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The mTOR (mammalian target of rapamycin) promotes growth
in response to nutrients and growth factors and is deregulated in
numerous pathologies, including cancer. The mechanisms by
which mTOR senses and regulates energy metabolism and cell
growth are relatively well understood, whereas the molecular
events underlining how it mediates survival and proliferation
remain to be elucidated. Here, we describe the existence of the
mTOR splicing isoform, TOR, which, in contrast to the full-
length protein (mTORw), has the potential to regulate the G, phase
of the cell cycle and to stimulate cell proliferation. mTOR is an
active protein kinase that mediates downstream signaling through
complexing with Rictor and Raptor proteins. Remarkably, overex-
pression of mTORp transforms immortal cells and is tumorigenic
in nude mice and therefore could be a proto-oncogene.

The mammalian target of rapamycin (mTOR)® is a central
regulator of an evolutionary conserved signaling pathway
that controls cellular metabolism, autophagy, growth, and
proliferation (1-3). mTOR belongs to a family of the phos-
phoinositide 3-kinase-related kinases (PIKKs), which also
includes ATR, ATM, DNA-PK, SMG1, and TRRAP. Similar
to other PIKK family members, mTOR contains a protein
kinase domain at the C terminus and a long stretch of pro-
tein-protein interaction modules within its N terminus.
These include HEAT (Huntingtin, elongation factor 3, pro-
tein phosphatase 2A, and TOR1) repeats and FAT (FRAP,
ATM, and TRRAP) domain. There is also a short FAT
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domain at the C terminus (FATC), whose function is critical
for mTOR kinase activity. mTOR differs from other PIKK
family members by the presence of an FRB (FKBP12/rapa-
mycin binding) domain that mediates the interaction with
FKBP12/rapamycin inhibitory complex. mTOR is found in
cells in two distinct multiprotein complexes, termed
mTORC1 and mTORC?2. The best characterized partners of
mTOR in mTORCI include a substrate-presenting protein
Raptor and mLst8 (also known as GBL). The presence of
another substrate-presenting protein, Rictor, and Sinl
defines mTORC?2 along with mTOR and mLst8.

mTORCI integrates growth factor signaling with amino
acid- and energy-sensing pathways to regulate cell growth
through downstream effectors, 4EBP1 and S6K1. The function
of mTORC2 is not well understood, and so far, the strongest
association is with the PI3K-PKB/Akt signaling as it directly
phosphorylates/activates PKB/Akt.

Deregulation of the mTOR signaling pathway has been asso-
ciated with numerous pathologies, including diabetes, inflam-
mation, and cancer (4—6). In contrast to yeasts that have two
tor genes (tor 1 and tor 2), there is only one gene encoding
mammalian tor (7). The diversity of the mTOR-mediated sig-
naling is conferred by two multiprotein complexes, mTORC1
and mTORC?2, whose regulatory components and downstream
effects mirror in part the signaling mediated in yeasts by TOR1
and TOR?2 pathways (8, 9).

Here, we provide evidence of existence of the mTOR-
splicing isoform, mTOR, which lacks most of its protein-
protein interaction modules, HEAT and FAT, but retains
domains responsible for FRB, protein kinase activity, and
regulation (RD and FATC). Importantly, mTORS could
form complexes in vivo with Raptor and Rictor, which are
known companions of full-length mTOR (mTORe). Also, it
readily phosphorylates characterized mTORa substrates,
S6K1, PKB/Akt, and 4EBP1, in vitro. In contrast to mTORe,
mTORP has the potential to shorten considerably the G;
phase of the cell cycle and to stimulate cell proliferation.
Significantly, overexpression of mTORP transforms immor-
tal cells and is tumorigenic in nude mice. Our studies suggest
that the regulation of cell proliferation via the mTOR path-
way could be mediated by mTORp, which acts as a proto-
oncogene and therefore could be a candidate for future anti-
cancer drug discovery.
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EXPERIMENTAL PROCEDURES

