectors pVSVG and pDR2. 211H cells stably expressing the shRNAs were
selected by growth in puromycin for 1 week. VAMT cells were infected with
amphotropic retroviruses pBABE-puro and pBABE-puro-NF2 and selected for
7 days in medium containing puromycin.

The reporter plasmid pRL-HCV-FL was provided by Martin Krüger (Mediz-
inische Hochschule Hannover, Hannover, Germany) and has been described
previously (24). The vector pCMV-TAG3b-pHAS-I, encoding 4EBP1, was pro-
vided by John Lawrence (University of Virginia Health System, Charlottesville,
VA). pCMV-TAG3b-4EBP1-4A was generated by site-directed mutagenesis us-
ing the QuikChange kit according to the instructions of the manufacturer (Strata-
gene). The vectors pXJ40-HA-PakCAAX, which encodes a constitutively active
form of PAK, and pXJ40-HA-PakCAAX-K298R, which encodes a dominant
negative form of PAK, have been described previously (38). The vector pXJ40-
HA-MerlinI and vectors encoding S518A and S518D merlin mutants have been
described previously (38).

Immunoblotting analysis and kinase assays. Proteins were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred
onto nitrocellulose (Schleicher and Schuell), and probed with the antibodies
indicated below. Anti-cyclin D1 (A12), antimerlin (A19), anti-p27, anti-AKT,
and anti-PAK (N20) were purchased from Santa Cruz Biotechnology. Anti-
eIF4E was purchased from BD Biosciences. Anti-4EBP1, anti-ERK, anti-p65-
4EBP1, anti-phosphorylated AKT, anti-phosphorylated ERK, anti-phosphory-
lated p70S6K, anti-p70S6K, anti-mTOR, and anti-TSC2 were from Cell
Signaling Technology. PAK was immunoprecipitated from cell lysates with anti-
Pak1 antibodies (N20; Santa Cruz Biotechnology, Inc.) and subjected to a kinase
assay with myelin basic protein as a substrate, as described previously (38).

DNA microarray analysis. Double-stranded cDNA was synthesized from total
or polysomal RNA (1 to 10 �g). Linear amplification with T7 RNA polymerase
(Ambion) and labeling with biotin (Enzo) were performed by in vitro transcrip-
tion according to standard procedures. The resulting biotin-labeled cRNA was
fragmented and hybridized to the Affymetrix human genome U133A oligonu-
cleotide microarray chip for 16 h at 45°C. Following hybridization, the probe
array was washed and stained on a fluidics station and immediately scanned on
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a Hewlett-Packard GeneArray scanner. The data generated from the scan were
then analyzed using the MicroArray suite software (M.A.S. 5.0).

Bicistronic luciferase assay. HUVECs were transfected with the pRL-
HCV-FL reporter and the siRNAs indicated below. After 24 h, the cells were
detached and plated onto fibronectin or laminin 1 in the presence or absence of
growth factors. Luciferase activity was measured using a dual-luciferase reporter
assay system (Promega) and a luminometer (Berthold) according to the instruc-
tions of the manufacturers.

Polyribosome analysis. For preparation of cytoplasmic extracts, cells (25 to
30% confluent) from three 15-cm-diameter tissue culture plates were treated
with cycloheximide (100 �g/ml; Sigma) for 5 min at 37°C, washed with phos-
phate-buffered saline containing cycloheximide, and harvested by trypsinization.
Polyribosomes were prepared as described previously (51) with slight modifica-
tions. The cells were pelleted by centrifugation, swollen for 2 min in 375 �l of
low-salt buffer (20 mM Tris [pH 7.5], 10 mM NaCl, and 3 mM MgCl2) containing
1 mM dithiothreitol and 50 U of recombinant RNasin (Promega), and lysed by
the addition of 125 �l of lysis buffer (1� low-salt buffer–0.2 M sucrose–1.2%
Triton N-101) followed by 10 strokes with a Dounce homogenizer. The nuclei
were pelleted by centrifugation in a microcentrifuge at top speed for 30 s. The
supernatants (cytoplasmic extracts; 500 �l each) were poured into new tubes
containing a mixture of 50 �l of heparin (10 mg/ml; Sigma), 15 �l of 5 M NaCl,
and 1 mM dithiothreitol. The cytoplasmic extracts were layered over continuous
15 to 40% sucrose gradients and centrifuged at 38,000 rpm for 2 h in an SW41
rotor. Gradient samples were divided into 10 fractions, and the RNA from each
fraction was extracted and analyzed by Northern blotting.

Cap-binding assay. Cells were lysed in TGN buffer (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 1% Tween 20, 0.3% NP-40, 1 mM NaF, 1 mM Na3VO4, 1 mM
phenylmethylsulfonyl fluoride, and protease inhibitors). Cell lysates were incu-
bated with 7-methyl-GTP (m7GTP)-Sepharose beads for 2 h at room tempera-
ture or overnight at 4°C. The m7GTP beads were washed once with modified
TGN buffer containing 50 mM NaCl, 0.25% Tween 20, and 0.05% NP-40 and
twice with cold phosphate-buffered saline. Proteins were eluted from the beads
by addition of SDS-PAGE loading buffer and subjected to SDS-PAGE.

RESULTS

Integrin-specific signaling controls activation of mTORC1
and cap-dependent translation during the G1 phase. The re-
cruitment of the 43S ribosomal subunit and initiation of cap-
dependent translation are mediated by the eIF4F complex,
which consists of the scaffold protein eIF4G, the RNA helicase
eIF4A, and the cap-binding protein eIF4E (48). mTORC1
regulates the ordered assembly of the different components of
this complex through two major mechanisms. It phosphory-
lates a family of regulatory proteins named 4EBPs, which com-
pete with eIF4G for the binding to eIF4E, thus inhibiting the
formation of an active eIF4F complex. In addition, it phosphor-
ylates and activates S6K1, which in turn phosphorylates
PDCD4 and targets it for degradation, alleviating its inhibition
of eIF4A (15).

To examine if adhesion to the extracellular matrix is suffi-
cient for activation of mTORC1 and cap-dependent transla-
tion, primary MEFs were detached and either kept in suspen-
sion or replated onto fibronectin for 6 h in the absence or the
presence of various mitogens. The results of mobility shift and
cap-binding assays revealed that adhesion to fibronectin is suf-
ficient to promote partial phosphorylation of 4EBP1 and dis-
sociation of 4EBP1 from the cap in the absence of growth
factors (Fig. 1A). Notably, adhesion to fibronectin did not
cause any apparent increase in the activation of AKT under
these circumstances. Mitogenic concentrations of basic fibro-
blast growth factor (bFGF), insulin, or epidermal growth factor
(EGF) did not activate AKT or increase the phosphorylation
of 4EBP1 or the dissociation of 4EBP1 from the cap in cells
adhering to fibronectin (Fig. 1A). In contrast, platelet-derived
growth factor or serum caused robust activation of AKT and

significant increases in the phosphorylation of 4EBP1 and dis-
sociation of 4EBP1 from the cap in cells attaching to fibronec-
tin. These results suggest that matrix adhesion is sufficient to
activate mTORC1 signaling but that RTK-mediated activation
of AKT is necessary to promote complete phosphorylation of
4EBP1 and dissociation of 4EBP1 from the cap in cells stim-
ulated with growth factors.

