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Tumor-promoting phorbol esters and activated Ras
inactivate the tuberous sclerosis tumor suppressor
complex via p90 ribosomal S6 kinase
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Tuberous sclerosis complex (TSC) is a genetic disorder caused by
mutations in either of the two tumor suppressor genes TSC7 or
TSC2, which encode hamartin and tuberin, respectively. Tuberin
and hamartin form a complex that inhibits signaling by the mam-
malian target of rapamycin (mTOR), a critical nutrient sensor and
regulator of cell growth and proliferation. Phosphatidylinositol
3-kinase (PI3K) inactivates the tumor suppressor complex and
enhances mTOR signaling by means of phosphorylation of tuberin
by Akt. Importantly, cellular transformation mediated by phorbol
esters and Ras isoforms that poorly activate PI3K promote tumor-
igenesis in the absence of Akt activation. In this study, we show
that phorbol esters and activated Ras also induce the phosphory-
lation of tuberin and collaborates with the nutrient-sensing path-
way to regulate mTOR effectors, such as p70 ribosomal S6 kinase
1 (S6K1). The mitogen-activated protein kinase (MAPK)-activated
kinase, p90 ribosomal S6 kinase (RSK) 1, was found to interact with
and phosphorylate tuberin at a regulatory site, Ser-1798, located at
the evolutionarily conserved C terminus of tuberin. RSK1 phos-
phorylation of Ser-1798 inhibits the tumor suppressor function of
the tuberin/hamartin complex, resulting in increased mTOR sig-
naling to S6K1. Together, our data unveil a regulatory mechanism
by which the Ras/MAPK and PI3K pathways converge on the tumor
suppressor tuberin to inhibit its function.

uberous sclerosis complex (TSC) is an autosomal dominant
disorder characterized by the development of hamartomas in
a variety of organs, including the brain, heart, kidneys, eyes, and
skin (1). Genetic studies have mapped this disorder to the 7.SCI
and TSC2 genes, which encode for hamartin and tuberin,
respectively (2, 3). Studies of TSC patients and animal models
support the hypothesis that 7SCI and 7SC2 are tumor suppres-
sor genes that function by inhibiting cell growth and proliferation
(2-4). Hamartin is a 130-kDa protein that contains a putative
transmembrane domain and two coiled coil domains that are
necessary for its association with tuberin (5). Tuberin is a
198-kDa protein that possesses a region of homology to the
catalytic domain of Rap-family GTPase activating proteins
(GAPs) at its C terminus. Recent genetic and biochemical data
from several groups have shown that tuberin works as a GAP for
the Ras-related GTPase Rheb (reviewed in refs. 6 and 7).
The mammalian target of rapamycin (mTOR) is regulated by
mitogens, nutrients, and energy levels and is known to mediate
cell growth and proliferation through the regulation of at least
two downstream targets, p70 ribosomal S6 kinase 1 (S6K1) and
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) (re-
viewed in refs. 8 and 9). Genetic studies in Drosophila and
biochemical studies in mammalian cells demonstrated that tu-
berin and hamartin act downstream of phosphatidylinositol
3-kinase (PI3K) and Akt, but upstream of Rheb, mTOR, and
S6K1. As in Drosophila, Rheb overexpression in mammalian cells
greatly enhances mTOR signaling, which is efficiently inhibited
by the expression of tuberin and hamartin.
Akt phosphorylates tuberin on multiple sites, including Ser-
939 and Thr-1462, and thereby inhibits the tumor suppressor
function of the tuberin/hamartin complex (reviewed in ref. 10).
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Recent data demonstrated that tuberin also senses changes in
cellular energy levels through its phosphorylation by the AMP-
activated protein kinase (AMPK) (11). Activation of the mito-
gen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) signaling pathway by phorbol 12-
myristate 13-acetate (PMA) was also shown to induce p38- and
PI3K-independent tuberin phosphorylation on RXRXXpS/T
consensus phosphorylation motifs (12), but the identity of the
kinase that phosphorylates tuberin, the exact sites of phosphor-
ylation, and the functional consequence of PMA-stimulated
phosphorylation are unknown.

