Corrections

BIOCHEMISTRY. For the article ‘‘Engineered single-chain dimeric

streptavidins with an unexpected strong preference for biotin4-fluorescein,’’ by Filiz M. Aslan, Yong Yu, Scott C. Mohr, and
Charles R. Cantor, which appeared in issue 24, June 14, 2005, of
Proc. Natl. Acad. Sci. USA (102, 8507–8512; first published June
6, 2005; 10.1073兾pnas.0503112102), the footnotes appeared in
the wrong order, due to a printer’s error. The ** footnote on
page 8507 should have read: ‘‘Throughout this paper, we use the
terms monomer(ic), dimer(ic), and tetramer(ic) to refer to the
number of biotin-binding domains present in a molecule, regardless of the number of polypeptide chains it has.’’ In addition,
the †† footnote on page 8512 should have read: ‘‘We note,
however, that extremely high-affinity mutants might not be
recovered in this procedure due to near-irreversible binding of
biotin from the culture medium.’’
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0508348102

PERSPECTIVE. For the article ‘‘Eusociality: Origin and conse-

quences,’’ by Edward O. Wilson and Bert Hölldobler, which
appeared in issue 38, September 20, 2005, of Proc. Natl. Acad.
Sci. USA (102, 13367–13371; first published September 12, 2005;
10.1073兾pnas.0505858102), the authors note that Donat Agosti
was omitted from the list of editors in ref. 48. The corrected
reference appears below.
48. Ward, P. S. (2000) in Ants: Standard Methods for Measuring and Monitoring
Biodiversity, eds. Agosti, D., Majer, J. D., Alonso, L. & Schultz, T. R.
(Smithsonian Institution Press, Washington, DC), pp. 99–121.
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0508220102
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CORRECTIONS

CELL BIOLOGY. For the article ‘‘The NF1 tumor suppressor critically regulates TSC2 and mTOR,’’ by Cory M. Johannessen,
Elizabeth E. Reczek, Marianne F. James, Hilde Brems, Eric
Legius, and Karen Cichowski, which appeared in issue 24, June
14, 2005, of Proc. Natl. Acad. Sci. USA (102, 8573–8578; first
published June 3, 2005; 10.1073兾pnas.0503224102), the authors
note the following. On page 8574, the last sentence of the first
paragraph in the left column, ‘‘Clarified lysates were normalized
for protein levels and analyzed by Western blotting with the
following antibodies: phospho-p70S6K (T-389), phosphotuberin (S-939), phospho-tuberin (T-1462), phospho-Akt (S473), tuberin (C-20) from Santa Cruz Biotechnology, and
protein kinase B␣兾AKT1, actin, and ␤-tubulin from SigmaAldrich,’’ should read: ‘‘Clarified lysates were normalized for
protein levels and analyzed by Western blotting with the following antibodies: phospho-p70S6K (T-389), phospho-tuberin (S939), phospho-tuberin (T-1462), phospho-Akt (S-473) from Cell
Signaling Technologies, tuberin (C-20) from Santa Cruz Biotechnology, and protein kinase B␣兾AKT1, actin, and ␤-tubulin
from Sigma-Aldrich.’’ On page 8574, the second sentence of the
second paragraph in the left column, ‘‘For lentiviral production,
HEK293T cells were transfected with the ⌬8.2 lentiviral construct (encoding gag, pol, rev), VSVG, and either empty pKO
vector or the pKO vector containing the following sequence
transcribing short-hairpin RNAs specific to NF1: 5⬘-TTATAAATAGCCTGGAAAAGG-3⬘,’’ should read: ‘‘For lentiviral
production, HEK293T cells were transfected with the ⌬8.2
lentiviral construct (encoding gag, pol, rev), VSVG, and either
empty pLKO.1puro vector or the pLKO.1puro vector containing
the following sequence transcribing short-hairpin RNAs specific
to NF1: 5⬘-TTATAAATAGCCTGGAAAAGG-3⬘.’’ In addition, the authors would like to add the following statement to the
Acknowledgments: ‘‘We would also like to thank Dr. William C.
Hahn (Harvard Medical School and Dana–Farber Cancer Institute, Boston) and the Broad Institute (Cambridge, MA) for
the pLKO.1 lentiviral constructs.’’

