Loss of Tsc1/Tsc2 activates mTOR and disrupts PI3K-Akt
signaling through downregulation of PDGFR
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Tuberous sclerosis (TSC) is a familial tumor syndrome due to mutations in TSCI or TSC2, in which
progression to malignancy is rare. Primary Tsc27~ murine embryo fibroblast cultures display early
senescence with overexpression of p21CP/WAF1 that is rescued by loss of TPS3. Tsc27/-TP537/- cells,
as well as tumors from Tsc2%~ mice, display an mTOR-activation signature with constitutive acti-
vation of S6K, which is reverted by treatment with rapamycin. Rapamycin also reverts a growth
advantage of Tsc27/-TP537/~ cells. Tsc1/Tsc2 does not bind directly to mTOR, however, nor does it
directly influence mTOR kinase activity or cellular phosphatase activity. There is a marked reduc-
tion in Akt activation in Tsc27/~TP537~ and Tsc17/~ cells in response to serum and PDGF, along with
a reduction in cell ruffling. PDGFRo and PDGFR@ expression is markedly reduced in both the cell
lines and Tsc mouse renal cystadenomas, and ectopic expression of PDGFR in Tsc2-null cells
restores Akt phosphorylation in response to serum, PDGF, EGF, and insulin. This activation of
mTOR along with downregulation of PDGFR PI3K-Akt signaling in cells lacking Tsc1 or Tsc2 may
explain why these genes are rarely involved in human cancer. This is in contrast to PTEN, which is
a negative upstream regulator of this pathway.
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Introduction

Tuberous sclerosis (TSC) is an autosomal dominant
tumor suppressor gene syndrome due to inactivating
mutations in either of two genes, TSCI and TSC2 (1-3).
The tumors that occur in TSC are distinctive in that
they typically consist of multiple cell types and repli-
cate normal structures, and they are termed hamar-
tomas. Cancer development is rare in TSC, occurring
only in the kidney to an appreciable extent, where it is
seen in 2-3% of all patients (2).

Null alleles of both TscI and Tsc2 have been generat-
ed in the mouse (4-7). Heterozygotes for either gene
develop multiple renal cystadenomas that progress at
low frequency to renal carcinoma. Liver hemangioma
are also seen in about half of heterozygous mice, are
the most common cause of death in mice less than 18
months of age, and are more severe in females (5).
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Null embryos for either gene die at midgestation of
apparent failure of liver development (4, 5).

Recent genetic screens in Drosophila have revealed a
critical role for the orthologues of these genes, TscI and
Tsc2, in the control of cell growth and organ size (8-10).
Homozygous inactivation of either Tsc1 or Tsc2 leads to
an identical phenotype in which organogenesis and dif-
ferentiation proceed fairly normally, but there is an
increase in the size of the overall organ that is nearly
entirely due to an increase in cell size. Comparison with
phenotypes produced by other knockouts and epista-
sis analysis suggested that TscI and Tsc2 interacted with
the insulin receptor PI3K-Akt-S6k-signaling pathway,
although other possibilities were also suggested (8-10).

We then showed in cultured murine cells lacking
Tscl that there is constitutive high-level phosphoryla-
tion of S6K and 4E-BP1, which is rapidly reversed by
treatment with rapamycin, identifying mTOR as a neg-
ative target of Tscl (5). Subsequent work in Drosophila
also indicated that Tscl and Tsc2 acted in this path-
way somewhere near mTOR (11, 12). In addition, both
in Drosophila and mammals, tuberin (product of the
Tsc2 gene) is phosphorylated by activated Akt, and this
activation serves to accelerate the dissolution and/or
degradation of the tuberin-hamartin (hamartin is the
product of the Tsc1 gene) complex (12-15).

Here we present the derivation and analysis of a series
of Tsc2-null MEF lines and provide evidence that tuberin
and hamartin together have a critical function in mam-
malian cells in the regulation of mTOR activity. Fur-
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thermore, we show that there is an abnormality of PI3K-
Akt signaling in response to growth factor stimulation
due to reduced expression of PDGFRa and PDGFRf in
cellslacking Tsc2. Similar findings are also seen in Tsc1-
null cells and tumors from Tsc1%~ and Tsc2*/~ mice.

Methods

Animal care and breeding. Mice were maintained under
supervised humane conditions as described (4). Mice
bearing the TP53~ allele were provided by P. Leder (Har-
vard Medical School, Boston, Massachusetts, USA),
with the consent of L. Donehower (Baylor College of
Medicine, Houston, Texas, USA) (16). Genotyping was
performed as described (4).

Murine embryo fibroblast culture. Embryonic day (E)
10-12.5 embryos were collected from Tsc2”/~ or
Tsc2*/-TP53~/~ intercrosses, triturated in DMEM, and
plated in DMEM with 10% FCS in 5% CO,. Serum dep-
rivation was done for 1-3 days and restimulation for
10-60 minutes. Whenever possible, experiments were
performed on the TP537~ cell lines prior to passage
eight (P8). There was no significant difference in the
characteristics of these lines in early (less than P9) com-
pared with late passage (P10 and higher) cells, however.

The human TSC2 full-length cDNA was subcloned into
pEF6 (Invitrogen Corp., Carlsbad, California, USA).
TP537-Tsc27/~ murine embryo fibroblasts (MEFs) were
transfected with pEF6/TSC2 and selected with blasticidin.