Plasmid Construction, Small Interfering RNA, and Expression
Studies—For expression in mammalian cells, the full-length
c¢cDNA for mTORB was cloned into expression vector
pcDNA3.1(+) (Invitrogen) with the N-terminal FLAG or Myc
tag. mTORB KD with the substitution E514G (analog of
E2357G in TORa was generated with the use of a site-directed
mutagenesis kit (Stratagene). Transient transfections of cells
were carried out with the use of ExGene 500 reagent (Fermen-
tas). The C-terminal region of S6K1 (His-S6K1C, amino acids
332-502) was cloned into pET24a plasmid (Novagene). The
expression and affinity purification of His-S6K1C were carried
out in BL21 DE3 cells using nickel-nitrilotriacetic acid-agarose
(Qiagen). pPCMV/FLAG-mTORe plasmid was kindly provided
by Prof. K. Yonezawa. Myc-mTOR, Myc-Rictor, HA-Raptor,
and HA-GpL expressing plasmids were obtained from Dr. D.
Sabatini through AddGene. The Myc-tagged mTOR cDNA
from pRK-5/Myc-mTOR was subcloned into pcDNA3.1(+)
vector.

Reagents, Antibodies, and Cell Cultures—FLAG tag, HA tag,
and B-actin antibodies were purchased from Sigma. The N-ter-
minal mTOR antibody was from Santa Cruz Biotechnology,
and anti-Raptor antibody was from Millipore. The F11 anti-
mTOR antibody was described previously (10). mTOR C-ter-
minal rabbit polyclonal and phosphospecific antibodies to
Ser®”® Akt, Thr*®® Akt, Thr*®® S6K1, Ser®® and Thr®’/Thr*®
4EBP1 were purchased from Cell Signaling. NIH 3T3 fibro-
blasts and derived stable cell lines overexpressing RasG12/C40
effector-specific double mutant were kindly provided by Dr. J.
Downward. Human embryonic kidney (HEK 293), human
breast carcinoma (MCF-7), COS7 (monkey kidney fibroblast),
and human liver carcinoma (HepG2) cells were obtained from
ATCC.

RNA Purification and RT-PCR—Total RNA was purified
from HEK 293, MCF-7, and HepG2 cell lines using the SV Total
RNA Isolation System (Promega). The RT-PCR was per-
formed using SuperScript"™III one-step RT-PCR Platinum
Taq HiFi kit (Invitrogen) The RT-PCR was performed on 2
pg of total RNA according to the manufacturer’s recommen-
dations using a panel of specific primers for mTOR (S1, ATG-
CTTGGAACCGGACCTGCCG; S2, CAATGTGAGCGT-
CCTGCAGAAGA; AS1, TACCAGAAAGGGCACCAGCC-
AAT; AS2, TTTGGACAGATCCTCAGTGACCT). The PCR
fragments were gel-separated, cloned, and sequenced. Specific
fragments of glyceraldehyde-3-phosphate dehydrogenase and
B-actin were amplified and used as loading and quality controls
of first-strand DNA.

Northern Blot Analysis—The membrane-containing
poly(A)™ RNA samples from various human tissues were pur-
chased from OriGene. The Northern blot analysis was per-
formed using a DIG Northern Starter kit (Roche Diagnostics).
The mTOR DIG-labeled RNA probe was generated by using a
750-bp PCR product, corresponding to the C-terminal coding
region of mTOR (5530 - 6430 bp) as a template for the in vitro
transcription reaction with dioxigenin-11-UTP. The B-actin
probe was supplied by the manufacturer (Roche Diagnostics).
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Immunoprecipitations—HEK 293 cells were washed with
ice-cold phosphate-buffered saline and extracted with lysis
buffer containing 10 mm Tris-HCI (pH 7.5), 150 mm NacCl, 0.3%
(v/v) CHAPS, 5 mMm EDTA, 50 mMm sodium fluoride, 10 mm
sodium pyrophosphate, 1 mM sodium orthovanadate, and a
mixture of protease inhibitors (Roche Applied Science). Whole
cell extracts were centrifuged at 10,000 X g for 20 min at 4 °C.
Endogenous or transiently expressed proteins were immuno-
precipitated with corresponding antibodies immobilized on
protein A-Sepharose beads (GE Healthcare) for 3h at 4 °C. The
immune complexes were then washed three times with lysis
buffer and twice in wash buffer 2 (50 mm HEPES (pH 7.5) and
150 mm NaCl), and proteins were eluted by boiling 8 min in 1X
PAGE loading buffer. When immunoprecipitates were used for
in vitro kinase assay, beads were washed twice with lysis buffer,
once with wash buffer 1 (lysis buffer complemented with 300
mm KClI), once with wash buffer 2, and once with kinase buffer
(25 mm HEPES-KOH (pH 7.4), 50 mm KCl, 20% glycerol, 10 mm
MgCl,, 4 mm MnCl,, 1 mm dithiothreitol).