ANTHROPOLOGY. For the article ‘‘Descent of the larynx in chim-

panzee infants,’’ by Takeshi Nishimura, Akichika Mikami, Juri
Suzuki, and Tetsuro Matsuzawa, which appeared in issue 12,
June 10, 2003, of Proc. Natl. Acad. Sci. USA (100, 6930–6933;
first published May 29, 2003; 10.1073兾pnas.1231107100), the
authors note that the symbols for Cleo and Pal were switched in
the legend for Fig. 2. The figure and its corrected legend appear
below. These errors do not alter the conclusions of the article.
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0508487102

Fig. 2. SVT growth in the three chimpanzee infants: Ayumu (male, ⽧), Cleo
(female, ■), and Pal (female, Œ). (a) Growth of the oral (solid line) and
oropharyngeal (dotted line) components of the SVTH. (b) Growth of the SVTH
(solid line) and SVTV (dotted line). (c) Age-related changes in the ratio of SVTH
to SVTV lengths.
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The NF1 tumor suppressor critically regulates
TSC2 and mTOR
Cory M. Johannessen*, Elizabeth E. Reczek*, Marianne F. James†, Hilde Brems‡, Eric Legius‡, and Karen Cichowski*§
*Genetics Division, Department of Medicine, Brigham and Women’s Hospital and Harvard Medical School, 458c NRB, 77 Louis Pasteur Avenue,
Boston, MA 02115; †Molecular Neurogenetics Unit, Massachusetts General Hospital, Charlestown, MA 02129; and ‡Center of Human Genetics,
University Hospital, Catholic University Leuven, B-3000 Leuven, Belgium

Loss-of-function mutations in the NF1 tumor suppressor gene
underlie the familial cancer syndrome neurofibromatosis type I
(NF1). The NF1-encoded protein, neurofibromin, functions as a
Ras-GTPase activating protein (RasGAP). Accordingly, deregulation
of Ras is thought to contribute to NF1 development. However, the
critical effector pathways involved in disease pathogenesis are still
unknown. We show here that the mTOR pathway is tightly regulated by neurofibromin. mTOR is constitutively activated in both
NF1-deficient primary cells and human tumors in the absence of
growth factors. This aberrant activation depends on Ras and PI3
kinase, and is mediated by the phosphorylation and inactivation of
the TSC2-encoded protein tuberin by AKT. Importantly, tumor cell
lines derived from NF1 patients, and a genetically engineered cell
system that requires Nf1-deficiency for transformation, are highly
sensitive to the mTOR inhibitor rapamycin. Furthermore, while we
show that the activation of endogenous Ras leads to constitutive
mTOR signaling in this disease state, we also demonstrate that in
normal cells Ras is differentially required for mTOR signaling in
response to various growth factors. Thus, these findings identify
the NF1 tumor suppressor as an indispensable regulator of TSC2
and mTOR. Furthermore, our results also demonstrate that Ras
plays a critical role in the activation of mTOR in both normal and
tumorigenic settings. Finally, these data suggest that rapamycin, or
its derivatives, may represent a viable therapy for NF1.
neurofibromin 兩 Ras

N

F1 is a prevalent familial cancer syndrome affecting 1 in
3,500 individuals worldwide (1). The hallmark feature of the
disease is the development of benign and malignant peripheral
nerve sheath tumors (neurofibromas and MPNSTs, respectively). However, NF1 patients can also exhibit cognitive deficits,
hamartomatous lesions of the iris, and bone deformations and
are predisposed to developing myeloid malignancies, gliomas,
and pheochromocytomas (1, 2).
Although loss-of-function mutations in the NF1 gene result in
the deregulation of Ras (3–7), the specific effector pathways
responsible for disease pathogenesis have not been defined.
Interestingly, NF1 belongs to a group of disorders known as the
phakomatoses (8). This family of diseases exhibits several common features, including the development of hamartomas [lesions
not classically defined as benign tumors but rather extraneous
masses of well differentiated tissue indigenous to the site of their
development (9)]. Recently, many of the genes responsible for
these diseases, such as PTEN (Cowden disease), LKB1 (Peutz–
Jeghers syndrome), and TSC1 and TSC2 (tuberous sclerosis
complex), have been linked in a common biochemical pathway
(10, 11). Inactivation of all of these genes in primary cells results
in a deregulation of TOR (target of rapamycin) signaling (12–
17). Furthermore, in some cases the cognate human tumor cells
appear to be highly sensitive to TOR inhibitors (rapamycin or
rapamycin derivatives) (12, 13). We therefore sought to determine whether the TOR pathway might also be critically deregulated in NF1, in part, to identify a potential therapeutic target
for this devastating disorder.
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0503224102