Reagents and Ab’s. Reagents were obtained from the fol-
lowing sources: LY294002, rapamycin, PD98059, and
MAP kinase were from Cell Signalling Technology (Bev-
erly, Massachusetts, USA); BrdU, PDGF-BB, and EGF
were from Sigma-Aldrich (St. Louis, Missouri, USA);
wortmannin, TPCK, and U0126 were from Biomol
Research Laboratories (Plymouth Meeting, Pennsylva-
nia, USA); 1-butanol and 2-butanol were from EM Sci-
ence (Gibbstown, New Jersey, USA); Earle’s balanced salt
solution (EBSS) and MEM amino acids were from Invit-
rogen Corp.; HBSS was from Mediatech (Herndon, Vir-
ginia, USA); and rat 4E-BP1, AG17, and insulin were
from Calbiochem Corp. (San Diego, California, USA).

An anti-hamartin Ab, H2, was generated in the rabbit
using the peptide CDGMTSSLSESLKTELGKDL-
GVEAK (human hamartin residues 1107-1130) conju-
gated to KLH. Another Ab against the C-terminal 204
residues of hamartin has been described (5). Other Ab’s
were obtained as follows: p16/NK4a p27KIP1 2 1 CIP1/WAFL
TSC2 C20, TSC2 N19, 14-3-3, Akt, ERK, S6K,
PDGFRao, PDGFRf, EGFR, PI3K-p85, and insulin
receptor-o. were from Santa Cruz Biotechnology Inc.
(Santa Cruz, California, USA); pAkt (Ser473), pS6K
(Thr389), pS6K (Thr421/Ser424), pS6 (Ser235/236),
pS6 (Ser240/244), pp90RSK (T359/S363), pERK, and
elF4E were from Cell Signalling Technology; phos-
photyrosine (ptyr, 4g10) was from Upstate Biotechnol-
ogy Inc. (Lake Placid, New York, USA); and mTOR was
from BD Biosciences (Palo Alto, California, USA).

Protein analyses. Immunoblot analyses were performed
as described (5). Immunoprecipitation was performed

after protein extraction in lysis buffer (150 mM NacCl,
1 mM EDTA, 50 mM Tris, pH 7.4, 1% Nonidet P-40
[NP-40], 1 mM PMSF, 1 mM Na3VOy, Roche protease
inhibitor cocktail; Roche Diagnostics, Basel, Switzer-
land) and determination of protein concentration by
the Bradford assay, using Ab’s and protein A or G beads.

Purification of Tsc1/Tsc2. Extracts were prepared from
mouse brain by homogenization in extraction buffer
(50 mM Tris, pH 8, 5 mM mg acetate, 1 mM EDTA, 1
mM DTT, 1 mM PMSF, 10% glycerol, Roche protease
inhibitor cocktail). Serial immunoaffinity purifica-
tion was performed using anti-hamartin Ab H2 elu-
tion with peptide and then repeated with anti-
tuberin Ab, C20 or N19.

Kinase and phosphatase assays. To assay mTOR kinase
activity, mnTOR was immunoprecipitated from mouse
brain extracts in 0.1% Tween 20 with Ab’s and protein
G. Mixtures of mTOR, Tscl/Tsc2, and rat 4E-BP1
were incubated in kinase buffer with 200 uM ATP and
5 wCi y32P-ATP at 30°C for 30 minutes. Dried SDS-
PAGE gels were exposed to Kodak Biomax film
(Rochester, New York, USA).

Phosphatase assays were performed using bacterially
expressed 4E-BP1-GST (plasmid was the gift of ]. Avruch,
Massachusetts General Hospital, Boston, Massachu-
setts, USA) (17). Purified 4E-BP1-GST was labeled with
MAP kinase and y3?P-ATP. Labeled 4E-BP1-GST on
beads was washed with phosphatase buffer (50 mM
Tris, pH 8, 0.5 M NaCl, 1% NP-40, 1 mM PMSF, Roche
protease inhibitor cocktail), and 12-ul beads were incu-
bated with 50 ul cell lysates in phosphatase buffer for
20 and 40 minutes at 25°C.

PI3K assays were done as described previously (18).
Briefly, cells were lysed in TNE (50 mM Tris-HCI, pH
7.5,150 mM NaCl, and 1 mM EDTA), 1% NP-40 with
Roche protease inhibitor cocktail. Lysates containing
equal amounts of protein were immunoprecipitated
with anti-PDGFR@ or anti-ptyr Ab and protein G for 2
hours at 4°C with constant rocking. The beads were
washed, and lipid kinase assays were performed by addi-
tion of PtdIns, PtdIns-4-P, PtdIns-4,5-P, and y32P-ATP.
Lipids were then extracted and separated by thin-layer
chromatography using 1-butanol and 2 M acetic acid.
Standards were visualized by iodine staining, and the
reaction products were visualized by autoradiography.