To investigate the eIF4E-4EBP1 complex formation in
mTORB-, mTORa-, or EGFP-overexpressing cell lines, appro-
priate protein extracts were incubated with m7GTP-Sepharose
(GE Healthcare) followed by immunoblotting with antibodies
against elF4E or 4EBP1.

In Vitro Kinase Assay—mTOR in vitro kinase assay was per-
formed as published previously (11). Briefly, HEK 293 cells were
transfected with pcDNA 3.1/Myc-mTORa or pcDNA 3.1/
Myc-mTORP. Two days later, transiently expressed proteins
immunoprecipitated with anti-Myc antibody. The kinase
assays with S6K1 and 4EBP1 were performed in 40 ul at 30 °C
for 60 min and contained about half of the washed mTOR
beads, 1 ug of a 4EBP1 (Calbiochem) or 1.0 ug of recombinant
His-S6K1C, 25 mm HEPES-KOH (pH 7.4), 50 mm KCl, 20%
glycerol, 10 mm MgCl,, 4 mm MnCl,, 1 mum dithiothreitol, and
100 uM ATP and 5 uCi of [y-**P]ATP. Kinase reactions were
resolved by SDS-PAGE and analyzed by phosphorimaging. The
levels of immunoprecipitated Myc-mTORa and Myc-mTORS
were measured by Western blotting with anti-Myc. For kinase
assays with PKB/ALkt as a substrate, transiently expressed Myc-
mTOR« or Myc-mTOR were immunoprecipitated from HEK
293 cells as described above. The reactions were performed in
40 pl at 35 °C for 40 min in buffer containing 1 ug of a recom-
binant inactive His-Akt (Upstate), 25 mm HEPES (pH 7.5), 100
mM potassium acetate, 1 mm MgCl,, and 300 um ATP and 7.5
uCi of [y-**P]ATP. Kinase reactions were stopped by adding
5X sample buffer.

Immunoblot Analysis—Immunoblot analysis was performed
as described previously (10). The antigen-antibody complexes
were detected using the ECL system (Millipore). When immu-
noblots had to be reprobed, the membranes were initially
stripped (Restore Western Stripping Reagent; Pierce) and incu-
bated with another type of primary antibody.

Subcellular Fractionation—Subcellular fractionation of
MCE-7 cells was performed using ProteoExtract extraction kit
(Calbiochem). mTORa and mTORB were immunoprecipi-
tated from generated fractions using anti-mTOR C-terminal
antibody. Immune complexes were resolved by SDS-PAGE and
immunoblotted with anti-mTOR N-terminal antibody. Anti-
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4EBP1, Hsp60, and c-Jun antibodies were used as controls for
cytoplasmic, membrane, and nuclear fractions, respectively.

Stable Cell Line Production and Cell Proliferation Assay—
Stable cell lines overexpressing wild type and mTORB KD,
EGFP, and wild-type mTOR«a were produced by transfecting
linearized pcDNA 3.1/FLAG-mTORB WT, pcDNA 3.1/FLAG-
mTORB KD, pEGFP C1, and pcDNA3.1/Myc-mTORa WT
vectors into HEK 293 cells. Cell lines were selected for 10 days
on 800 ug/ml Geneticin. NIH 3T3 cell lines stably transfected
with mTORB were generated using linearized pcDNA4-
TO/FLAG-mTOR} vector, and transfected cells were selected
on 200 pg/ml zeocin for 7 days.

For cell proliferation assay, HEK 293 cells expressing
mTORa WT, mTORB WT, mTORB KD, or EGFP were seeded
into 12-well plate (1000 cells/well) and grown under standard
conditions. Cell numbers were then calculated every day over
the next 5 days using the CASY Cell Counter Analyzer System.
Growth curves for each cell line were calculated using data from
at least six independent experiments and are presented as the
mean * S.D.