TOR is an evolutionarily conserved serine兾threonine protein
kinase that regulates cell growth and proliferation in yeast, flies,
and mammals (11). Mammalian TOR (mTOR) has been shown
to be a critical sensor of nutrients, growth factors, and cellular
energy state and integrates signals from each of these pathways
to control a variety of cellular processes (11, 18, 19). Growth
factors activate mTOR via a PI3 kinase-dependent mechanism,
whereas nutrients (amino acids) affect this pathway further
downstream, at the level of tuberin and兾or mTOR itself (11).
Because neurofibromin can negatively regulate the Ras兾PI3
kinase pathway, we hypothesized that the mTOR pathway might
also be deregulated in NF1-deficient cells.
In this article, we show that mTOR is constitutively activated
in Nf1-deficient primary cells. This aberrant activation depends
on Ras and PI3 kinase, which inactivate the TSC2 gene product
tuberin via AKT. Cells derived from NF1 patient tumors similarly exhibit a constitutive phosphorylation of tuberin and an
aberrant activation of mTOR, whereas patient-matched NF1⫹/⫺
cells do not. Importantly, NF1-deficient malignant human tumor
cell lines are exquisitely sensitive to rapamycin. We further
explored the requirement for Ras activation in the normal
regulation of mTOR and found that Ras differentially contributes to mTOR activation in response to growth factors. Specifically, suppression of Ras activity significantly attenuated mTOR
activation in response to L-␣-lysophosphatidic acid (LPA) and
insulin but had little or no effect on mTOR activation in response
to platelet-derived growth factor (PDGF). Thus, these findings
identify the NF1 tumor suppressor as a previously uncharacterized component of the mTOR pathway. Furthermore, they
demonstrate that physiological levels of Ras-GTP critically
modulate mTOR activation in both normal and tumorigenic
settings. Moreover, they suggest the potential utility of rapamycin derivatives in treating NF1 tumors.
Materials and Methods
Cell Culture and Immunoblots. MEFs and NIH 3T3 cells were