Translocation of the PH-domain of Akt and ruffling assay.
Cells were serum starved for 16 hours and microinject-
ed with an expression vector encoding the PH-domain
of murine Akt tagged with a yellow variant of the GFP
(YPH-AKkt, the PH domain of Akt, was kindly provided
by Tobias Meyer, Stanford University, Stanford, Califor-
nia, USA). Cells were studied 3 to 4 hours after microin-
jection. In other experiments, Tsc27/~ cells were cotrans-
fected ata 1:1 ratio with pcDNA3.1/GS/PDGFR and the
YPH-Akt expression vector using Lipofectamine 2000
(Invitrogen Corp.). Four hours after transfection, the
cells were serum starved overnight. Cells were stimulat-
ed with 20 ng/ml PDGF, and videomicroscopy was per-
formed using an inverted epifluorescence microscope
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(Diaphot 300; Nikon Corp. Imaging Co., Tokyo, Japan)
with a x40 Nikon plan objective lens and equipped with
a cooled charge-coupled device camera (CCD-1300-Y;
Roper Scientific, Duluth, Georgia, USA). Yellow fluores-
cent protein (YFP) was excited using a 500-nm (+ 15 nm)
bandpass filter, and YFP emission was recorded using a
535 nm (+ 15 nm) bandpass filter. During imaging, cells
were kept at 37°C. Ruftling activity of cells was assessed
in similarly treated cells by phase-contrast microscopy
using a x10 Nikon plan objective. The number of cells
displaying dorsal ruffles within 20 minutes after stimu-
lation with PDGF was counted in a blinded manner.

BrdU incorporation, metabolic labeling. Cells were grown
to 90% confluence and serum starved for 1 day or 3
days. Serum-free media containing 10 uM BrdU with
or without 50 ng/ml EGF, or 25 ng/ml PDGF-BB, or 25
uM AG17 were added, and the cells were incubated for
16 hours. Cells were then fixed in 3.7% formaldehyde
and permeabilized using 0.5% Triton X-100. The DNA
was denatured using 4 M HCl, and cells were then
immunostained using a monoclonal BrdU Ab and a
rhodamine-labeled goat anti-mouse Ab. Phase images
were taken to determine the total number of cells, and
fluorescence images were used to determine the num-
ber of BrdU-positive cells. Similar experiments were
performed with cell counting.

For metabolic labeling, cells were cultured in methio-
nine-free DMEM plus 0.14 mCi/ml 35S-methionine for
30 minutes, followed by addition of regular serum-free
DMEM. Cells were then harvested at 0, 45-minute, 90-
minute, 120-minute, and 180-minute time points dur-
ing the chase. PDGFRf was then immunoprecipitated
from the cell extracts in immunoprecipitation lysis
buffer, as above. The immunopurified proteins were
separated by SDS/PAGE and dried for autoradiography.

Mass-spectrometry analysis of proteins. Purified proteins
were separated by SDS/PAGE and stained with GelCode
Blue Stain Reagent (Pierce Chemical Co., Rockford, Illi-
nois, USA). Protein bands were then excised and ana-
lyzed at the Harvard Microchemistry Facility (Harvard
University, Cambridge, Massachusetts, USA) by micro-
capillary reverse-phase HPLC nanoelectrospray tandem
mass spectrometry on a ThermoQuest Finnigan LCQ-
Deca Quadrupole Ion Trap Mass Spectrometer.

Results

Tsc2-null fibroblasts display early senescence. To investigate
the growth characteristics of cells lacking Tsc2, we pre-
pared cultures of early-stage mouse embryos derived
from Tsc2"/~ interbreedings. MEF cultures were estab-
lished by standard methods from viable E10.5-11.5
Tsc27/-embryos and their littermates. Tsc27~ MEF cul-
tures uniformly displayed more limited growth in cul-
ture than Tsc2%~ or Tsc2*/* MEFs, failing to divide after
P8 (Figure 1a). In contrast, T5c2%~ and Tsc2*¥* MEFs
continued to expand past P10 in all cases, with growth
plateauing after about ten divisions in most cases. Both
types of cell lines gave rise spontaneously to immortal-
ized, rapidly growing derivative cell lines between P10

and P25 (Figure 1a). For the Tsc2%~ and Tsc2** cultures,
this occurred in all cases (n = 5). For Tsc27/~ cultures,
however, this occurred in one of five cases.

Phase-contrast views of Tsc27/~ cells at P8 to P12
demonstrate that they have features that are indicative
of senescence (Figure 1b). Cells are large with relatively
large processes, and they fail to incorporate BrdU, indi-
cating cell-cycle arrest. FACS analysis of cell-cycle dis-
tribution at P10 showed that they had normal DNA
content and were 81% G1 and 19% G2 plus M phase,
compared with 49% G1, 3% S, and 48% G2 plus M dis-
tribution for Tsc2”* MEFs at identical passage.
Immunoblot analysis of cell lysates demonstrated that
the Tsc27/~ MEFs had elevated levels of the cdk inhibitor
p21CIPIWARL compared with Tsc2%~ and Tsc2*/* MEFs of
identical passage (Figure 1c). In contrast, levels of the
p27KIPL cdk inhibitor, previously implicated in growth-
signaling abnormalities in Tsc2-null rat embryo fibrob-
lasts (19), as well as the cdk inhibitor p16™&42 were no
different among the different types of MEFs.