To examine the role of integrin-specific signaling in the
activation of mTORC1 and phosphorylation of 4EBP1, pri-
mary HUVECs were synchronized in G0 and plated onto ei-
ther fibronectin or laminin 1 in the presence of mitogenic
concentrations of growth factors for various amounts of time.
In HUVECs, integrin �5�1-mediated adhesion to fibronectin
promotes progression through the G1 phase in response to
growth factor stimulation whereas �2�1-mediated adhesion to
laminin 1 does not, and this effect has been linked to the ability
of the �5�1 integrin to promote translation of the mRNA
encoding cyclin D1 (31, 64, 65). As shown in Fig. 1B, adhesion
to fibronectin was sufficient to promote phosphorylation of
4EBP1, as detected by both a mobility shift assay and immu-
noblotting with anti-phosphorylated 4EBP1 (S65), and disso-
ciation of 4EBP1 from cap-bound eIF4E, as measured by a
cap-binding assay. In contrast, adhesion to laminin 1 did not
exert this effect. Growth factor stimulation caused a similarly
large, transient increase in activation of AKT in cells plated
onto fibronectin or laminin 1, and at 15 min, when AKT acti-
vation was at its peak, 4EBP1 was highly phosphorylated and
almost completely dissociated from the cap in cells on both
fibronectin and laminin 1 (Fig. 1B). However, after 1 h of
mitogenic stimulation, AKT activation in cells on both sub-
strates had declined substantially. During the remaining por-
tion of the G1 phase, adhesion to fibronectin enabled a higher
level of phosphorylation of 4EBP1 and a more profound dis-
sociation of 4EBP1 from the cap than adhesion to laminin 1
(Fig. 1B). No significant differences in the total levels of eIF4E
and eIF4G between cells plated onto fibronectin and those on
laminin 1 were observed (data not shown). Taken together,
these observations suggest that �5�1-mediated adhesion sus-
tains the activation of mTORC1 and phosphorylation of
4EBP1 independently of AKT during the G1 phase and that
�2�1-mediated adhesion is unable to exert this effect.

To estimate the effect of integrin signaling on cap-depen-
dent translation, HUVECs were transfected with a previously
described dual-luciferase reporter system (24). In this system,
the Renilla luciferase gene is translated in a cap-dependent
fashion whereas the firefly luciferase gene is translated via a
viral internal ribosome entry site independently of initiation
factors. As shown in Fig. 1C, HUVECs plated onto fibronectin
in the absence of mitogens displayed an approximately two-
fold-higher level of cap-dependent translation activity than
those plated onto laminin 1 under the same conditions. Con-
current growth factor stimulation increased cap-dependent
translation to a modest extent in cells on fibronectin but not in
those on laminin 1 (Fig. 1C). These results suggest that inte-
grin-mediated signaling is necessary and sufficient to sustain
cap-dependent translation during the G1 phase of the cell
cycle.

Integrin-specific signaling controls the translation of sev-
eral mRNAs and protein synthesis. To estimate the impact of
integrin signaling on mRNA translation, we examined the
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translational profile of HUVECs plated onto fibronectin or
laminin 1 in the presence or absence of mitogens. Total
poly(A)� mRNAs and polysome-bound mRNAs were isolated
from cells under these conditions and subjected to DNA mi-
croarray analysis in parallel to determine their transcriptomic
and translational profiles, respectively (see Fig. S1A in the
supplemental material). Adhesion to fibronectin in the pres-
ence of growth factors resulted in a significant elevation of
mRNA translation compared to adhesion to laminin 1 under
the same conditions (Fig. 2A). In fact, approximately twice as
many genes were upregulated by twofold or more at the trans-
lational level in cells plated onto fibronectin in the presence of
mitogens as in those plated onto laminin 1 under the same
conditions. In contrast, about the same numbers of genes were
upregulated by twofold or more at the transcriptional level in
cells plated onto fibronectin in the presence of mitogens and in
those plated onto laminin 1 under the same conditions (Fig.
2A). Furthermore, growth factor stimulation enhanced mRNA
translation in cells plated onto fibronectin by approximately
twofold compared to that in cells plated onto laminin 1 (Fig.
2B and C). In contrast, exposure to mitogens induced the
transcription of about the same numbers of genes in cells
plated onto fibronectin and in those plated onto laminin 1 (Fig.
2B and C). The effect of adhesion to fibronectin on mRNA
translation was highly significant, as assessed by statistical anal-
ysis (see Fig. S1B to D in the supplemental material). These
results indicate that �5�1-mediated adhesion to fibronectin
and ensuing mTORC1 signaling promote the translation of a
large set of mRNAs during the G1 phase.

To obtain insight into the physiological significance of inte-
grin-specific activation of mTORC1 signaling and cap-depen-
dent translation, the genes upregulated by fourfold or more at
the translational level in cells plated onto fibronectin in the
presence of mitogens compared to those in cells plated onto
laminin 1 under the same conditions were assigned to func-
tional categories. As shown in Fig. 2D, adhesion to fibronectin
promoted translation of mRNAs encoding proteins involved in
cell signaling, RNA metabolism, and apoptosis and, to a lower
degree, translation of mRNAs encoding proteins involved in
cellular trafficking, matrix adhesion and remodeling, and tran-
scription. Of note, multiple mRNA-binding proteins and com-
ponents of initiation factors were found to be under transla-
tional control, suggesting a potential mechanism for the
reinforcement of this process.

To assess the impact of integrin signaling on total protein

FIG. 1. Integrin-specific adhesion promotes mTORC1 signaling
and cap-dependent mRNA translation. (A) Matrix adhesion promotes
phosphorylation of 4EBP1 without causing significant activation of
AKT. MEFs were detached and kept in suspension (S) or plated onto
fibronectin in the presence of platelet-derived growth factor (PDGF;
10 ng/ml), bFGF (20 ng/ml) along with 1 �g/ml heparin, insulin (10
ng/ml), EGF (10 ng/ml), or fetal calf serum (10%) for 6 h. Equal
amounts of total proteins or proteins binding to m7GTP-Sepharose
were subjected to immunoblotting with antibodies to the indicated
antigens. �, control with no serum or growth factor; P-AKT (S473),
AKT phosphorylated at S473. (B) Integrin-specific signaling sustains
the activation of mTORC1 during the G1 phase. HUVECs

were plated onto fibronectin (Fn) or laminin 1 (Lm) in the presence
mitogens (20 ng/ml bFGF, 1 �g/ml heparin, 10 ng/ml insulin, 10 �g/ml
transferrin, and 10 ng/ml EGF) for the indicated times. Equal amounts
of total proteins or proteins binding to m7GTP-Sepharose were sub-
jected to immunoblotting with antibodies to the indicated antigens.
15�, 15 min; P-4EBP1 (S65), 4EBP1 phosphorylated at S65. (C)
HUVECs were transfected with the bicistronic reporter construct de-
picted above the graph, deprived of serum, and plated onto either
fibronectin or laminin 1 in the absence (�) or presence (�) of mito-
gens for 24 h. The graph shows the mean ratios 	 standard deviations
(SD) between Renilla luciferase (rLuc) and firefly luciferase (fLuc)
bioluminescence levels in the indicated samples. SV40, simian virus 40;
IRES, internal ribosome entry site.
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biosynthesis, we measured the incorporation of [35S]methi-
onine into total proteins in HUVECs plated onto fibronectin
or laminin 1 in the presence or absence of mitogens. As shown
in Fig. 2E, adhesion to fibronectin in the absence of mitogens
enabled a significantly higher level of protein biosynthesis than
adhesion to laminin 1. Concurrent growth factor stimulation
increased protein biosynthesis to a modest extent in both cells

on fibronectin and cells on laminin 1 (Fig. 2E). These obser-
vations suggest that integrin-mediated adhesion and signaling
are major determinants of cap-dependent translation and,
thereby, protein biosynthesis.