For testing the effect of rapamycin on proliferation of HEK
293 cells expressing mMTORa WT, mTORB WT, or EGFP, cells
were seeded into a 96-well plate in four repeats (250 cells/well)
and grown in the absence or presence of rapamycin (5, 10, 15, or
20 nM) for 4 days. Cell numbers were then measured in each
well by resazurin-based assay (Cell Titer Blue; Promega) as rec-
ommended by the manufacturer.

Cell Cycle Analysis—The cell cycle status was analyzed using
flow cytometry. HEK 293 stable cell lines overexpressing
mTORa, mTORR, or EGFP were pulse-labeled with 10 uMm bro-
modeoxyuridine (BrdUrd) for 30 min and chased every 2 h for
24 h. Cells were scraped, washed with phosphate-buffered
saline, and fixed in 70% ethanol at 4 °C for 16 h. Prior to analysis,
cells were stained with propidium iodide in solution containing
100 pg/ml propidium iodide, 100 wg/ml RNase A, and anti-
BrdUrd antibody as described previously (12). Green fluores-
cence was recorded as a measure of anti-BrdUrd antibody bind-
ing (BrdUrd incorporation). Red fluorescence was recorded as a
measure of propidium iodide binding (DNA content). Bivariate
distributions of cells showing incorporation of BrdUrd versus
DNA content were obtained with a BD LSR II flow cytometer
(BD Biosciences). A minimum of 5000 BrdUrd-positive cells in
each treatment was analyzed. The percentage of labeled cells in
G4, S, and G, at each time point was plotted over a 24-h period
to determine the length of each cell cycle phase.

Colony Forming Assay—To monitor the capacity of mTOR
stable cell lines to grow in semisolid medium in vitro, cells were
transferred to 2 ml of complete Dulbecco’s modified Eagle’s
medium containing 0.7% low melting agarose. 10° cells were
seeded into 35-mm dishes containing a 2-ml layer of solidified
1.2% low melting agarose in complete medium. Colonies were
stained 3 weeks later with 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide and counted using Quantity One
software (Bio-Rad). The results are presented as the mean *
S.D. of five independent experiments, with p = 0.05.

Xenograft Studies in Nude Mice—Parental NIH 3T3 cells or
generated NIH 3T3 cells stably expressing mTORf or the
RasG12/C40 effector-specific double mutant were injected
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(5 X 10° cells/site in 200 wl) subcutaneously into both flanks of
(MF1 nu/nu) nude mice, using a 25-gauge needle. Tumor for-
mation and growth were monitored every 2—3 days as described
(13). All experiments were in compliance with the United King-
dom Coordinating Committee on Cancer Research Guidelines
for the welfare of Animals in Experimental Neoplasia.

RESULTS AND DISCUSSION

To investigate the molecular components of the mTOR sig-
naling pathway and to define the mechanisms of its regulation,
we generated monoclonal antibodies specific for mTOR. One
of them, clone F11, efficiently recognized endogenous mTOR
in various immunological assays (10). When F11 and a com-
mercial antibody (mTOR rabbit polyclonal from Cell Signaling)
were used to analyze the expression of mTOR in rat tissues,
each showed a similar pattern of immunoreactive bands corre-
sponding to full-length mTOR, whereas a distinct band of ~80
kDa was only observed with Cell Signaling antibody (Fig. 14).
The 80-kDa protein was also detected in Western blot analysis
of human tissues probed with Cell Signaling, but not F11, anti-
bodies (supplemental Fig. 1F).

To prove that it is not the product of mTOR degradation but
a potential splicing form, we immunoprecipitated mTOR from
cell lines with the C-terminal mTOR antibody (Cell Signaling)
and analyzed the immune complexes with N19 antibody (Santa
Cruz Biotechnology), which recognizes the N terminus of
mTOR (Fig. 1B). As a result, full-length mTOR as well as the
80-kDa protein were specifically immunoprecipitated from
HEK 293, COS7, and Hep2G cells. Furthermore, the immune
complexes of anti-mTOR CS from MCF-7 and HEK 293 cells
were probed with F11 mTOR antibody that does not recognize
the 80-kDa protein in rat tissue extracts (supplemental Fig. 24).
In this experiment, the 80-kDa protein is only observed in
immunoblots with SC N19, but not with the F11 antibodies.
These results suggest that the 80-kDa protein possesses both
the N- and the C-terminal regions of mTOR and is not a prod-
uct of mTOR degradation.