Rescue of Tsc27/~-induced senescence by p53 loss. To cir-
cumvent the premature senescence of Tsc27/~ MEFS,
mice bearing the Tsc2- allele were interbred with mice
carrying a null allele for TP53 to obtain TP53~/ Tsc2"/~
mice. Breeding studies showed that being null for
TPS3 did not improve the survival of Tsc27/~ embryos,
because none survived past E12.5 and double-null
embryos at E10.5 often were more poorly developed
than littermates that were also TP53~~ but Tsc2%- or
Tsc2*/*. Viable E10.5 TP537/~Tsc27/~ embryos gave rise to
MEF cultures that grew rapidly and indefinitely with-
out senescence (five of five embryos), similar to
TP537/-Tsc2* (four of four) and TP537/-Tsc2** (three of
three) cultures derived from littermates.

There were no significant differences in growth rates in
10% serum among these cell lines (see below; Figure 3b,
top). In short-term growth experiments in the absence of
serum, however, TP537~Tsc27/~ MEFs displayed continu-
ing growth in contrast to control TP537- MEFs (Figure
3b, bottom). The p21CIPH/WAFL Jevels were undetectable in
extracts from these MEFs (data not shown), while levels
of p27XP1 and p16™&42 were equivalent (Figure 1d).

Expression of tuberin and hamartin was examined in
these TP537/~Tsc27/~ cell lines and compared with Tsc17~
cell lines described previously (5). Tuberin levels were
reduced by over half in Tsc17- cell lines compared with
controls, while hamartin levels were not affected by loss
of tuberin (Figure le). In addition, there was no change
in tuberin or hamartin levels, or their physical associa-
tion in control MEF cells in response to PDGF or
serum stimulation (Figure 1f).

Growth-signaling alterations in Tsc27/~TP537~ cells. The
growth advantage that we detected in the absence of
serum suggested that growth stimulatory pathways
might be constitutively active in Tsc2-null cells. This idea
was supported by our previous studies indicating that
4E-BP1, S6K, and S6 were constitutively phosphorylat-
ed and activated in Tscl-null cells (5). Therefore, we
examined several signaling pathways relevant for control
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a Figure 1
Premature senescence of Tsc27/~ MEF
a cultures. (a) Growth curves of cul-
o tured Tsc27/~ (open squares), Tsc2"/~
° (filled circles), and wild-type (filled
S triangles) MEFs. PDL, population
E doubling. (b) Phase-contrast view of
g senescent P8 Tsc27/~ (left) and P8
:E’ control (right) MEFs. (¢) Immuno-
3 blot analysis of extracts from pri-
< -105 5 10 15 20 o5 mary MEF cultures of the indicated
Passage genotypes. Note the increased
expression of p21CIP/WAR by the
Tsc27/~ MEFs. (d) Immunoblot analy-
c d P53 1= l = sis similar to that shown in ¢ of
Tsc2 -/~ | - | 4+ Tsc2 —/— | ++ _ TP53~/~ MEF lines with various Tsc2
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of cell growth, using the TP537~ MEF lines in serum- Tsc2 allele in most cases (4). ERK and eIF4E levels were
starved cultures with or without serum refeeding (Fig-  similar, while pS6 was present only in cystadenomas
ure 2a). Expression of ERK isoforms was similarin these ~ and not in control kidney tissue of these mice (Figure
MEFs irrespective of genotype. In comparison with con-  2b). We also generated a revertant, TSC2-expressing
trol cells, two TP537/~-Tsc27/- MEF lines showed a reduc-  stably transfected cell line from a TP53~~Tsc27/~ cell line.
tion in the level of activated ERK1 and ERK2 in response  In the revertant cell line, expression of pS6K and pS6
to serum stimulation (Figure 2a, first and seventh pair  under conditions of serum starvation was markedly
of lanes), but this was not seen in all TP537-T5sc27~- MEFs  reduced, similar to TP537~ control cell lines (Figure 2c).
(Figure 2a, third and fourth pair of lanes). Activation of ~ In summary, we have shown that there is constitutive
PIORSK by serum was similar in all of these cell lines. In  high-level activation of S6K in the Tsc2-null TP537~ cell
contrast, activation of Akt in response to serum was lines as well as Tsc2-null tumors from Tsc2*~ mice. In
markedly reduced in all of the TP537/Tsc27/~ cells, as contrast, Akt activation is markedly reduced in
assessed by phosphorylation at Ser473. Moreover, S6K  response to growth factor stimulation in Tsc2-null
was constitutively activated in all of the Tsc2-null cellsin  lines. These findings were entirely similar in both early-
the absence of serum, as assessed by phosphorylation at  passage (P5) and late-passage (greater than P20) Tsc2-
Thr389, and showed only a modest increase in phos- null TP537~ cell lines (data not shown).
phorylation with serum stimulation (Figure 2a). Con- Inbibitors of mTOR specifically revert the S6K activation and
sistent with constitutive activation of S6K, pS6 levels  growth phenotype of TP537/~Tsc27/~ cells. These findings, as
(Ser235/236) were also increased in the TP537~Tsc27/~  well as previous observations (5, 11, 20), implicated an
cells in the absence of serum and did not increase with  abnormality in signaling at approximately the level of
serum refeeding (Figure 2a). In these experiments we mTOR in cells lacking Tsc2. To explore this defect, we
examined several TP537/~Tsc2%* and TP537/-T5sc2%~- MEF  examined the effects of treatment with several inhibitors
lines and saw no difference between them, indicating  of the kinases in this pathway (Figure 3a). In serum-
that haploinsufficiency for Tsc2 had no effect on these  starved TP537/-T5c27/~ cells, treatment with either 10 nM
pathways (Figure 2a). rapamycin or 10 uM LY294002 abolished the phospho-