grown in DMEM supplemented with FCS or calf serum, respectively. Littermate matched MEFs or NIH 3T3 cells were plated
in serum-free DMEM at a density of 1.0 ⫻ 106 cells per 10-cm
plate. After 18 h, 200 nM insulin, 6 M LPA, or 20 ng兾ml PDGF
was added. Where indicated, cells were pretreated with DMSO,
20 nM rapamycin (Calbiochem), and 200 nM Wortmannin
(Sigma-Aldrich) for 30 min. For amino acid withdrawal studies,
cells were washed and media was replaced with Dulbecco’s PBS
for the indicated times. After stimulation, cells were lysed in 1%
SDS boiling lysis buffer. Neurofibroma-derived patient-matched
NF1⫹/⫺ and NF1⫺/⫺ Schwann cells were isolated and cultured as
previously described in DMEM supplemented with 10% FCS,
0.5 M forskolin (NF1⫹/⫺ cells only), 2.5 g兾ml insulin, 0.5 mM
Freely available online through the PNAS open access option.
Abbreviations: GRD, GAP-related domain; LPA, L-␣-lysophosphatidic acid; PDGF, plateletderived growth factor.
§To whom correspondence should be addressed. E-mail: kcichowski@rics.bwh.harvard.edu.
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IBMX, and 10 nM heregulin ␤1 (20, 21). Schwann cells were
seeded at a concentration of 2.5 ⫻ 105 cells per 6-cm plate in
DMEM containing 0.1% serum without forskolin, insulin, or
heregulin and lysed as described above. Identical results were
obtained in Schwann cell experiments that were acutely performed in the presence or absence of forskolin. Human MPNST
cell lines were generated from NF1 patients as described in ref.
22. Clarified lysates were normalized for protein levels and
analyzed by Western blotting with the following antibodies:
phospho-p70S6K (T-389), phospho-tuberin (S-939), phosphotuberin (T-1462), phospho-Akt (S-473), tuberin (C-20) from
Santa Cruz Biotechnology, and protein kinase B␣兾AKT1, actin,
and ␤-tubulin from Sigma-Aldrich.
Retroviruses, Lentiviruses, and Transfections. Primary MEFs or
NIH3T3 cells were infected with retrovirus expressing empty
vector, human NF1 GAP-related domain (GRD) (MSCV-GRDpac), a dominant-negative p53 (pBabe-hygro-p53DD), or pLPCE1A12S and selected with the appropriate antibiotic. For lentiviral production, HEK293T cells were transfected with the ⌬8.2
lentiviral construct (encoding gag, pol, rev), VSVG, and either
empty pKO vector or the pKO vector containing the following
sequence transcribing short-hairpin RNAs specific to NF1:
5⬘-TTATAAATAGCCTGGAAAAGG-3⬘. Virus-containing
medium was then used to infect HEK293 cells. Approximately
8–10 h later, infected cells were transiently transfected (FuGENE, Roche) with 0.5 g of pCDNA3-Flag vector or 0.5 g of
pCDNA-Flag encoding C-terminally tagged wild-type tuberin,
the AKT-phosphorylation site mutant tuberin S939A兾T1462A
(both generous gifts from Brendan Manning, Harvard School of
Public Health, Boston), or pCDNA-Flag-NF1-GRD (7). All
infected cells were cotransfected with 0.5 g of rat pRK7-HAp70S6K (also from Brendan Manning).
Ras Activation Analysis. NIH3T3 cells were plated in DMEM
containing 3% serum at a density of 1.0 ⫻ 106 cells per 10-cm
plate. After 18 h, cell lysates were normalized, and Ras-GTP was
detected by using a Ras-activation assay per the manufacturer’s
protocol (Upstate Biotechnology).
Immunoprecipitations. HEK293 lysates were prepared in 1.0 ml
of lysis buffer [20 mM Tris, pH 7.5兾150 mM NaCl兾1 mM
MgCl 2 兾1% Nonidet P-40兾10% glycerol兾50 mM NaF兾30
mM Na4O7P2兾Complete protease inhibitor mixture (Roche)兾1
 M Microcystin-LR (Calbiochem)兾100 nM Calyculin-A
(Calbiochem)]. Immunoprecipitated proteins were resolved
along with total cell extracts (10% of immunoprecipitation
volume) by SDS兾PAGE, and immunoblots were performed with
the indicated antibodies.
MPNST Proliferation Studies. MPNSTs were seeded at 6.5 ⫻ 104

cells per 6-cm well in normal growth medium containing rapamycin (0.01, 0.1, 1.0, 10, or 100 nM) or an equal volume of vector
(DMSO). After 7 days, cells were trypsinized, and live cells were
counted on triplicate plates by using trypan blue exclusion.
Soft Agar Assays. Nf1⫺/⫺ and Nf1⫹/⫹ MEFs were infected with
pLPC-E1A12S-puro and pBabe-p53DD-Hygro. Then, 1.0 ⫻ 104
selected MEFs were suspended in DMEM containing 0.34%
agarose containing either rapamycin (0.1, 1.0, 10, 20, or 50 nM)
or equal volumes of DMSO. Cells were seeded onto a 0.5% agar
base. Four to 6 weeks after the initial seed, colony growth was
assayed by photographing and counting 10 random fields of view
per sample, in triplicate plates or wells. Colony size was assessed
by using IMAGEJ V.1.32J software (http:兾兾rsb.info.nih.gov兾ij).