The genesis of a fully transformed tumor correlates with the
improper regulation of multiple signaling systems. Consistent
with the “multihit hypothesis of tumorigenesis,” these malignant
tumors often have activating mutations in critical positive reg-
ulators and/or inactivating mutations in tumor suppressors that
control cell growth, survival, motility, and proliferation. The
PI3K/Akt pathway has been shown to regulate many of these
biological processes; however, not all tumorigenic phenotypes
can be linked to the activation of Akt. Previous studies have
shown that other members of the AGC superfamily of basophilic
kinases, the p90 ribosomal S6 kinase (RSK) family, modulate
targets linked to cell survival, motility, and cell division (re-
viewed in ref. 13). Here, we show that RSK can also signal to the
mTOR nutrient-sensing pathway by directly phosphorylating the
tumor suppressor protein tuberin. We identified Ser-1798 as an
in vivo phosphorylation site in tuberin that is targeted by RSK1
and found that tuberin phosphorylation by RSK1 potently
inhibits its ability to suppress mTOR signaling. Consistent with
the notion that integration of multiple pathways is required for
a fully transformed phenotype, we provide molecular evidence
that tuberin represents a major signal integrator receiving mul-
tiple inputs from the Ras and PI3K pathways.

Materials and Methods

Plasmid Constructs. The plasmids encoding Flag-tagged hamartin
and tuberin, and hemagglutinin (HA)-tagged S6K1, wild-type
RSKI1, kinase-inactive RSK1, and myristoylated RSKI1
(myrRSK1) have been described (14-17). The tuberin point
mutants were generated by QuikChange (Stratagene). GST-S6
fusion protein was generated as described (16). The vector
pCMV6-HA-Akt was obtained from Philip N. Tsichlis (Thomas
Jefferson University, Philadelphia). Flag-MEK1-DD, pEBG-
Ras61L, and pEBG-Ras17N have been described (18).

Cell Culture and Transfection. HEK293 cells were maintained in
DMEM supplemented with 10% FBS and antibiotics, and
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S6 kinase 1; mTOR, mammalian target of rapamycin; myrRSK1, myristoylated RSK1; HA,
hemagglutinin.
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Fig. 1.

Activation of the Ras/ERK signaling cascade induces tuberin phosphorylation. (A) S6K1 and tuberin/hamartin-transfected HEK293 cells were

serum-starved for 16—18 h, pretreated with either wortmannin (100 nM; Wort), U0126 (10 M), or rapamycin (25 nM; RAP) for 30 min, and then stimulated with
either insulin (100 nM) or PMA (100 ng/ml) for an additional 15 min. Immunoprecipitated tuberin/hamartin were immunoblotted for protein levels and tuberin
phosphorylation on RXRXXpS/T motif [a-(P)tuberin]. Total cell lysates were immunoblotted for S6K1, Akt phospho-T308, and ERK1/2. Part of the initial lysates
was used to immunoprecipitate S6K1 by using anti-HA antibodies and assayed in vitro for S6K1 kinase activity by using GST-S6 as substrate. A typical
autoradiogram isshown, and results from three independent experiments are represented in a histogram as the means + SE. (B) HEK293 cells were cotransfected
with tuberin/hamartin, and constructs expressing activated MEK1 (MEK-DD) and Ras (Ras61L), or dominant negative Ras (Ras17N). Cell extracts were
immunoprecipitated and immunoblotted as in A. (C) Endogenous tuberin was immunoprecipitated from cells treated as in A and with bisindolylmaleimide I (5
©M; BIM), and immunoblotted for phosphorylation on RXRXXpS/T motifs and total levels by using an anti-tuberin antibody. Total cell extracts were
immunoblotted for phosphorylated ERK1/2, RSK, and S6K1, and for corresponding total proteins.

transfected by using calcium-phosphate as described (16). Cells
were pretreated with wortmannin, U0126, or rapamycin (Bi-
omol, Plymouth Meeting, PA) and stimulated with either epi-
dermal growth factor (Invitrogen) or PMA (Biomol) before
harvesting. Cell lysates were prepared as described (16).