We also examined the state of activation of this path-  rylation of S6, consistent with their actions in inhibiting
way in tumors derived from Tsc2*/~ mice, which are mTOR (21, 22). Wortmannin (0.1 uM) (inhibits PI3K; ref.
known to show loss of heterozygosity for the wild-type ~ 23), however, had no effect on phosphorylation of S6 in
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the serum-starved TP537Tsc27/~ cells. Treatment of the
Tsc2-null cells with three additional inhibitors, TPCK
(inhibits PDK1; ref. 24), U0126 (inhibits MEK kinase; ref.
25), and PD98059 (inhibits MAPKK; ref. 26), also failed
to have significant effects on the levels of pS6, while caly-
culin A (serine-threonine phosphatase inhibitor; ref. 27)
slightly increased S6 phosphorylation (Figure 3a). In
aggregate, these observations suggest that the activation
of S6K in Tsc2-null cells is dependent upon functional
mTOR but independent of PI3K, PDK1, or MEK kinases
(22-27). Analysis of control serum-stimulated TP537~
lines demonstrated that these compounds all had their
predicted effects (Figure 3a, top).

We also assessed the importance of functional mTOR
on the growth characteristics of the TP537~Tsc27 cells.
The persistent growth of the Tsc2-null cells in the
absence of serum was reduced by rapamycin treatment
in the range of 50 pM to 50 nM (Figure 3b). Even in 50
nM rapamycin, however, the growth behavior of the
TPS3~/~Tsc27/- lines was still distinct from that of Tsc2
wild-type TP537~ lines, perhaps reflecting short-term
persistence of a growth advantage despite effective
mTOR inhibition. Analysis of cell extracts from these

cells under these conditions confirmed that the activa-
tion of S6K and S6 was abolished by rapamycin at
doses from 50 pM to 50 nM (data not shown).

To explore the importance of other stimuli in the reg-
ulation of mTOR activity in Tsc2-null cells, we exam-
ined the effects of reduction in phosphatidic acid (PA)
and AA levels (28, 29). Treatment with 1-butanol or
2-butanol to reduce cellular PA levels resulted in a
reduction in pS6K levels in both serum-starved and
serum-stimulated TP537 Tsc27/- cells and had similar
effects on serum-stimulated control TP53~~ cells (28)
(Figure 3c). Exposure of previously serum-starved
TP537/-Tsc27/ cell lines to an absence of AA led to a sig-
nificant reduction in pS6K and pS6 levels, while addi-
tion of fresh AA appeared to increase pS6K and pS6 lev-
els to a small extent (Figure 3d).

Analysis of the tuberin-hamartin complex and potential
interactors. Since these observations suggested a poten-
tial interaction between Tscl/Tsc2 and mTOR, we
performed an in vitro kinase assay combining
immunopurified mTOR, immunopurified Tsc1/Tsc2,
y32P-ATP, and bacterially expressed 4E-BP1 (Figure
4a). Phosphorylation of both mTOR (autokinase

—/— +/— —/- —/- +/—- ++ —/- +/+ +/+ +/—
Serum - + -  + - [ - S - + -+ - + -+ - + -+
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Figure 2

Growth signaling in TP537~Tsc27/~ MEFs and Tsc2*/~ mouse cystadenomas. (a) Immunoblot analysis in serum-starved (2 days) or serum-fed
(30 minutes) TP53~/~ MEFs. Genotypes are indicated across the top. Note that tuberin is not expressed in the Tsc27~ cell lines; pAkt levels
increase very little in the Tsc2~/~ cell lines in response to serum, and pS6K and pS6 levels are increased in the Tsc2~/~ cell lines without serum
addition. (b) Immunoblot analysis on renal cystadenomas derived from Tsc2*/~ mice. Note the presence of pS6 in all three cystadenomas.
() Immunoblot analysis of a revertant TP537~Tsc27/~ cell line expressing TSC2. Note the decrease in pS6K and pS6 levels in the revertant
line during serum starvation. pS6 S235/236, pS6 (Ser235/236).
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Figure 3

Effects of inhibitors on S6K/S6 phosphorylation and growth of TP537~Tsc2~/~ and control TP53~/~ MEFs. (a) Immunoblot analysis of a
serum-starved (2 days) then stimulated TP53~/~Tsc2"/* cell line (top) and a serum-starved TP53~/~Tsc27/~ cell line (bottom). Cells were treat-
ed with 10 uM LY294002, 0.1 uM wortmannin, 10 nM rapamycin, 0.1 uM calyculin A, 5 uM TPCK, 10 uM U0126, or 20 uM PD98059 for
30 minutes. (b) Growth effects in two TP53~/~Tsc27/~ (open squares) and two TP537/~Tsc2*/* (filled triangles) cell lines of treatment with
rapamycin. Each symbol reflects a consecutive day in culture. Rapamycin selectively reduces the growth of the TP53~/~Tsc2~/~ cell lines in 0%
serum. (c) Immunoblot analysis of effects of 1- and 2-butanol treatment on S6K/S6 phosphorylation in TP537/~Tsc2~/~ and control TP53~/~
cell lines. 1- or 2-butanol (0.3%) were applied to the cell lines for 30 minutes, and the cells were serum stimulated for 5 minutes. (d)
Immunoblot analysis of effects of AA deprivation and stimulation on S6K/S6 phosphorylation in two TP53~/~Tsc27/~ cell lines. All treatments
were for 2 hours. Note that with either the EBSS or HBSS buffers, AAs are required to maintain pS6K and pS6 phosphorylation.
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activity) and 4E-BP1 were seen under these condi-
tions, but was not influenced by incubation with
Tscl/Tsc2. We also assessed the possibility that
Tscl/Tsc2 might influence phosphatase activity on
mTOR kinase substrates. Labeled 32P-4E-BP1 was
added to cell extracts from control or TP53~/~Tsc27/~
cells, and there was no difference in phosphatase
activity among the different samples (Figure 4b).