Results
Because neurofibromin can negatively regulate the Ras兾PI3
kinase pathway, we hypothesized that the mTOR pathway might
also be deregulated in NF1-deficient cells.
8574 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0503224102

Fig. 1. The mTOR pathway is aberrantly regulated in Nf1⫺/⫺ MEFs. (A)
Western blot analysis of serum-starved primary Nf1⫹/⫹ and Nf1⫺/⫺ MEFs.
Abbreviations are as follows: NF1, neurofibromin; pS6K, p70S6K phosphorylated at T389; pAKT, Akt phosphorylated at S473; RAPA, rapamycin. Cells were
serum-starved and treated with rapamycin (20 nM) for 30 min where indicated. (B) Western blot analysis of primary Nf1⫹/⫹ and Nf1⫺/⫺ MEFs deprived
of amino acids (AA).

The most commonly used in vivo readout of mTOR activation
is the phosphorylation of a well characterized substrate, S6
kinase (S6K1), at T-389. Phosphorylation at this site depends on
mTOR and is required for maximal S6K1 activation. Serumstarved wild-type mouse embryonic fibroblasts (MEFs) exhibited little activation of AKT or S6K1 (Fig. 1A). However, AKT
was aberrantly activated in serum-deprived Nf1-null MEFs.
Notably, S6K1 was also hyperphosphorylated in these cells in the
absence of any growth factors. The aberrant activation of S6K1
was inhibited by rapamycin, demonstrating its dependence on
mTOR. We also examined whether amino acid deprivation
would inhibit mTOR activation in Nf1-deficient cells. Consistent
with the observation that nutrients integrate into the mTOR
pathway downstream of PI3 kinase activation, amino acid withdrawal resulted in the appropriate termination of the mTOR
signal in both wild-type and Nf1-deficient cells (Fig. 1B). Thus,
neurofibromin deficiency specifically results in the deregulation
of the mTOR pathway in response to growth factor deprivation.
Because neurofibromin is a RasGAP, we investigated whether
the aberrant activation of the mTOR pathway in Nf1-deficient
cells depended on the inappropriate activation of Ras. Notably,
we and others have previously shown that Ras-GTP levels are
deregulated in Nf1-deficient cells (5–7, 23). We therefore sought
to determine whether expression of only the catalytic GRD of
neurofibromin would be sufficient to suppress the observed
defect in S6K1 activation. This fragment has previously been
reported to rescue specific defects associated with Nf1-deficiency
and dramatically suppressed Ras activation (Fig. 2A Left) (23).
Moreover, it restored the level of phospho-S6K1 in Nf1-deficient
cells to levels equivalent to those observed in wild-type cells
under the same conditions (Fig. 2 A Right). These results indicate
that the hyperactivation of this pathway in Nf1-deficient cells
depends on the absence of its RasGAP activity, rather than an
additional uncharacterized function of neurofibromin.
Although the overexpression of an oncogenic Ras allele can
induce S6K1 activation (24), the extent to which Ras normally
participates in regulating mTOR in the context of growth factor
signaling has been debated. Notably, growth factor receptors can
activate PI3 kinase via Ras-dependent and independent mechJohannessen et al.

Fig. 2. mTOR activation in normal and Nf1⫺/⫺ fibroblasts requires active Ras.
(A) Ras GTP levels were quantitated by using a pull-down assay in cells
expressing either the NF1-GRD or empty vector (Left). GTP-bound Ras, isolated
from the pull-down assay (PD), and total Ras protein, present in the total cell
extract (TCE), are shown. Western blot analysis of Nf1⫹/⫹ and Nf1⫺/⫺ MEFs
expressing the NF1-GRD or empty vector (Right). (B) Western analysis of
serum-starved 3T3 fibroblasts expressing either the NF1-GRD or empty vector
in response to 200 nM insulin (Top), 6 M LPA (Middle), or 20 ng兾ml PDGF
(Bottom) for the indicated times.