Integrin-specific adhesion controls mTORC1 signaling
through inactivation of merlin. Mitogenic stimuli control
mTORC1 activation through AKT and possibly ERK (15).

FIG. 2. Integrin-specific signaling promotes the translation of a subset of cellular mRNAs. (A to C) Integrin-specific adhesion controls
mRNA translation in cells exposed to growth factors. Total and polysome-bound mRNAs from HUVECs plated onto fibronectin (Fn) or
laminin 1 (Lm) for 16 h in the absence or presence of growth factors (GFs) as described in the legend to Fig. 1B were hybridized to
Affymetrix human genome U133A oligonucleotide microarray chips. Panel A shows the comparison between cells plated onto fibronectin
and those plated onto laminin 1 in the presence of growth factors, panel B shows the comparison between cells plated onto fibronectin in
the presence and absence of growth factors, and panel C shows the comparison between cells plated onto laminin 1 in the presence and
absence of growth factors. (Top panels) The dot matrix graphs plot log2 changes in translation levels against the corresponding log2 changes
in transcription levels for all genes represented on the array. Data for genes upregulated at the translational level by twofold or more are
denoted in red. (Bottom panels) The bar graphs illustrate the total numbers of genes regulated at the translational (transl.) and transcrip-
tional levels in the indicated comparisons. (D) The products of genes that were upregulated more than fourfold at the translational level in
cells on fibronectin in the presence of growth factors compared to those in cells on laminin 1 under the same conditions were assigned to
functional categories. (E) Integrin-specific signaling promotes protein biosynthesis. HUVECs were synchronized in G0, detached, and plated
onto fibronectin or laminin for 6 h in SFM supplemented (�) or not (�) with growth factors and for 1 h in methionine-cysteine-free medium
supplemented or not with growth factors (Gibco BRL). They were then labeled for 1 h with 200 �Ci/ml [35S]methionine-cysteine
(Tran35S-Label; ICN). The graph shows the mean levels 	 SD of radioactivity present in identical aliquots of total lysates from the indicated
samples.
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However, growth factor stimulation caused similar levels of
activation of AKT and ERK in HUVECs plated onto fibronec-
tin and those plated onto laminin 1 (Fig. 1B) (31), suggesting
that integrin-specific signaling controls the activation of
mTORC1 through a novel mechanism. Since we had shown
previously that �5�1-dependent adhesion to fibronectin is nec-
essary for activation of Rac and translation of cyclin D1
mRNA in HUVECs (31), we examined the potential involve-
ment of Rac signaling in the activation of mTORC1.

We specifically focused on the Rac target-effector PAK,
because it can promote cell cycle progression through phos-
phorylation and, thereby, inactivation of merlin (21, 38, 67)
and/or activation of Jun N-terminal protein kinase (JNK) (41).
PAK assays indicated that adhesion to fibronectin enables sig-
nificant activation of PAK in HUVECs plated onto fibronectin
in the presence of growth factors but not in those plated onto
laminin 1 under the same conditions (Fig. 3A). Since RTK
activation does not contribute to a significant extent to the
activation of Rac and PAK in HUVECs (31, 38), we infer that
�5�1-mediated adhesion promotes the activation of PAK and
that �2�1-mediated adhesion does not. In agreement with this
hypothesis, the results of electrophoresis mobility shift assays
indicated that merlin becomes phosphorylated to a greater
extent in cells plated onto fibronectin in the presence of mito-
gens than in those plated onto laminin 1 under the same
conditions (Fig. 3B). Furthermore, glutathione S-transferase–
Jun kinase assays indicated that JNK is activated transiently
but to significant levels in HUVECs plated onto fibronectin in
the presence of growth factors but not in those plated onto
laminin 1 under the same conditions (see Fig. S2A in the
supplemental material). In agreement with the recent finding
that JNK is activated also during late G2 and promotes entry
into mitosis (40), JNK was reactivated at 20 h after release
from G0 in cells plated onto fibronectin. This reactivation was
not observed in HUVECs plated onto laminin 1, consistent
with the observation that these cells do not progress through
the cell cycle and enter into mitosis on laminin 1 (31).

Since there are multiple PAK proteins, we used a dominant
negative approach to examine the role of PAK in mTORC1
signaling. As shown in Fig. 3C, overexpression of a kinase-dead
form of PAK suppressed phosphorylation of 4EBP1 and ex-
pression of cyclin D1 in HUVECs plated onto fibronectin in
the presence of growth factors. However, moderate expression
of a constitutively active form of PAK did not restore phos-
phorylation of 4EBP1 and expression of cyclin D1 in cells
plated onto laminin 1. These results suggest that PAK is re-
quired but not sufficient for integrin-mediated activation of
mTORC1 signaling.

To examine the hypothesis that PAK controls mTORC1
signaling by phosphorylating and thereby inactivating merlin,
we used the S518D phosphorylation site mimetic mutant form
of merlin, which is stabilized in the open conformation and
capable of exerting a dominant negative effect, and the un-
phosphorylatable S518A mutant form of merlin, which is sta-
bilized in the closed conformation and thought to be constitu-
tively active (4). As shown in Fig. S3 in the supplemental
material, overexpression of S518D mutant merlin rescued ac-
tivation of S6K1 and expression of cyclin D1 in HUVECs
plated onto laminin 1 in the presence of mitogens. This effect
occurred in the absence of detectable activation of AKT. Con-

versely, overexpression of S518A mutant merlin suppressed
the activation of S6K1 in HUVECs plated onto fibronectin
under the same conditions (see Fig. S3 in the supplemental
material). These results implicate the inactivation of merlin in
mTORC1 signaling. Although we have not directly examined
this hypothesis, it is possible that constitutively active PAK
does not rescue phosphorylation of 4EBP1 and expression of
cyclin D1 in cells adhering to laminin 1 because expression of
this construct does not cause full inactivation of merlin.