Immunoblotting and Protein Kinase Assays. Cell lysates were sub-
jected to SDS/PAGE and electroblotted onto nitrocellulose, and
all immunoblotting performed as described (16, 19). Beads from
immunoprecipitations were washed twice in lysis buffer and
twice in kinase buffer, and kinase assays were performed with
GST-S6 as substrate (1 ug per assay), or with purified overex-
pressed tuberin. All samples were subjected to SDS/PAGE, and
32P incorporation was quantified by using a Bio-Rad Phosphor-
Imager with IMAGEQUANT software. Anti-Flag (M2) and an-
ti-HA (12CAS) antibodies were from Sigma, all phosphospecific
antibodies were from Cell Signaling Technology (Beverly, MA),
and anti-tuberin C-20 was from Santa Cruz Biotechnology. Both
anti-ERK1/2 and anti-avian RSK1 antibodies have been de-
scribed (16).

MS. Coomassie-stained tuberin and hamartin were digested
in-gel with trypsin. Extracted peptides were separated by
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nanoscale microcapillary HPLC as described (20). Eluting pep-
tides were ionized by electrospray and analyzed by an LCQ-
DECA XP ion trap mass spectrometer (ThermoFinnigan, San
Jose, CA). Peptide sequence was determined by data-searching
against a single-protein database for human tuberin by using the
SEQUEST algorithm (20).

Results

Activation of the Ras/ERK Signaling Cascade Induces Tuberin Phos-
phorylation Independent of Akt. To characterize the inhibitory
effect of the tuberin/hamartin complex on S6K1 activity, trans-
fected HEK293 cells were assayed for S6K1 kinase activity by
using GST-S6 as substrate (Fig. 14). Insulin was used as a control
to show that PMA stimulation specifically activated the ERK-
signaling cascade and that Akt was not activated. Indeed, insulin-
and PMA-stimulated S6K1 activity was completely inhibited by
using the PI3K inhibitor wortmannin or the MEK1/2/5 inhibitor
U0126, respectively. PMA-stimulated S6K1 activity required
mTOR because rapamycin (mTOR inhibitor) treatment com-
pletely inhibited S6K1 activity. As observed previously, coex-
pression of tuberin and hamartin decreased the basal and
PMA-stimulated activity of S6K1 by ~40%, implying that the
tuberin/hamartin complex inhibits PMA-induced S6K1 activa-
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tion through a PI3K-independent and MEK1/2/5-dependent
mechanism.

Because PMA activates several PKC isoforms and the
Ras/MAPK cascade, we characterized the pathways leading to
tuberin phosphorylation by using various inhibitors. Tuberin
phosphorylation was analyzed by using an antibody that rec-
ognizes the phosphorylated RXRXXpS/T consensus motif,
which is known to be found on both Akt and RSK substrates
(12, 17, 21). Although PMA-stimulated S6K1 activity was
partly inhibited by wortmannin and completely blocked by
rapamycin, tuberin phosphorylation was unaffected by these
inhibitors, indicating that tuberin phosphorylation was not
dependent on PI3K or mTOR activity (Fig. 14). Conversely,
PMA-induced phosphorylation of tuberin was completely
inhibited by U0126, indicating that PMA stimulates a tuberin
kinase located downstream of MEK1/2/5 (targets of U0126).
Consistent with these results, we found that expression of both
activated forms of MEK1 (MEK-DD) and Ras (Ras61L)
induced significant activation of ERK1/2 and correlated with
a potent stimulation of tuberin phosphorylation (Fig. 1B).
Conversely, expression of a dominant negative form of Ras
(Ras17N) had no effect on ERK1/2 and tuberin phosphory-
lation, indicating that specific activators of the MAPK/ERK
pathway are sufficient to promote tuberin phosphorylation.