anisms, the redundancy of which has been a conundrum in the
field. Nevertheless, the Ras-independent PI3 kinase pathway is
assumed to be the primary mTOR activation signal, and Ras is
generally excluded from discussions of this pathway entirely (10,
11). This exclusion may partially be attributed to earlier studies
suggesting that Ras was not required for mTOR activation in
response to PDGF (25). However, it is plausible that different
growth factors might preferentially engage one pathway versus
the other. Furthermore, in vivo where growth factors are likely
to be limiting, both pathways may be required to elicit maximal
mTOR activation and a subsequent biological response. In any
case, the requirement for physiological levels of Ras activation
in regulating the mTOR pathway has not been thoroughly
elucidated.
The observation that neurofibromin-deficiency results in constitutive mTOR activation indicates that the activation of endogenous Ras can stimulate this pathway. Because expression of
the GRD of neurofibromin dramatically inhibited Ras-GTP
Johannessen et al.
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levels in wild-type cells, this reagent was also used to determine
whether Ras activation is required for maximal activation of the
mTOR pathway in response to various growth factors. Importantly, the GRD significantly attenuated AKT activation and
blunted S6K1 activation in response to LPA in wild-type cells
(Fig. 2B). It also inhibited S6K1 phosphorylation in response to
insulin. Finally, the GRD had no effect on PDGF-induced
mTOR activation, consistent with previous reports (25). Interestingly, in response to LPA and insulin the GRD appeared to
have the most dramatic effect on AKT and S6K1 at later time
points, rather than immediately after growth factor treatment.
This finding may suggest that Ras-independent mechanisms of
PI3 kinase activation are important for the initial activation of
this pathway, whereas Ras is required for a more sustained
activation. This model is consistent with the fact that Rasindependent activation of PI3 kinase occurs more proximal to
receptor activation than Ras-dependent activation of its effectors, in both receptor tyrosine kinase and G protein-coupled
receptor signaling. Regardless, these data indicate that Ras
activation is differentially required for maximal activation of the
mTOR pathway in response to growth factors.
To determine whether the inappropriate activation of mTOR
in Nf1-deficient cells depended on the Ras兾PI3 kinase effector
pathway, we examined S6K1 phosphorylation in Nf1-deficient
cells in the presence of the PI3 kinase inhibitor wortmannin. We
found that wortmannin dramatically reduced AKT activation
and S6K1 phosphorylation in serum-deprived Nf1-deficient cells
(Fig. 3A). The primary target of AKT in this pathway is thought
to be tuberin, which in response to insulin is phosphorylated at
two distinct sites, T-1462 and S-939, by this kinase (26–28). AKT
phosphorylation of tuberin has been shown to inactivate the
TSC1兾TSC2 complex, resulting in the subsequent activation of
Rheb and mTOR, through an unknown mechanism (29–32).
Importantly, in Nf1-deficient serum-starved cells tuberin was
constitutively phosphorylated at T-1462 and S-939, in contrast to
wild-type cells where phosphorylation was minimal under these
conditions (Fig. 3A). Phosphorylation at these sites was also
suppressed in the presence of wortmannin (Fig. 3A). Finally, a
mutant TSC2 gene, encoding alanine substitutions at T-1462 and
S-939, suppressed mTOR activation in Nf1-deficient cells
(Fig. 3B).
To determine whether NF1-deficient tumors from NF1 patients similarly exhibit an aberrant activation of the mTOR
pathway, we examined this pathway in NF1⫹/⫺ and NF1⫺/⫺
Schwann cells derived from human neurofibromas. Neurofibromas are known to be extremely heterogenous lesions (1). Based
on genetic studies of human tumors as well as mouse modeling
data, it is believed that neurofibromas develop in NF1 patients
as a result of ‘‘second hit’’ mutations in Schwann cells or
Schwann cell precursors, which then act as a seed population to
recruit other cells (NF1⫹/⫺ Schwann cells, fibroblasts, mast cells,
and perineurial cells) into a developing lesion (20, 33–37).
Methods for isolating Schwann cells and then further separating
NF1⫹/⫺ Schwann cells from NF1⫺/⫺ Schwann cells have been
well described (20, 21). We obtained matched NF1⫹/⫺ and
NF1⫺/⫺ Schwann cells from one cutaneous and one plexiform
neurofibroma. In both cases S6K1, AKT, and tuberin phosphorylation was significantly higher in the NF1-null cells as compared
with the matched NF1⫹/⫺ cells (Fig. 4A). Furthermore, S6K1
phosphorylation was blocked by wortmannin, indicating that the
aberrant activation of the PI3 kinase pathway underlies the
activation of mTOR in these tumor cells (Fig. 4B).
It is commonly believed that tumors become dependent on the
dysregulation of a specific signaling pathway and are therefore
hypersensitive to its down-regulation (38, 39). To determine
whether NF1-associated peripheral nerve sheath tumors have
become dependent on hyperactivation of the mTOR pathway,
we tested the effects of rapamycin on tumors from NF1 patients.