To directly test the hypothesis that integrin-specific adhesion
controls mTORC1 signaling through inactivation of merlin, we
silenced merlin in HUVECs plated onto fibronectin or laminin
1 in the presence of mitogens. As shown in Fig. 3D, depletion
of merlin fully rescued phosphorylation of 4EBP1, activation of
S6K1, and expression of cyclin D1 in cells plated onto laminin
1. This effect occurred without the apparent involvement of
AKT (Fig. 3D), and it was specific, as it was observed with two
distinct siRNAs targeting merlin (see Fig. S4 in the supple-
mental material). In addition, the results of dual-luciferase
reporter assays showed that depletion of merlin with two dis-
tinct siRNAs rescues cap-dependent translation on laminin 1
(Fig. 3E; see also Fig. S5 in the supplemental material). Fi-
nally, silencing of merlin also led to the downregulation of the
cyclin-dependent kinase (CDK) inhibitor p27 in HUVECs
plated onto laminin 1 (see Fig. S4 in the supplemental mate-
rial), suggesting that inactivation of merlin is sufficient to pro-
mote progression through G1 in cells plated onto an otherwise
nonpermissive matrix substrate. To examine if JNK also affects
mTORC1 signaling, we silenced JNK1, JNK2, or both by using
siRNAs (see Fig. S2B in the supplemental material). However,
depletion of JNK1, JNK2, or both did not inhibit the phosphor-
ylation of 4EBP1 in HUVECs plated onto fibronectin in the
presence of growth factors (see Fig. S2B in the supplemental
material), suggesting that PAK does not control mTORC1
through JNK.

To examine if loss of merlin controls mTORC1 signaling in
other cell types, we infected primary NF2flox/flox MEFs with an
adenovirus encoding Cre or with a control virus. As shown in
Fig. 3E, Cre-mediated deletion of NF2 and loss of expression
of merlin enhanced phosphorylation of 4EBP1 and activation
of S6K1 in MEFs without affecting the activation of AKT (Fig.
3F). Taken together, the results of siRNA-mediated depletion
and genetic inhibition suggest that integrin-specific adhesion
promotes mTORC1 signaling and cap-dependent translation
through inactivation of merlin.

Integrin-specific activation of mTORC1 promotes cell cycle
progression. HUVECs synchronized in G0 and plated onto
laminin 1 fail to translate the mRNA encoding cyclin D1 and
hence to assemble active cyclin D1-CDK4-CDK6 complexes in
response to growth factor stimulation (31). Since depletion of
merlin activates mTORC1 signaling and at the same time in-
duces expression of cyclin D1 and downregulation of p27 in
these cells (Fig. 3D; see also Fig. S4 in the supplemental
material), we examined the hypothesis that integrin signaling
controls cell cycle progression at least in part through inactivation
of merlin and activation of mTORC1 signaling.

To examine the role of integrin-specific mTORC1 signaling
in cell cycle progression, we examined if this signaling pathway
controls the translation of cyclin D1 mRNA. In agreement with
prior results (31), we found that growth factor stimulation
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FIG. 3. Inactivation of merlin mediates integrin-dependent mTORC1 signaling. (A) Integrin-specific adhesion controls activation of PAK.
HUVECs synchronized in G0 were detached and kept in suspension (S) or plated onto fibronectin (Fn) or laminin 1 (Lm) in the presence of
mitogens for the indicated times. Equal amounts of total proteins were subjected to immunoprecipitation with antibodies to PAK, followed by an
in vitro kinase assay using 32P-labeled myelin basic protein (32P-MBP) as a substrate. (B) Integrin-specific adhesion promotes phosphorylation of
merlin. HUVECs were transfected with a plasmid encoding wild-type merlin. After synchronization in G0, the cells were plated onto fibronectin
or laminin 1 in the presence of mitogens for the indicated times. Equal amounts of proteins were subjected to high-resolution SDS-PAGE, followed
by immunoblotting with antimerlin. P-merlin, phosphorylated merlin. (C) PAK activity is necessary for phosphorylation of 4EBP1 and expression
of cyclin D1 on fibronectin. HUVECs were transfected with an empty vector or vectors encoding dominant negative (DN) or constitutively active
(CA) PAK. After synchronization in G0, the cells were plated onto fibronectin or laminin 1 in the presence of mitogens for 24 h and lysed. Equal
amounts of total proteins were subjected to immunoblotting with antibodies to the indicated antigens. (D) Depletion of merlin rescues
phosphorylation of 4EBP1 and expression of cyclin D1 on laminin 1. HUVECs were transfected with an siRNA oligonucleotide targeting human
merlin (si-Mer-1) or control siRNA (si-Co), synchronized in G0, detached, and plated onto fibronectin or laminin 1 in the presence of mitogens
for 24 h. Total lysates were analyzed by immunoblotting using antibodies to the indicated antigens. P-S6K1 (T389), S6K1 phosphorylated at T389;
P-AKT (S473), AKT phosphorylated at S473. (E) Depletion of merlin promotes cap-dependent translation. HUVECs were transfected with the
bicistronic reporter construct depicted above the graph, in combination with an siRNA oligonucleotide targeting human merlin or control siRNA.
Cells were synchronized in G0 and plated onto fibronectin or laminin 1 in the presence of growth factors for 24 h. The graph shows the mean
ratios 	 SD between the Renilla luciferase (rLuc) and firefly luciferase (fLuc) bioluminescence levels in the indicated samples. SV40, simian virus
40; IRES, internal ribosome entry site. (F) Genetic inactivation of NF2 promotes mTORC1 signaling without activating AKT in primary fibroblasts.
NF2flox/flox MEFs were infected with adenoviruses encoding green fluorescent protein-Cre (GFP-Cre) or GFP alone. Two days later, cells were
synchronized in G0, plated onto fibronectin for 20 h in the presence of 20 ng/ml bFGF–1 �g/ml heparin, and subjected to immunoblotting using
antibodies to the indicated antigens.
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FIG. 4. Integrin-specific mTORC1 signaling controls the translation of cyclin D1 mRNA and promotes cell cycle progression. (A) Integrin-
specific signaling is not required for the transcription of cyclin D1. HUVECs were plated onto fibronectin (Fn), laminin 1 (Lm), or the control
substrate poly-L-lysine (PL) in the presence of mitogens. Northern blotting was used to examine the levels of mRNAs encoding cyclin D1 (cycl.
D1) and GAPDH at the indicated time points. (B) Integrin-specific signaling promotes association of the mRNA encoding cyclin D1 with
polysomes. Samples of total mRNA from HUVECs plated onto fibronectin or laminin 1 for 16 h in the presence of growth factors (20 ng/ml bFGF,
1 �g/ml heparin, 10 ng/ml insulin, 10 �g/ml transferrin, and 10 ng/ml EGF) were fractionated on sucrose density gradients. Northern blotting was
used to examine the levels of mRNAs encoding cyclin D1 and GAPDH in each gradient fraction. (C) Rapamycin inhibits translation of the mRNA
encoding cyclin D1. HUVECs synchronized in G0 were detached and plated onto fibronectin in the presence of growth factors without or with 5
nM rapamycin, 20 �M LY294002, or 40 �M PD98059. At the indicated time points, cells were lysed and subjected to either Northern analysis with
the indicated probes (upper two panels) or immunoblotting with antibodies to the indicated antigens (lower two panels). P-ERK, phosphorylated
ERK. (D) Disruption of cap-dependent translation inhibits induction of cyclin D1 and cell cycle progression. HUVECs were transfected with an
empty vector or a vector encoding a hemagglutinin (HA)-tagged form of the phosphorylation-defective mutant 4EBP1-4A. After 48 h, cells were
synchronized in G0, detached, and plated onto fibronectin in the presence of mitogens and BrdU for 24 h. (Left) Total cell lysates were subjected
to immunoblotting with antibodies to the indicated antigens. (Right) The graph shows the percentages of cells entering S phase under the indicated
conditions. The experiment was done three times. (E) Depletion of TSC2 partially rescues expression of cyclin D1 and progression through the
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induces similarly high levels of cyclin D1 mRNA in HUVECs
plated onto fibronectin and in those plated onto laminin 1 (Fig.
4A). However, whereas cells plated onto fibronectin accumu-
late high levels of cyclin D1 protein, those plated onto laminin
1 express significantly lower levels of this protein (Fig. 4A).
Cells plated onto the control substrate poly-L-lysine accumu-
lated reduced levels of the cyclin D1 mRNA compared to cells
plated onto laminin 1 or fibronectin and failed to express
detectable levels of cyclin D1 protein (Fig. 4A). To determine
if cells plated onto laminin 1 fail to accumulate cyclin D1
protein due to translational inhibition, we fractionated samples
of total mRNA from cells plated onto fibronectin or laminin 1
by sucrose density gradient centrifugation and subjected the
resulting fractions to Northern blotting. The results indicated
that the cyclin D1 mRNA is almost entirely associated with
polysomes in cells plated onto fibronectin but is equally dis-
tributed in the ribosome-free and the polysome fractions in
cells plated onto laminin 1 (Fig. 4B). In contrast, the mRNA
encoding GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) was similarly associated with the ribosome-free and poly-
some fractions in cells plated onto each of the two substrates.
These results confirm that integrin-specific signaling controls
the translation of cyclin D1 mRNA in HUVECs.