These results were corroborated by analyzing the phosphor-
ylation status of endogenous tuberin immunoprecipitated from
HEK293 cells. Similar to what we have found by using cells
transfected with tuberin and hamartin, PMA readily stimulated
endogenous tuberin phosphorylation on RXRXXpS/T motifs
(Fig. 1C). Tuberin phosphorylation was completely inhibited by
U0126 and the PKC inhibitor bisindolylmaleimide I (BIM),
indicating that PMA stimulates a tuberin kinase that is regulated
downstream of PKC and MEK1/2/5. U0126 and BIM also
inhibited PMA-induced phosphorylation of ERK1/2 and RSK
(Fig. 1C), indicating that both inhibitors effectively blocked
PMA-mediated activation of the Ras/MAPK pathway. Al-
though rapamycin completely inhibited S6K1 phosphorylation
and activation (Fig. 1 4 and C), both rapamycin and wortmannin
had no effect on tuberin phosphorylation induced by PMA,
indicating that PMA-induced S6K1 activity requires mTOR.
Because PMA is known to activate PKC, which in turn stimulates
the Ras/MAPK pathway, our results demonstrate that PMA
stimulates a basophilic tuberin kinase located downstream of
MEK1/2/5.

RSK1 Interacts with and Phosphorylates Tuberin in Vitro and in Vivo.
Potential basophilic kinases downstream of MEK1/2/5 that may
phosphorylate tuberin include members of the RSK family. To
determine whether RSK1 can phosphorylate tuberin in vitro, we
transiently transfected HEK293 cells with wild-type or kinase-
inactive RSK1 (K112/464R) and incubated the immunoprecipi-
tates from unstimulated or growth factor-treated cells with
tuberin/hamartin complexes immunopurified from unstimu-
lated cells overexpressing tuberin and hamartin (Fig. 24). Al-
though no incorporation of 3?P label was seen in hamartin,
incubation with growth factor-activated RSK1 specifically in-
creased 3?P incorporation in tuberin. RSK1 phosphotransferase
activity was required for this effect because kinase-inactive
RSK1 did not promote 3?P incorporation in tuberin. In a similar
experiment where the tuberin samples were analyzed by using
anti-RXRXXpS/T antibodies (Fig. 2B), we found that wild-type
RSKI1 but not kinase-inactive RSK1 stimulated the incorpora-
tion of phosphate in tuberin at RXYRXXpS/T sites in vitro.

To determine whether RSK1 can phosphorylate tuberin in
vivo, HEK293 cells were cotransfected with tuberin/hamartin
and different RSK1 constructs, and analyzed for phosphoryla-
tion on RXRXXpS/T sites after PMA treatment (Fig. 2C).
Compared with control, expression of RSK1 increased both
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Fig. 2. RSK1 directly phosphorylates tuberin both in vitro and in vivo. (A)
HEK293 cells were transfected with either HA-RSK1, kinase inactive RSK1
(K112/464R), or control vector (pRK7), serum starved for 16-18 h, and stim-
ulated with epidermal growth factor (25 ng/ml) for 10 min. Immunoprecipi-
tated RSK1 was incubated with HEK293-derived Flag-tuberin/hamartin, and
incubated for 15 min at 30°C in a kinase reaction containing [32P]ATP. The
resulting samples were subjected to SDS/PAGE, and the dried gel was auto-
radiographed. (B) In a similar experiment, a kinase assay reaction without
[32P]ATP was performed for 60 min, and samples were immunoblotted for
tuberin phosphorylation on RXRXXpS/T sites. (C) HEK293 cells were trans-
fected with tuberin/hamartin, and either RSK1, myrRSK1, or RSK1K112/464R,
and treated as indicated. Tuberin/hamartin immunoprecipitates and total cell
extracts were immunoblotted for tuberin levels and phosphorylation, RSK1
(anti-avian), and ERK1/2. The data presented are representative of at least
three independent experiments.