Fig. 3. Hyperactivation of the PI3 kinase pathway in Nf1⫺/⫺ primary MEFs results in tuberin inactivation. (A Left) Western blot analysis of serum-starved Nf1⫹/⫹
and Nf1⫺/⫺ MEFs. Abbreviations are as follows: pS6K, p70S6K phosphorylated at T389; pAKT, AKT phosphorylated at S473; pTub-T1462, tuberin phosphorylated
at T1462; pTub-S939, tuberin phosphorylated at S939. (A Right) Western blot analysis of tuberin phosphorylation in serum-starved Nf1⫺/⫺ MEFs after treatment
with DMSO, rapamycin, or wortmannin. (B Left) HEK293 cells expressing either pLKO lentiviral vector or a short hairpin RNA (shRNA) against NF1 were transfected
with an hemagglutinin-tagged p70S6K reporter. (B Right) HEK293 cells expressing shRNA against NF1 were transfected with the indicated tuberin or NF1-GRD
constructs along with a hemagglutinin-tagged p70S6K reporter. Abbreviations are as follows: Tub-WT, wild-type tuberin; Tub-SATA, tuberin with alanine
mutations at the AKT phosphorylation sites S939兾T1462. Hemagglutinin immunoprecipitates (HA IP) and total cell extracts (TCE) were immunoblotted with the
indicated antibodies.

For this experiment we used malignant tumors (MPNSTs), which
arise from benign neurofibromas. We found that the proliferation of two independently derived MPNST cell lines from two

NF1 patients was dramatically suppressed at low concentrations
of rapamycin (Fig. 4C, both lines). The IC50 for these experiments was between 1 and 10 nM. Notably, these IC50 values are

Fig. 4. NF1⫺/⫺ tumor cells exhibit mTOR hyperactivation and are highly sensitive to rapamycin. (A) Western blot analysis of two independently derived
patient-matched NF1⫹/⫺ and NF1⫺/⫺ Schwann cells grown in 0.1% serum devoid of exogenous growth factors. (B) Western blot analysis of an NF1⫺/⫺ tumor cell
line treated for 30 min with the following concentrations of inhibitors: DMSO, 0.1%; rapamycin, 20 nM; wortmannin, 200 nM. (C) NF1⫺/⫺ tumor cell lines were
grown for 7 days in the presence of the indicated concentrations of rapamycin and counted in triplicate.
8576 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0503224102
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comparable to or lower than the IC50 values of rapamycin
derivatives that were effective on PTEN-deficient tumors, in
which activation of the mTOR pathway has been well characterized (12, 13). In addition, in one of the two cell lines,
rapamycin induced cell death at the higher indicated concentrations (Fig. 4C and data not shown).
As an independent means of assessing the effects of rapamycin
on the tumorigenic properties of NF1-deficient cells, we established a genetically engineered cell system. Cellular transformation is known to require multiple genetic events affecting the Rb,
p53, and Ras pathways (40). In MEFs, the combined expression
of a dominant-negative p53 gene and the E1A oncogene, which
binds and inactivates Rb family members, is not sufficient to
promote growth in soft agar. However, we found that in the
absence of Nf1, cells expressing these genes did form colonies in
soft agar (Fig. 5A). Importantly, rapamycin dramatically suppressed colony growth at low concentrations in this system as
well (Fig. 5B). Taken together, these results suggest that NF1deficient tumor cell lines are exquisitely sensitive to rapamycin
and suggest the potential therapeutic utility of rapamycin or its
derivatives in treating PNS tumors in NF1 patients.
Discussion
In this article we have shown that the mTOR pathway is critically
deregulated in NF1-deficient primary cells and human tumors.
Importantly, PNS tumors derived from NF1 patients are highly
sensitive to the mTOR inhibitor rapamycin, suggesting that it or
its derivatives might be useful therapeutically. To date there is no
effective treatment or cure for NF1. The hallmark neurofibromas, even when benign, can be painful, debilitating, and can
grow large enough to encompass an entire body region (1). In
addition to a high tumor burden encumbered by some patients,
many cannot be surgically resected because of underlying nerve
involvement. Furthermore, lesions that are surgically reduced
typically regrow. Therefore, the evidence that mTOR deregulation participates in NF1-related tumorigenesis may represent a
therapeutic breakthrough for this disease. Notably, NF1 is quite
Johannessen et al.
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Fig. 5. Rapamycin inhibits colony growth in soft agar of Nf1-deficient
transformed cells. (A) Nf1⫹/⫹ and Nf1⫺/⫺ MEFs retrovirally transduced with
dominant negative p53 (pBabe-hygro-p53DD) and adenoviral E1A (pLPCE1A12S) were selected and plated in soft agar. (B) Nf1⫺/⫺ MEFs (with the
additional genetic alterations described in A) were grown in soft agar with the
indicated concentration of rapamycin.