To examine if integrin-mediated adhesion controls expres-
sion of cyclin D1 through activation of mTORC1, we tested if
the mTOR inhibitor rapamycin inhibits the accumulation of
cyclin D1 in HUVECs plated onto fibronectin. As shown in
Fig. 4C, treatment with rapamycin inhibited the accumulation
of cyclin D1 in cells plated onto fibronectin. This inhibition was
particularly evident after 12 h of growth factor stimulation but
still detectable after 24 h. Interestingly, cells plated onto fi-
bronectin in the presence of rapamycin exhibited levels of
cyclin D1 similar to those of cells plated onto laminin 1 at both
12 and 24 h of growth factor stimulation (compare Fig. 4A and
C), suggesting that the inhibition of mTOR generates a phe-
nocopy of adhesion to laminin 1. As anticipated, rapamycin did
not affect the expression of the mRNA encoding cyclin D1 in
cells plated onto fibronectin (Fig. 4C). However, treatment
with the PI-3K inhibitor LY294002 completely suppressed the
expression of cyclin D1 mRNA in these cells, suggesting that
PI-3K signaling is necessary for transcription of cyclin D1 in
HUVECs. The MEK inhibitor PD98059 also inhibited tran-
scription of cyclin D1 but to a lower degree (Fig. 4C). These
results suggest that mTORC1 controls expression of cyclin D1
by a posttranscriptional mechanism.

mTORC1-mediated phosphorylation of 4EBP1 causes its
dissociation from eIF4E, enabling the assembly of the initia-
tion complex. To further examine the role of mTORC1 in the

control of translation of cyclin D1 mRNA, we transduced
HUVECs with a mutant form of 4EBP1 carrying alanine sub-
stitutions at its major phosphorylation sites (4EBP1-4A). Prior
studies have indicated that this mutant form of 4EBP1 binds
constitutively to the cap and thereby impairs proper assembly
of the eIF4F complex (11). As shown in Fig. 4D, ectopic
expression of this 4EBP1 mutant inhibited expression of cyclin
D1, progression through G1, and entry into S phase in
HUVECs plated onto fibronectin. These results suggest that
mTORC1 signaling controls the expression of cyclin D1 at
least in part by inhibiting 4EBP1 and thereby promoting cap-
dependent translation.

To further examine the hypothesis that HUVECs do not
progress through the G1 phase and enter into S phase on
laminin 1 because of inefficient activation of mTORC1, we
silenced TSC2 in HUVECs and plated them onto laminin 1 in
the presence of mitogens. As shown in Fig. 4E, depletion of
TSC2 rescued expression of cyclin D1 and entry into the S
phase in cells plated onto laminin 1 to a partial, but significant,
extent. This result indicates that inefficient mTORC1 signaling
contributes to the inhibition of cell cycle progression in
HUVECs adhering to laminin 1 and implies that merlin func-
tions upstream of TSC1-TSC2 to inhibit mTORC1 signaling.

We next examined if inactivation of merlin promotes expres-
sion of cyclin D1 and cell cycle progression through activation
of mTORC1. Control HUVECs and HUVECs in which merlin
was silenced were plated onto fibronectin or laminin 1 either in
the absence or in the presence of rapamycin. As shown in Fig.
4F, knockdown of merlin rescued phosphorylation of 4EBP1
completely and expression of cyclin D1 to a partial but signif-
icant extent in cells on laminin 1. Interestingly, treatment with
rapamycin suppressed both events. Knockdown of merlin also
caused significant downregulation of the CDK inhibitor p27 in
cells plated onto laminin 1, but inhibition of mTOR did not
reverse this effect, suggesting that inactivation of merlin down-
regulates p27 independently of mTORC1. These results sug-
gest that loss of merlin promotes expression of cyclin D1
through activation of mTORC1.

To examine the role of integrin-specific mTORC1 signaling
in cell proliferation, control HUVECs and those in which mer-
lin was silenced were synchronized in G0, plated onto fibronec-
tin or laminin 1 with mitogens in the absence or presence of
rapamycin, and subjected to a bromodeoxyuridine (BrdU) in-
corporation assay. Whereas rapamycin suppressed entry into S
phase in cells plated onto fibronectin, knockdown of merlin
partially restored progression through G1 and entry into S
phase in cells plated onto laminin 1 (Fig. 4F). Interestingly,
rapamycin blocked this restoration. Together, these results

cell cycle on laminin 1. HUVECs were transfected with the indicated siRNAs, synchronized in G0, and plated onto fibronectin or laminin 1 for
24 h. (Top) Total lysates were subjected to immunoblotting using antibodies to the indicated antigens. (Bottom) Cells were subjected to BrdU
incorporation and anti-BrdU staining. The graph illustrates the mean percentages 	 SD of BrdU-positive (BrdU�) cells. si-Contr., control siRNA;
si-TSC2, siRNA targeting TSC2; �, present; �, absent. (F, top) Depletion of merlin partially rescues expression of cyclin D1 on laminin 1 through
a rapamycin-sensitive pathway. HUVECs were transfected with the indicated siRNAs, synchronized in G0, and then plated onto fibronectin or
laminin 1 in the presence of growth factors for 24 h without (�) or with (�) 5 nM rapamycin. Equal amounts of total proteins were subjected to
immunoblotting with antibodies to the indicated antigens. (Bottom) Depletion of merlin partially rescues progression through G1 on laminin 1
through a rapamycin-sensitive pathway. HUVECs were transfected with a control siRNA (si-Contr., or si-Control) or an siRNA targeting merlin
(si-Mer-1), synchronized in G0, and plated onto fibronectin or laminin 1 in the presence of growth factors and BrdU for 24 h without or with 5
nM rapamycin. The graph shows the mean percentages 	 SD of BrdU� cells under the indicated conditions.
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provide evidence that integrin-specific adhesion controls
mTORC1 signaling, translation of cyclin D1 mRNA, and cell
cycle progression through inactivation of merlin.