basal and PMA-stimulated tuberin phosphorylation. The RSK1-
induced increase in tuberin phosphorylation was completely
inhibited by U0126 treatment, indicating that RSK1 requires
ERK1/2 stimulation for activity. Interestingly, a constitutively
activated form of RSK1 (myrRSK1) (17) was even more potent
than wild-type protein in stimulating tuberin phosphorylation,
despite lower expression levels. The effect of myrRSK1 was
partly insensitive to U0126, consistent with the observation that
myrRSK1 does not fully require ERK stimulation for activity
(22). In an attempt to inhibit endogenous RSKI activity,
HEK?293 cells were transfected with a dominant-interfering
mutant of RSK1, which abolished PMA-induced phosphoryla-
tion of tuberin. These results suggest that expression of kinase-
inactive RSK1 disrupts endogenous RSK1-mediated phosphor-
ylation of tuberin upon PMA stimulation. To determine whether
RSK1 can interact with the tuberin/hamartin complex, HEK293
cells were cotransfected with tuberin/hamartin, and RSK1, Akt,
or S6K1 (Fig. 34). Although S6K1 could not be detected within
tuberin/hamartin immunoprecipitates, RSK1 and Akt were both
found as part of the complex. Interestingly, the interaction with
RSK1 did not seem to be regulated by PMA, nor did it require
RSK1 phosphotransferase activity (Fig. 3B).

Identification of Tuberin Ser-1798 as the Major Basophilic Site Stim-
ulated by PMA. To identify the RXRXXpS/T phosphorylation
sites in tuberin stimulated by PMA, HEK293 cells were trans-
fected with tuberin and hamartin, stimulated with PMA, and
immunoprecipitated for tuberin and hamartin. Wortmannin
treatment was used in all conditions to eliminate the basal
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Fig.3. RSK1and Akt interact with tuberin and hamartin in cells. (A) HEK293
cells were cotransfected with Flag-tuberin/hamartin, and either HA-tagged
RSK1, Akt, or S6K1, and serum starved for 16-18 h before harvesting. Immu-
noprecipitates of tuberin/hamartin were immunoblotted for the presence of
RSK1, Akt, and S6K1. All protein levels were determined by immunoblotting
whole cell lysates. (B). HEK293 cells were transfected as above with wild-type
RSK1 or kinase-inactive RSK1, and assayed for their association to tuberin/
hamartin after PMA stimulation. Immunoprecipitates and total cell extracts
were immunoblotted for tuberin/hamartin, RSK1, and ERK1/2.

PI3K/Akt-mediated inputs. After preparative SDS/PAGE and
Coomassie staining, the tuberin band was cut from the gel,
trypsin digested, and analyzed by LC-MS/MS (Fig. 44). Four
phosphopeptides containing the RXRXXpS/T sequence were
identified, consisting of phosphorylated Ser-939, Ser-981, Ser-
1420, and Ser-1798 residues, respectively (Fig. 4B). Phosphory-
lation of Ser-1798 was the most important site regulated by the
MAPK/ERK pathway (see below), and the MS/MS spectrum
for the doubly charged phosphopeptide is shown in Fig. 4C.
Importantly, Ser-1798 as well as the basic residues located at —3
and —5 are conserved among vertebrate species, whereas the
Drosophila orthologue of tuberin contains a highly acidic C-
terminal region (Fig. 4D).