To identify potential interactor(s) of Tscl/Tsc2, we
directly purified the Tscl/Tsc2 complex from mouse
brain by serial immunoaffinity chromatography (Fig-
ure 4¢). A complex consisting of Tsc2 (tuberin) and Tscl
(hamartin) could be purified (confirmed by mass spec-
trometry), demonstrating the highly stable binding
between these proteins at approximately 1:1 stoichiom-
etry. One band of size 30 kDa was identified as being
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14-3-3y. This was confirmed by immunoblotting (Fig-
ure 4d). Several other fainter bands were seen in the
purified material, all present at a stoichiometry of much
less than 1:1. Akt and mTOR, previously described (11,
13) as occurring in association with Tsc1/Tsc2, were not
present in this purified complex (Figure 4d).

Reduction in PI3K-Akt signaling in TP537Tsc27/~ and
Tsc17/~ cells. To understand the major reduction in serum-
stimulated activation of Akt in Tsc2-null cells (Figure
2a), we explored whether there was a change in kinetics
rather than the extent of Akt activation. Activation of
Akt (assessed by phosphorylation at Ser473) was
markedly reduced in the Tsc27/-TP537/~ cells at all time
points (10, 30, 60, and 90 minutes) in comparison with
control TP537/- cells, and the kinetics were no different
from control cells (Figure Sa). A marked difference in the
level of Akt activation in Tscl- and Tsc2-null cells com-
pared with control cells persisted after treatment with
calyculin A (Figure 5b), suggesting that the difference
was due to a lack of phosphorylation of Akt in both
Tscl-and Tsc2-null cells rather than differences in phos-
phatase activity. To explore this further, we assessed
PI3K activity in these cells. Using both serum at 10%
(data not shown) and PDGF at 50 ng/ml stimulation,
there was a significant reduction in the amount of 3'-
phosphoinositides generated by phosphotyrosine or
PDGFRf immunoprecipitates from the Tsc27/~TP537/~
cells compared with TP53~~ control cells (Figure Sc).

As a measure of the response to PDGF stimulation, we
also examined the degree of ruffling and of intracellular
translocation of a reporter molecule for D3-polyphos-
phoinositide generation, consisting of the PH domain of
Akt fused to YFP (YPH-Akt). The Tsc27/-TP537~ cells dis-
played reduced ruffling activity in response to stimula-
tion with PDGF compared with control cell lines (Figure
5d). In addition, there was a marked reduction in the
extent of translocation of the YPH-Akt reporter protein
(Figure Se). In control cells, translocation of the reporter
to the cell surface in response to PDGF treatment result-
ed in a uniform staining appearance, while in the
Tsc2/-TP537 cells the YPH-Akt showed a generalized
cytoplasmic location that did not change with PDGF
treatment. The revertant cell line in which TSC2 expres-
sion was restored had a ruffling response and YPH-Akt
translocation that was similar to the control Tsc2-
expressing TP537 cell lines (Figure 5, d and e).

These results demonstrated that there was a major
reduction in PI3K activity and Akt activation in cells
lacking Tsc2 in response to both serum and PDGF. We
then examined the possibility that differences in recep-
tor amount or activation resulted in these differences
in PI3K activation. Expression of PDGFRP and
PDGFRao was markedly reduced in the TP537/-Tsc27/~ as
well as TscI7~ cells in comparison to control cell lines (Fig-
ure 6a). In contrast, there was little or no difference in
insulin receptor expression in these cell lines (Figure 6a).
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Figure 4

The mTOR functional analysis and purification of a Tsc1/Tsc2 complex. (a) Autoradiograph from an mTOR kinase reaction. Addition of MTOR

and Tsc1/Tsc2 are indicated at the top. Equivalent amounts of mTOR a
is included. C, anti-C20 tuberin Ab; N, anti-N19 tuberin Ab; E, eluate.