Integrin-specific activation of mTORC1 promotes cell sur-
vival. To examine the potential role of integrin-specific

mTORC1 signaling in suppression of apoptosis and cell sur-
vival, we measured the percentage of HUVECs undergoing
apoptosis at 24 h after growth factor stimulation on fibronectin
or laminin 1. The results of a terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) as-
say indicated that virtually all cells plated onto fibronectin in
the presence of growth factors remained viable at 24 h but that
about 10% of those plated onto laminin 1 under the same
conditions were apoptotic at this time point (Fig. 5A). This
finding probably underestimates the extent of cell death occur-
ring on laminin 1, as we consistently recovered fewer cells from
this substrate at 24 h, in agreement with the hypothesis that
many cells had died earlier and detached.

To investigate if integrin-specific signaling controls cell sur-
vival through inactivation of merlin, we silenced merlin in
HUVECs plated onto either fibronectin or laminin 1. As an-
ticipated, immunoblotting with antibodies to cleaved caspase 3
confirmed that cells plated onto fibronectin in the presence of
growth factors do not undergo apoptosis and that a significant
fraction of those plated onto laminin 1 under the same condi-
tions undergo this process (Fig. 5B). Depletion of merlin res-
cued cells plated onto laminin 1 from apoptosis, indicating that
inactivation of merlin promotes cell survival. However, al-
though treatment with rapamycin suppressed mTORC1 signal-
ing, as measured by immunoblotting with antibodies to phos-
phorylated S6K1, it did not induce death among HUVECs
plated onto fibronectin (Fig. 5B). Since mTORC1 signaling is
constrained by a negative feedback loop, whereby activated
mTORC1 suppresses AKT (15), we reasoned that rapamycin
might have induced the activation of AKT in cells plated onto
fibronectin, thereby protecting these cells from apoptosis. In-
deed, immunoblotting revealed that rapamycin induced acti-
vation of AKT in cells plated onto fibronectin (Fig. 5B). In-
terestingly, inhibition of mTORC1 caused stronger activation
of AKT in cells in which merlin was silenced than in control
cells plated onto fibronectin, perhaps because constitutive ac-
tivation of mTORC1 signaling establishes a stronger negative
feedback loop in cells in which merlin is silenced.

In order to avoid potential interpretation problems caused
by the negative feedback loop, we decided to test if inhibition
of cap-dependent translation induces apoptosis in HUVECs
plated onto fibronectin. As shown in Fig. 5C, phase-contrast
microscopy and immunoblotting with antibodies to cleaved
caspase 3 indicated that overexpression of the phosphoryla-
tion-resistant version of 4EBP1 induces a significant degree of
apoptosis among HUVECs plated onto fibronectin in the pres-
ence of growth factors. Taken together, these results are con-
sistent with the hypothesis that the inactivation of merlin pro-
tects HUVECs from apoptosis at least in part through
activation of mTORC1 and cap-dependent translation.

Loss of merlin function activates mTORC1 signaling in
malignant mesothelioma. The observation that integrin-spe-
cific signaling controls cell cycle progression and cell survival
through inactivation of merlin and, thereby, induction of
mTORC1 signaling suggests that this signaling pathway may be
constitutively active in tumor cells carrying loss-of-function
mutations in NF2. To examine this hypothesis, we analyzed a
panel of human malignant mesothelioma cell lines. The large
majority of NF2 mutations that have been identified in malig-
nant mesothelioma are predicted to lead to complete loss of

FIG. 5. Integrin-specific mTORC1 signaling promotes cell survival.
(A) Integrin-specific adhesion promotes cell survival. HUVECs were
synchronized in G0, plated onto fibronectin or laminin 1 in the pres-
ence of growth factors for 48 h, and subjected to a TUNEL assay and
counterstaining with DAPI (4�,6-diamidino-2-phenylindole). (Left)
The pictures show representative fields of cells on fibronectin (Fn) or
laminin 1 (Lm). (Right) The graph shows the mean percentages 	 SD
of TUNEL-positive cells under the indicated conditions. The experi-
ment was done two times. (B) Knockdown of merlin protects cells
plated onto laminin 1 from apoptosis. HUVECs were transfected with
the indicated siRNAs, synchronized in G0, detached, and plated in the
presence of mitogens for 48 h without (�) or with (�) 5 nM rapamy-
cin. Equal amounts of total proteins were subjected to immunoblotting
with antibodies to the indicated antigens. si-Control, control siRNA;
si-Mer, siRNA targeting Mer; P-S6K1 (T389), S6K1 phosphorylated at
T389; P-AKT (S473), AKT phosphorylated at S473. (C) Disruption of
cap-dependent translation causes apoptosis in cells plated onto fi-
bronectin. HUVECs were transfected with an empty vector or a vector
encoding a hemagglutinin (HA)-tagged form of the phosphorylation-
defective mutant 4EBP1-4A. After 48 h, cells were synchronized in G0,
detached, and plated onto fibronectin in the presence of mitogens for
24 h. (Left) The pictures show phase-contrast images of representative
fields of cells on fibronectin or laminin 1. (Right) Equal amounts of
total proteins were subjected to immunoblotting with antibodies to the
indicated antigens.
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expression of merlin (3, 52). We therefore used immunoblot-
ting to classify the cell lines as merlin positive or merlin null.
Of 11 cell lines examined, 4 were found to express an appar-
ently wild-type form of merlin and 7 were found to lack merlin
(Fig. 6A). This ratio is in general agreement with the reported
mutational rate of NF2 in primary malignant mesothelioma (3,
52). To monitor the activation of mTORC1, ERK, and AKT,
the samples were subjected to immunoblotting. Interestingly,
all the merlin null cell lines were found to exhibit phosphory-
lated 4EBP1, as judged by mobility shift assays, and phosphor-
ylated S6, as measured by immunoblotting with anti-phosphor-
ylated S6, whereas all the merlin-positive cell lines did not. In
contrast, although a subset of cell lines exhibited elevated
levels of phosphorylated ERK or phosphorylated AKT, the
activation of ERK or AKT did not correlate with the loss of
merlin or the activation of mTORC1. In agreement with the
hypothesis that inactivation of merlin promotes mTORC1 sig-
naling independently of AKT or ERK in cells of mesothelial
origin, depletion of merlin caused activation of S6K1 but not
AKT or ERK in LP9 normal mesothelial cells (see Fig. S6 in
the supplemental material; also data not shown). Together,
these observations provide evidence that the loss of merlin
causes activation of mTORC1 signaling in malignant mesothe-
lioma.