The RXRXXpS/T phosphorylation sites identified by MS
were mutated to Ala residues and examined for their ability to
block PMA-induced tuberin phosphorylation (Fig. 54). HEK293
cells were transfected with hamartin and either wild-type tuberin
or the various point mutants of tuberin, and examined for
PMA-induced phosphorylation of tuberin. The tuberin SATA
mutant (S939A/T1462A) was used in this study because muta-
tion of Ser-939 and Thr-1462 has been shown to slightly reduce
tuberin phosphorylation after PMA stimulation (Fig. 54) (12),
and we have also found that Ser-939 is phosphorylated by MS.
Although Ala substitution of Ser-981 and Ser-1420 did not
decrease PMA-induced tuberin phosphorylation, mutation of
Ser-1798 clearly inhibited most of tuberin phosphorylation,
indicating that Ser-1798 is the major phosphorylation site stim-
ulated by PMA. Interestingly, the combination of the SATA and
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A g Tuberin/
> Hamartin
Wort + + + +
PMA - - 4+ + B Rap-GAP
uo12s - - - + domain
- [ Tuberin (1807 amino acids)
180 - [ o-(PIT! AN Y
o-(P)Tub Seda Shad 51420
114 -
RKRLISSVEDFTEFV-coou
- Tuberin RxRxxS
180 - 1

- Hamartin
(coomassie)

51788

E

excised, in gel trypsin digested,
analyzed by LC-MS/MS

100 Yo Yo ¥ ¥ ¥ Y ¥ Yo Yo ¥ W by
1353 1240 1073 986 BB7 758 643 496 394 25 118
0
ol tlfesls[v]efoefrle e va
k] i 114 227 384 482 581 TI0 B35 972 1073 1202 1349
155’: b b b b B b B b b by by
603
21 nposHp
i -Mvcwmr B y, By
Z 40 |
g
& 30
20 hvf
102 ¥z ::‘ | l ‘ by,
o P ..|L b glom L
200 300 400 500 ?00 tOOO MO0 1200 1300 1400

Serl798

Fig. 4.  Analysis of tuberin phosphorylation by using MS. (A) HEK293 cells
were transfected with Flag-tagged tuberin/hamartin and treated as indi-
cated. Immunoprecipitated tuberin/hamartin were immunoblotted for tu-
berin phosphorylation by using 5% of the total sample. The remainder of the
sample was subjected to SDS/PAGE and prepared to be analyzed by liquid
chromatography tandem MS (LC-MS/MS). (B) The positions of the identified
RXRXXpS/T phosphorylation sites on tuberin are illustrated in a schematic
(Ser-939, Ser-981, Ser-1420, and Ser-1798). (C) MS/MS spectrum of the C-
terminal peptide containing phosphorylated Ser-1798 characterized in this
study. The doubly charged precursor ion had an m/z of 733.6. (D) Shown is a
primary alignment of the C termini of tuberin from human, rat, Takifugu
rubripes (fish), and Drosophila (fly).

S1798A mutations resulted in the complete inhibition of tuberin
phosphorylation upon PMA treatment.

To determine whether the PI3K/Akt and ERK/RSKI1 path-
ways phosphorylate distinct sites on tuberin, transfected
HEK293 cells were stimulated with insulin to activate the
PI3K/Akt but not the ERK/RSK1 pathway (Fig. 5B). As has
been shown (21), insulin treatment resulted in the potent
phosphorylation of tuberin, which was mostly inhibited by mu-
tations of Ser-939 and Thr-1462. Interestingly, mutation of
Ser-1798 slightly decreased insulin-stimulated tuberin phosphor-
ylation, and when in combination with the SATA mutations,
resulted in its complete inhibition (Fig. 5B). These results
indicate that Ser-939, Thr-1462, and Ser-1798 are phosphory-
lated after activation of both PI3K/Akt and ERK/RSKI1 signal-
ing pathways, but that Ser-1798 is the preferred RSK1 site,
whereas Ser-939 and Thr-1462 are the preferred Akt sites.