utokinase activity and kinase activity on 4E-BP1 are seen whenever mTOR
(b) Autoradiograph of a phosphatase assay. 4E-BP1 was phosphorylat-

ed in vitro using y*2P-ATP and then was included as a substrate to assess phosphatase activity of two TP537~Tsc27/~ and two TP53~/~ control

cell line extracts. There is no difference in the level of phosphatase activ

ity. (c) Coomassie blue-stained gel showing successive steps in the purifi-

cation of TSC1/TSC2 from brain extracts. Material bound to an anti-TSC1 affinity (H2 Ab) column, residual on the column after elution with
peptide, the eluate, and the material obtained from an anti-TSC2 (C20) Ab column are shown in successive lanes. The location of 14-3-3y is
indicated by an asterisk. (d) Immunoblot analysis of Tsc1/Tsc2-binding partners. IP was performed with the indicated Ab’s (Tsc2 N19, C20)

followed by immunoblotting. Tsc2 row: + indicates extract from a con

trol TP53~/~ cell line; - indicates a Tsc27/-TP53~/~ cell line.
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ing cell line. PDGF stimulation
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In addition, reduction in PDGFRf expression was seen
in renal cystadenomas from the Tsc1*~ and Tsc2%~ mice

labeling studies performed on
TPS53/-Tsc27- and control TP53~~ lines demonstrated
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in comparison with normal renal tissue (Figure 6a).
Furthermore, the extent of phosphorylation of
PDGFR@ in response to PDGF treatment was greatly
reduced in Tsc2-null cell lines (Figure 6b). The amount
of PI3K p85 subunit bound to the PDGFR receptor
was also concordantly reduced, explaining the lack of
an increase in 3'-phosphoinositide synthesis in Tsc2-
null cells. In the revertant cell line in which TSC2
expression was restored, pAkt generation in response
to PDGF treatment was normal (Figure 6b, right).
Expression of the EGFR and the p85 subunit of PI3K
showed little or no difference in the TP537-Tsc27/~ com-
pared with the TP537~ cell lines (Figure 6b). The major-
ity of these studies were performed on the TP537~ cell
lines of greater than P20. Observations on expression
of PDGFRp and PDGFRa, however, and stimulation of
Akt were entirely similar in these cell lines at P5 (data
not shown), however.

that there was reduced production of the PDGFRf in
the null cell lines, but that the half-life of PDGFRf was
similar in the two types of cells (Figure 6¢). Additional
evidence for the reduced function of PDGFR in cells
lacking Tsc2 was the minimal growth effects of PDGF
treatment with or without AG17 (PDGFR inhibitor;
ref. 30) in TP53~/~Tsc27/~ cells (Figure 6d). In contrast,
the control TP537~ and the revertant cell lines showed
the expected growth response to PDGF treatment that
was inhibited by AG17. In addition, the EGF growth
response was similar in both TP537~Tsc27~ and control
TP53/- cells, consistent with the normal levels of EGFR
expression by both cell types (Figure 6d).

To confirm that the lack of PDGFR expression was
the cause of reduced activation of Akt in Tsc2-null
cells, we used ectopic expression of PDGFR.
TP537/-Tsc27/ cells expressing the PDGFRf and YPH-
Akt by transient transfection demonstrated normal
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translocation of the reporter protein to the cell surface
in response to PDGF treatment, with a uniform stain-
ing appearance (Figure 7a). Moreover, TP537/Tsc27/~
cells transfected to express PDGFR demonstrated
enhanced activation of Akt in response to PDGF, as
well as EGF, serum, and insulin (Figure 7b).

Discussion
Here we present a detailed characterization of the deri-
vation and analysis of a series of Tsc2-null cell lines. We
find that primary cultures of Tsc2-null MEFs as well as
Tscl-null MEFs (5) display more limited growth poten-
tial with early onset of senescent features and a reduced
rate of spontaneous immortalization. This early senes-
cence phenotype occurs through induction of high-level
P21CIPYWAFL expression mediated by pS3 (Figure 1c).
Tscl and Tsc2 are known to occur in a high-affinity
complex (31, 32). We show here that this complex per-
sists through multiple purification steps and has a

stoichiometry of 1:1 (Figure 4c). Tscl appears to be
required to stabilize Tsc2 because Tsc2 is dramatically
reduced in Tscl-null cells (Figure le). Unlike recent
reports (12, 13, 15), we found that the stability and
physical association of Tsc1/Tsc2 were not altered in
response to growth stimulators (Figure 1e).

Building upon the initial seminal observations plac-
ing the Tsc1/Tsc2 genes in the conserved insulin recep-
tor PI3K-Akt-S6k-signaling pathway through a genetic
screen conducted in Drosophila (8-10), we showed previ-
ously that mTOR is persistently activated in Tsc1l-null
cells (5). Here we have extended these findings to Tsc2-
null cells. Analysis of growth-signaling pathways in
Tsc2-null p53-null cells demonstrated that multiple
independent lines had the same consistent biochemical
features. In the absence of serum there is phosphoryla-
tion and activation of S6K with consequent phospho-
rylation of S6, its downstream substrate (Figure 2a).
These findings are lacking in both control cell line
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cultures from littermates and a transfected revertant cell
line. High levels of pS6 are also seen in kidney tumors
from both Tsc2*~ (Figure 2b) and Tsc1*”/~ mice (5). This
abnormal phosphorylation signature is reverted by
treatment with rapamycin and LY294002, but is not
affected by treatment with wortmannin, TPCK U0126,
or PD98059 (Figure 3a). These findings are consistent
with activation of mTOR in these Tsc2-null cells,
because LY294002 inhibits mTOR as well as PI3K (22).
Despite this activation of mTOR, the growth rate of
Tsc2-null p53-null cells in 10% serum was virtually iden-
tical to that of control p53-null cells. Continuing
growth of the Tsc2-null p53-null cells was seen in the
absence of serum, in contrast to control p53-null cells,
however, which may relate to the tumorigenic capacity
of Tsc2-null cells in vivo. This growth advantage in the
absence of serum was partially reverted by rapamycin
treatment (Figure 3b). These findings lend fur-
ther credence to the possibility that rapamycin,
which is approved for human use, may be effec-
tive in treatment of TSC-related lesions in
patients. During preparation of this manuscript,
several studies also implicated Tsc2 in the nega-
tive regulation of mTOR in Drosophila and trans-
fected mammalian cells (11, 20). Furthermore, a
mechanism for the participation of these pro-
teins in this insulin receptor PI3K-Akt-mTOR-
S6k-signaling pathway has also been revealed, in
the form of regulation of Tscl/Tsc2 stability
and/or activity by phosphorylation at one or
more sites by the Akt kinase (12-15).