Malignant mesothelioma cells lacking merlin are sensitive
to rapamycin. The observation that cancer cells are addicted to
oncogene signaling suggests that drug sensitivity can be used to
identify the signaling pathways that maintain the oncogenicity
of specific tumor types (53). We reasoned that, if mTORC1
signaling is critical for NF2-dependent tumorigenesis, the mer-
lin-deficient malignant mesothelioma cells should be selec-
tively sensitive to the growth-inhibitory effect of rapamycin. To
test this hypothesis, we monitored the abilities of merlin-pos-
itive and merlin null malignant mesothelioma cells to grow in
the presence of rapamycin. As shown in Fig. 6B, whereas
mesothelioma cell lines expressing merlin showed modest sen-
sitivities to rapamycin (7.6% 	 9.6% growth inhibition at 72 h),
those lacking merlin were more sensitive to the growth-inhib-
itory effect of the drug (36.4% 	 12.7% growth inhibition at
72 h; P 
 0.0018). The selective sensitivity of merlin null lines
to rapamycin was not a consequence of accelerated cell cycle
progression because the average doubling time of these lines in
the absence of the drug (44.1 h) was not significantly shorter
than that of merlin-positive lines under the same conditions
(48.5 h). These results indicate that malignant mesothelioma
cells carrying NF2 mutations are selectively sensitive to drugs
targeting mTORC1 and suggest that the mTORC1 signaling
pathway is critical for malignant mesothelioma.

To obtain further evidence that loss of merlin function
causes activation of mTORC1 signaling and underlies sensitiv-
ity to rapamycin, we infected merlin-positive 211H mesotheli-
oma cells with lentiviral vectors encoding shRNAs targeting
merlin. As shown in Fig. 7A, stable knockdown of merlin
induced phosphorylation of 4EBP1, S6K1, and S6, indicating
that loss of merlin causes the activation of mTORC1 in malig-
nant mesothelioma cells. Notably, depletion of merlin did not
increase activation of ERK or AKT in these cells, in agreement
with the hypothesis that loss of merlin activates mTORC1
independently of AKT or ERK. To determine if loss of merlin
renders mesothelioma cells sensitive to rapamycin, we exam-

FIG. 6. Loss of merlin correlates with activation of mTORC1 signaling
and sensitivity to rapamycin in malignant mesothelioma. (A) Lack of expres-
sion of merlin correlates with activation of mTORC1 but not AKT or ERK.
The indicated mesothelioma cell lines were cultured in complete medium,
and equal amounts of total proteins were subjected to immunoblotting using
antibodies to the indicated antigens. P-S6, phosphorylated S6; P-AKT (S473),
AKT phosphorylated at S473; P-ERK, phosphorylated ERK. (B) Lack of
expression of merlin correlates with sensitivity to rapamycin. The indicated
mesothelioma cell lines were plated at subconfluent densities into complete
medium and treated with 1 nM rapamycin or vehicle alone for the indicated
times. The number of viable cells at each time point was estimated by using
the crystal violet assay. The graphs show the percentages of cells remaining
viable in the presence of rapamycin relative to the number of control cells
(ctrl.) cultured in the absence of the drug. The results at 72 h were subjected
to Student’s t test to assess the statistical significance of the differential sen-
sitivities of merlin-negative mesothelioma cell lines to the growth-inhibitory
effect of rapamycin (P 
 0.0018). The average doubling times of merlin-
positive and of merlin null mesothelioma lines were not dissimilar (merlin
positive, 48.5 h; merlin null, 44.1 h).
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ined the rapamycin sensitivities of 211H control cells and 211H
cells in which merlin was silenced. As shown in Fig. 7B, rapa-
mycin affected the growth of control cells only modestly but
inhibited that of the cells in which merlin was silenced to a
significant extent. As a complementary approach, we expressed
merlin in merlin-negative VAMT malignant mesothelioma
cells. As anticipated, expression of merlin inhibited activation
of S6K1 without perturbing activation of AKT or ERK in these
cells (Fig. 7C). In addition, expression of merlin rendered
VAMT cells less sensitive to rapamycin (Fig. 7D). Collectively,
these results indicate that loss of merlin sensitizes malignant me-
sothelioma cells to the growth-inhibitory effect of rapamycin.

DISCUSSION

Our study provides evidence that integrin-specific adhesion
promotes mTORC1 signaling through inactivation of the tu-
mor suppressor merlin. In addition, we link the loss of merlin
to the activation of mTORC1 and sensitivity to rapamycin in
malignant mesothelioma. These findings reveal that merlin is a
negative regulator of mTORC1 signaling and suggest that loss-
of-function mutations in NF2 contribute to tumor initiation
and maintenance through activation of mTORC1.

Although it has long been known that matrix adhesion is
necessary for mRNA translation (1, 10), it has remained un-
clear whether integrin signaling exerts specific control on
mRNA translation and, if so, through which mechanism and
with what consequences. Our results indicate that the �5�1
integrin promotes, through PAK, inactivation of merlin,
thereby controlling mTORC1 signaling and cap-dependent
mRNA translation, whereas the �2�1 integrin is unable to
activate this signaling pathway. In addition, we have observed
that integrin-specific signaling is required to sustain mRNA
translation during the mid- to late G1 phase, when the effect of
growth factor stimulation on the activation of AKT has sub-
sided. If integrin-specific signaling is not activated during the
mid- to late G1 phase, several mRNAs are not translated and
total protein biosynthesis declines. Under these conditions,
endothelial cells undergo cell cycle arrest and eventually apop-
tosis. Presumably, other cell types in which cyclin D is under
translational control (17, 23, 35, 68) may undergo a similar
demise if plated onto an inappropriate matrix. These results
confirm and extend those of Maeshima and colleagues, who
have found that the angiogenesis inhibitor tumstatin induces
apoptosis in endothelial cells that are stably adherent to a
complex matrix by interfering with the ability of the �v�3
integrin to activate mTORC1 signaling (26). Together, the
findings of these studies highlight the impact of integrin-spe-
cific signaling through mTORC1 on cell survival and prolifer-
ation.