Phosphorylation of Ser-1798 Impairs mTOR-Mediated Signaling to
S6K1. To investigate whether tuberin phosphorylation at Ser-
1798 inactivates its function, we compared the abilities of
wild-type tuberin and tuberin mutants to block PMA- and
insulin-induced S6K1 activation (Fig. 5C). Although tuberin
inhibited PMA- and insulin-mediated S6K1 activation by ~30%,
we found that the tuberin S1798A mutant inhibited S6K1

Roux et al.
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Fig. 5. Ser-1798 is the major regulatory phosphorylation site stimulated by

PMA. HEK293 cells were transfected with either tuberin wild-type or various
point mutants, and treated with either PMA (A) or insulin (100 nM) (B).
Immunoprecipitated tuberin/hamartin were immunoblotted for protein lev-
els and tuberin phosphorylation on RXRXXpS/T sites. Total cell lysates were
immunoblotted by using antibodies against ERK1/2 and phosphorylated Akt
on Ser-473. (C) HEK293 cells were transfected with HA-S6K 1 and either tuberin
(wt), tuberin S1798A, tuberin S939A/T1462A (SATA), or tuberin SATA S1798A
mutants, and treated asin A and B. Immunoprecipitated S6K1 was assayed for
activity as in Fig. 1, and results from three independent experiments are
represented in a histogram as the means = SE. Total cell lysates were immu-
noblotted for tuberin/hamartin levels, S6K1, and ERK1/2.

activation by >50%, suggesting that phosphorylation of Ser-1798
normally inhibits tuberin function. As has been shown, the
tuberin SATA mutant was more effective than wild-type tuberin
at inhibiting S6K1 activation (Fig. 5C), but, interestingly, this
mutant was even more effective when also mutated at Ser-1798.
These findings demonstrate that tuberin phosphorylation at
Ser-1798 and Ser-939/Thr-1462 by the ERK/RSK1 and PI3K/
Akt signaling pathways cooperate to inhibit tuberin function and
promote mTOR-mediated signaling, as shown in the model in
Fig. 6.

Discussion

Deregulation of the pathways that control cell proliferation and
survival is a hallmark of cancer, but the exact requirement for
specific signaling pathways in oncogenic transformation remains
a major question in the field. Although there are some cases
where tumorigenesis was found to occur in the absence of
PI3K-dependent signaling, activation of both Ras/MAPK and
PI3K signaling pathways promote a stronger transformation
phenotype. In this study, we show that tuberin phosphorylation
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Fig. 6. Model depicting that both ERK/RSK1- and PI3K/Akt-dependent
phosphorylation of tuberin regulates mTOR signaling. Activation of both
pathways results in the phosphorylation of tuberin on RXRXXpS/T consensus
sites, which include Ser-939, Thr-1462, and Ser-1798.

is induced by specific activators of the Ras/MAPK pathway,
indicating that the tuberous sclerosis tumor suppressor complex
integrates signals not only from the PI3K pathway, but also from
the Ras/MAPK signaling cascade (Fig. 1). We show that the
MAPK-activated kinase RSK1 phosphorylates tuberin at regu-
latory site Ser-1798, located in the evolutionarily conserved C
terminus of tuberin (Fig. 2-4). RSK1 phosphorylation of Ser-
1798 inhibits the tumor suppressor function of the tuberin/
hamartin complex, resulting in increased mTOR signaling to
S6K1 (Fig. 5). Together, our data unveil a regulatory mechanism
by which the Ras/MAPK and PI3K pathways converge on the
same tumor suppressor protein to inhibit its function (see model
in Fig. 6).

Here, we show that specific activation of the ERK/RSKI1
pathway using the phorbol ester PMA, activated Ras, activated
MEKI1, or activated RSK1 led to the phosphorylation of tuberin
on RXRXXpS/T consensus motifs (consensus phosphorylation
sites for specific AGC family kinases including Akt and RSK1).
Importantly, we found that PMA regulates the phosphorylation
of both endogenous and transfected tuberin protein. We ob-
served that RSK1 interacts with and phosphorylates tuberin both
in vitro and in vivo. Furthermore, expression of a dominant-
interfering form of RSK1 inhibits PMA-stimulated phosphory-
lation of tuberin, indicating that activation of the Ras/MAPK
pathway stimulates RSK1-dependent phosphorylation of tu-
berin. Combined with the use of pathway inhibitors, our results
demonstrate that RSK1 regulates tuberin phosphorylation in-
dependently of Akt. Interestingly, a recent study reported that
serum-stimulated phosphorylation of tuberin is normal in em-
bryonic fibroblasts from Akt1/Akt2 double knockout mice (23),
consistent with the idea that another basophilic kinase, such as
RSK1, phosphorylates tuberin in response to stimuli that activate
the Ras/MAPK pathway.