prevalent, ⬎10 times more prevalent than most other phakomatotic disorders, and even more common than TSC, a disease for
which the effects of rapamycin are currently being assessed in
clinical trials.
We also found that tuberin mediates the effects of NF1deficiency on mTOR. Although AKT has been shown to be
activated in Nf1-deficient cells, the critical pathogenic targets of this
kinase in NF1-associated tumors were unknown (41). We have
demonstrated that tuberin is a target of AKT in human tumors
derived from NF1 patients. Furthermore, inactivation of tuberin by
AKT is absolutely required for mTOR activation in Nf1-deficient
cells. These data identify NF1 as a new player in the cascade of
tumor suppressors and oncogenes involved in mTOR activation.
We have previously shown that neurofibromin is rapidly degraded
in response to growth factors, and that its reappearance is required
to appropriately terminate the Ras signal in wild-type cells (7).
Therefore, it is likely that neurofibromin plays an active role in
appropriately regulating this signal in response to growth factors. In
any case, these data demonstrate that neurofibromin is indispensable for the appropriate suppression of the mTOR signal in the
absence of mitogenic stimuli.
In addition, although the activation of mTOR in response to
growth factors was known to be PI3 kinase-dependent, the extent
to which Ras participates in this process was unknown. By using
Nf1-deficient cells we were able to uniquely determine that the
activation of endogenous Ras, via the loss of neurofibromin,
results in pathogenic levels of mTOR activation. Furthermore,
we also showed that in wild-type cells, Ras activation is required
for maximal mTOR activation in response to LPA and insulin.
Although this may be a subtle point, the amplitude and duration
of Ras effector pathways has been shown to be critical for
specifying biological responses (42). Therefore, it is possible that
threshold levels of mTOR activation are not achieved in the
absence of a Ras signal, which may have important biological
consequences in certain settings. Interestingly, Ras activation
does not appear to be required in response to PDGF, indicating
a differential role for this pathway in response to different
growth factors.
Finally, rapamycin derivatives have been suggested as potential therapeutic agents for a variety of cancers (43, 44). In
particular, it has been suggested that these drugs may be useful
in combination with other small-molecule inhibitors (43). The
basis for this suggestion is that multiple genes are mutated in
tumors; therefore, inhibition of more than one pathway may be
required for a therapeutic effect. On this basis neurofibromatosis
type I may represent a uniquely treatable disease. Notably,
benign symptoms, such as neurofibromas, can be quite severe.
However, they are likely to occur from the mutation of a single
gene: NF1. Therefore it is possible that rapamycin derivatives
may represent a single-hit therapy for these lesions, either by
preventing tumor development and兾or promoting their regression. Thus, these agents may represent one of the first viable
therapies for this untreatable and devastating tumor-type. However, this benefit is likely to extend beyond peripheral nerve
sheath tumors to include other NF1 symptoms. Recently, the
mTOR pathway has been shown to be activated in a high
percentage of acute myeloid leukemias (in patients that do not
have NF1) (45). Furthermore, these patients appear to respond
to rapamycin, suggesting that the aberrant activation of mTOR
is also critical for the development of this tumor type. These
observations, in conjunction with our data demonstrating a
direct connection between NF1 and mTOR, support the possibility that these agents will also be useful in treating NF1associated myeloid malignancies.
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