In contrast to recent reports (11), we found that
withdrawal of AAs from the media of Tsc2-null
cells led to a significant reduction in the degree of
phosphorylation of S6K and S6 (Figure 3d). In
addition, 1-butanol and 2-butanol treatments,
both of which reduce the level of cellular PA, also
reduced the level of S6K phosphorylation in Tsc2-
null cells (Figure 3c), consistent with regulation of
mTOR activity by PA (28). These findings in
aggregate are consistent with a model in which
mTOR serves as an integrator of signals relating
to both known signaling pathways and metabol-
ic factors. The positioning of Tsc1/Tsc2 in this
control circuit and its mode of regulation of
mTOR activation is not evident. Our studies
showed that mTOR does not interact physically
with Tscl/Tsc2 in a stable manner, whereas we
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on p4E-BP1. These observations suggest that mTOR is
not the direct target of Tsc1/Tsc2.
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activation of PI3K, reduced 3'-phosphoinositide synthe-
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where it can be phosphorylated by PDK1. The restoration
of normal PDGFRS levels, phosphorylation of Akt, and
motility in the TSC2 revertant cell line suggests that this
is directly related to Tsc2 expression. Since ectopic
PDGFR@ expression has similar effects in restoring Akt
recruitment to the membrane and activation, the reduc-
tion in PDGFRP and PDGFRa in cells lacking Tsc2 or
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Figure 7

Correction of Akt signaling in Tsc27/~TP53~~ cells by PDGFR{ transfection.
(a) YPH-Akt translocation. Tsc27/~TP53~/~ cells were cotransfected with YPH-
Akt and PDGFRf or an empty vector and were serum starved overnight before
PDGF addition. The left and right panels are fluorescent images of the cells
before and 4 minutes after PDGF addition, respectively. PDGF stimulation
leads to uniform YFP staining of the plasma membrane in cells transfected
with the PDGFRp, but not in cells transfected with empty vector. The stain-
ing intensity in cross-sections of the same cells is shown in the graphs at right.
(b) Recovery of Akt activation. Immunoblot analysis of Tsc2/~-TP53~/~ cells
transfected with empty vector (left) or PDGFRf (right) that were serum
starved and then stimulated with 50 ng/ml PDGF-BB (P), 100 ng/ml EGF (E),
10% serum (S), or 0.1 uM insulin (). Note the increase in the Akt phospho-
rylation in the PDGFR-transfected cells in response to all stimuli.

found that 14-3-3y, a phospho-serine/threo-
nine-binding protein, was associated with the
complex (Figure 4c). It has been found that
14-3-3 is implicated in modulating rapamycin-
sensitive signaling in yeast (33). This association
with 14-3-3y may potentially affect the interaction
of Tsc1/Tsc2 with other members of this pathway
or modulate Tsc1/Tsc2 activity. We also found
that Tscl/Tsc2 did not directly affect mTOR
activity in in vitro kinase assays, nor did Tsc2-null
cell extracts have differential phosphatase activity
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Tscl is the mechanism of this defect in PI3K-Akt signal-
ing. Reduced expression of PDGFRS is also seen in the
renal cystadenomas that occur in Tsc1”~ and Tsc2*~ mice,
and studies in the null cell lines indicate that reduced syn-
thesis of PDGFRp accounts for the reduced levels of
expression of PDGFRf. Although the majority of these
observations were made on Tsc2-null cells that were also
p53 null, similar findings were seen in Tsc1-null cells, the
single NIH3T?3 Tsc2-null line that we developed (data not
shown), and on tumors from the Tsc2%~ and T5c2*/~ mice,
indicating that p53 status is very likely not critical for this
defect in PDGFR-PI3K-Akt signaling.

The precise mechanism by which loss of Tsc2 or Tsc1
leads to reduced PDGEFR synthesis is uncertain, though
previous studies have indicated regulation of PDGFR
synthesis by a variety of oncogenes (34). It is striking
that ectopic expression of PDGFRf enhanced Akt acti-
vation in the null cells in response to several stimuli
(Figure 7b), suggesting that PDGFR has a role in facil-
itating intracellular signaling even in the absence of
binding to its ligand PDGF.

This paradoxical defective signaling through the
PDGFRs, PI3K, and Akt, along with activation of
mTOR, appear likely to help explain why TSC-related
hamartomas rarely become malignant (1, 2) and the
TSC genes are so rarely involved in the common adult
malignancies. This is in contrast to PTEN, an upstream
negative regulator in this pathway, whose inactivation
leads to activation of both mTOR and Akt and which
is very commonly involved in many malignancies (35).
Thus, inhibition of PDGFR signaling may be consid-
ered as a potential strategy to treat patients with vari-
ous malignant tumors.
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