Using MS, we identified four RXYRXXpS/T phosphorylation
sites in tuberin. Of these, Ser-1798 was found to be the primary
in vivo RXRXXpS/T phosphorylation site stimulated by PMA,
which was blocked by pharmacological inhibition of MEK1/2/5.
Interestingly, mutation of the known Akt phosphorylation sites
(Ser-939 and Thr-1462) also led to a slight reduction in PMA-
stimulated phosphorylation of tuberin, indicating that RSK1 may
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participate in the regulation of these residues in cells. Impor-
tantly, mutation of all three sites resulted in the complete
inhibition of PMA-stimulated phosphorylation of tuberin. To-
gether, these results support the idea that the Ras/MAPK
pathway converges on tuberin to promote its phosphorylation at
Ser-1798, and to a lesser extent at Ser-939 /Thr-1462, by activated
RSKI.

Several groups have demonstrated that tuberin and hamartin
function as a complex to inhibit mTOR-mediated signaling to
S6K1 (14, 24-26). We found that the tuberin S1798A mutant was
more effective than wild-type tuberin at inhibiting PMA- or
insulin-stimulated S6K1 activity. These results are consistent
with the finding that mutation of Ser-1798 decreases both PMA-
and insulin-stimulated phosphorylation of tuberin. Interestingly,
the triple tuberin mutant (S939A/T1462A/S1798A) inhibited
S6K1 activity even more than wild-type and the tuberin S1798A
mutant, indicating that tuberin phosphorylation at Ser-1798 and
Ser-939/Thr-1462 function additively to inhibit tuberin. These
findings are therefore consistent with a model in which mitogens
activate the Ras/MAPK and PI3K/Akt pathways and lead to the
phosphorylation and inhibition of tuberin by RSK1 and Akt,
respectively. Although both PMA stimulation and expression of
myrRSK1 were found to promote tuberin phosphorylation,
myrRSK1 expression alone did not stimulate S6K1 activation
(data not shown), suggesting that PMA activates additional
pathways that are necessary for S6K1 activation. Previous studies
have shown that additional PI3K-activated inputs are required
for full activation of S6K1. This finding is predicted based on the
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observation that PKC{ participates in PI3K-mediated activation
of S6K1 (27). Thus, our results suggest that tumor-promoting
phorbol esters may also require inputs downstream of activated
PKCs in addition to RSK1 to achieve maximal S6K1 activation.
The identification of a biochemical relationship between the
tuberin/hamartin complex and the Ras/ERK/RSKI1 kinase
cascade may have important implications in human diseases. As
suggested for the PI3K/Akt pathway, activating mutations
within the Ras/MAPK pathway may lead to aberrant phosphor-
ylation of tuberin, causing its inactivation. This result is of
particular interest because Ras has been shown to be mutated in
30% of all human cancers and B-Raf is mutated in 60% of
malignant melanomas (28). Interestingly, a recent study reported
high levels of activated MEK1 and ERK1/2 in tuberous sclerosis
complex-associated brain hamartomas (29), suggesting that
MAPK-dependent phosphorylation of tuberin may lead to so-
matic inactivation of the tuberin/hamartin complex. Thus, elu-
cidation of an ERK-RSKI1-tuberin pathway controlling S6K1
activity will have important implications in our understanding
and treatment of tuberous sclerosis and TSC-like diseases.
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