It is known that RTK activation controls mTORC1 signaling
through AKT- and possibly ERK-dependent phosphorylation
of TSC1-TSC2 (15). In this report, we show that integrin-
specific adhesion controls mTORC1 through PAK, which
phosphorylates and inactivates merlin. In addition, depletion
or ablation of merlin activates mTORC1 in several cell types,
and this effect appears to occur independently of AKT or
ERK. Since the biochemical function and direct target-effec-
tors of merlin are not known, we have not investigated in this
study the mechanism through which inactivation of merlin

FIG. 7. Loss of merlin causes activation of mTORC1 and in-
duces sensitivity to rapamycin in malignant mesothelioma. (A) De-
pletion of merlin causes the activation of mTORC1 in 211H cells.
Cells were infected with lentiviruses encoding the indicated
shRNAs, synchronized in G0, and plated into complete medium for
24 h. Equal amounts of total proteins were subjected to immuno-
blotting with antibodies to the indicated antigens. sh-Contr., control
shRNA; sh-Mer-2 and sh-Mer-5, shRNAs targeting merlin; P-S6K1,
phosphorylated S6K1; P-S6 (240/244), S6 phosphorylated at posi-
tions 240 and 244; P-ERK, phosphorylated ERK; P-AKT (S473),
AKT phosphorylated at S473. (B) Depletion of merlin induces
sensitivity to rapamycin in 211H cells. Cells were plated at subcon-
fluent densities into complete medium and treated with 1 nM rapa-
mycin or vehicle alone for the indicated times. The number of viable
cells at each time point was estimated by using the crystal violet
assay. The graph shows the percentages of cells remaining viable in
the presence of rapamycin relative to the population of viable
control cells cultured in the absence of the drug. (C) Expression of
merlin suppresses mTORC1 in VAMT cells. Cells were infected
with a retrovirus encoding merlin or with an empty vector, synchro-
nized in G0, and plated into complete medium for 24 h. Equal
amounts of total proteins were subjected to immunoblotting with
antibodies to the indicated antigens. (D) Expression of merlin re-
duces sensitivity to rapamycin in VAMT cells. Cells were plated at
subconfluent densities into complete medium and treated with 1 nM
rapamycin or vehicle alone for the indicated times. The number of
viable cells at each time point was estimated by using the crystal
violet assay. The graph shows the percentages of cells remaining
viable in the presence of rapamycin relative to the population of
control cells cultured in the absence of the drug. Doubling times
were as follows: H2452 cells, 72 h; 211H cells, 40 h; H28 cells, 55 h;
H-Meso cells, 27 h; H2052 cells, 32 h; Meso-37 cells, 29 h; Meso-10
cells, 72 h; VAMT cells, 36 h; Meso-33 cells, 48 h; Meso-9 cells,
77 h; and JMN cells, 15 h.
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activates mTORC1. We have, instead, focused on the biolog-
ical consequences of this new signaling connection.

Extracellular stimuli converge on cyclin D to control cell
cycle progression (28). Our study suggests that, although joint
integrin-RTK signaling controls the transcription of cyclin D
(63), integrin-specific activation of mTORC1 is necessary for
the translation of cyclin D mRNA and hence progression
through the G1 phase of the cell cycle. This observation sug-
gests the possibility that matrix adhesion coordinately regu-
lates cell growth, i.e., increase in cell size, and cell cycle pro-
gression through the activation of mTORC1. Prior studies
have suggested that cell cycle progression is dependent on cell
growth, leading to the hypothesis of a cell growth checkpoint
for cell cycle progression (20). Our findings suggest that cell
growth and cell cycle progression are coupled via the transla-
tional control of cyclin D1. In this model, cyclin D1 would
function as a sensor of cap-dependent translation and, conse-
quently, of the growth rate and as a cell cycle regulator. The
regulation of the budding yeast G1 cyclin CLN3 provides ad-
ditional support for this model. In this system, a short up-
stream open reading frame in the CLN3 mRNA 5� leader
sequence attenuates the translation of the full-length CLN3
coding region under suboptimal growth conditions, when the
ribosome content is limiting (45).

Our results indicate that integrin-specific signaling through
mTORC1 also contributes to sustain cell survival. It is well
established that lack of proper attachment to the matrix results
in apoptosis, a phenomenon that has been named anoikis, and
earlier studies have identified a variety of mechanisms under-
lying the induction of anoikis (12, 47). We have observed that
endothelial cells adhering to laminin 1 undergo apoptosis even
if they are exposed to otherwise mitogenic concentrations of
growth factors. It is unlikely that defective activation of AKT
or ERK contributes to cell death on laminin 1, as these sig-
naling effectors are activated to comparable levels on fibronec-
tin and laminin 1. Two lines of evidence suggest instead that
endothelial cell survival is dependent on mTORC1 signaling.
First, knockdown of merlin activates mTORC1 signaling and
rescues endothelial cells plated onto laminin 1 from apoptosis
and treatment with rapamycin reverses this effect. Second,
overexpression of 4EBP1 induces apoptosis in cells plated onto
fibronectin. These results are consistent with the findings of
prior studies showing that a constitutively active form of
mTOR prevents apoptosis in normal cells deprived of growth
factors (9) and that inhibition of mTORC1 by rapamycin in-
duces apoptosis in tumor cells (2, 32, 59).

mTORC1 is abnormally activated in several tumor types,
owing to activation of Ras or PI-3K or inactivation of NF1,
PTEN, TSC, or LKB1 (15, 54). Our results provide strong
evidence that loss-of-function mutations in NF2 activate
mTORC1 signaling in malignant mesothelioma. In the accom-
panying paper, James and colleagues show that loss of merlin
activates mTORC1 signaling in meningiomas and that this
occurs, as we have also shown here, independently of AKT or
ERK (18). Together, the results of these studies indicate that
the activation of mTORC1 signaling is a key feature of NF2
mutant tumors. Heterozygous NF2 mutations cause type 2
neurofibromatosis, which belongs to a group of cancer predis-
position syndromes characterized by neurocutaneous manifes-
tations, the phakomatoses (62). Interestingly, several other

phakomatoses are caused by heterozygous mutations in tumor
suppressor genes (NF1 for type 1 neurofibromatosis, PTEN for
Cowden disease, LKB1 for Peutz-Jeghers syndrome, and TSC1
and TSC2 for tuberous scleroses 1 and 2) that negatively reg-
ulate mTORC1 signaling. These observations suggest the pos-
sibility that activated mTORC1 signaling contributes to the
neurocutaneous manifestations of phakomatoses.

Experiments with mouse models and the remarkable efficacy
of certain oncogene-targeted therapies have led to the belief
that cancer cells are addicted to oncogene signaling (66). Ac-
cordingly, recent studies have employed drug sensitivity to
infer oncogene pathway activation in tumor cells (30, 36, 58).
Our observation that merlin-deficient malignant mesothelioma
cells are selectively sensitive to the growth-inhibitory effect of
rapamycin suggests that mTORC1 signaling contributes to the
expansion of NF2 mutant tumors in vivo. Although future
studies using mouse models will be required to validate this
model, the observation that blockage of mTORC1 inhibits in
vitro two distinct tumor types caused by NF2 mutations cor-
roborates the hypothesis that a major function of merlin is to
suppress mTORC1 signaling.

Malignant mesothelioma is an aggressive tumor type that
responds poorly to standard chemotherapy or radiation ther-
apy (61). In fact, most patients die within 4 to 12 months from
the onset of the first symptoms. The observation that loss of
merlin predicts sensitivity to rapamycin identifies mTORC1 as
a therapeutic target in the large fraction of malignant mesothe-
liomas that carry NF2 mutations. We suggest that clinical trials
employing mTORC1 inhibitors for malignant mesothelioma
are warranted and that patients should be stratified according
to NF2 status in preparation for such trials.
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