Northern blot analysis of human tissues with a probe corre-
sponding to the 3'-coding region of mTOR provided further
evidence for the existence of potential mTOR splicing variants
(Fig. 1C). In addition to the 8.5-kb transcript, equivalent to the
full-length mTOR mRNA, several clearly defined bands in the
region of 1.7-3.4-kb were also observed, especially in heart and
liver. To isolate a cDNA clone corresponding to the 80-kDa
splicing variant, we employed RT-PCR screening of total RNA
from MCEF-7, HEK 293, and HepG2 cell lines with a panel of
mTOR-specific primers (supplemental Fig. 14). Sequence anal-
ysis of specifically amplified DNA fragments in three cell lines
allowed us to identify PCR products that contained a potential
mTOR splice fusion (supplemental Fig. 1, B—E). The identified
splicing variant of mTOR, which we termed mTORp, has an
open reading frame for a protein of 706 residues, consisting of
23 amino acids from the mTOR«a N terminus, a short stretch of
the FATN domain, FRB region, protein kinase and FATC
domains (Fig. 1D). Bioinformatic searches of DNA data bases
uncovered two expressed sequence tag clones (dbj BP286361.1
and dbj BP287435.1) with the same fusion sequence, demon-
strating further the existence of a second mTOR-splicing iso-

JOURNAL OF BIOLOGICAL CHEMISTRY 30809


http://www.jbc.org/cgi/content/full/M109.056085/DC1
http://www.jbc.org/cgi/content/full/M109.056085/DC1
http://www.jbc.org/cgi/content/full/M109.056085/DC1
http://www.jbc.org/cgi/content/full/M109.056085/DC1

mTORp Is a Novel Oncogenic mTOR Splicing Isoform

& the nucleus (16-18). Sequences
2 . . .
A ’f\é"\g?? o . B located within the HEAT domains
&> & N o @ . . . c e
we:mtor S & ¢}°s FSELFs & have been implicated in meclhat.mg
(Cs) 2z e mTORa membrane localization
mTOR*[ v = ! .w 170 kDa WB: mTOR S $ o (16). Subcellular fractionation of
. - okDa T(scN1g) & S o & MCE-7 cells, followed by immuno-
a F & ¢ ,{6’ ¥ . . .
nTor? 2 (W e -..- "N o blotting with CS-mTOR antibody,
WB: mTOR 70 kDa mioR> Pt as well as immunofluorescence
’ 130 kD s 1. .
(F11) 100 kDa analysis indicated that mTORS is
- a . . .
mTOR> . s ? s .” . * 170k o o & localized predominantly in the cyto-
- B 130 kDa 70kDa plasm, consistent with the absence
1001Da peaderla® [PiamTOR(ES) of HEAT domains (supplemental
70 kDa

-
WB: B-actinl- S oy e = |

Fig. 2D).
Next, we asked whether mTORp
is capable of associating with known

c D mTOR regulators (19-21). HEK
293 cells were transiently trans-
fected with FLAG-mTORB and

mTOR> oo SeNte & Raptor-HA, Rictor-Myc, or GfL-

4kb  MTORa B HA. As a result, despite mTORf

?)[ 1250 | rorg HEAT HEAT ~ FAT  FRBKDFATC  |acking HEAT repeats, exogenously
1.5k0 123 2 706 expressed Raptor, Rictor, and GSL

b-actin| formed specific complexes with

FIGURE 1. Identification of a novel mTOR splicing isoform in mammalian cell lines and tissues. A, immu-
noblot analysis of the mTOR expression in rat tissues is shown. Protein extracts (30 ng) were probed with the
C-terminal mTOR polyclonal antibodies from Cell Signaling (mTOR-CS, top panel) and F11 mTOR monoclonal
antibody (mTOR-F11, middle panel). The membrane was stripped and reprobed with anti-B-actin antibody
(bottom panel). The positions of the mTOR immunoreactive bands are indicated by arrows. WB, Western blot-
ting. B, the 80-kDa mTOR immunoreactive protein is not the product of proteolytic degradation. The extracts of
HEK 293, COS7, and Hep2G cells were immunoprecipitated with the C-terminal mTOR antibody (mTOR-CS),
and eluted proteins were probed with the N-terminal mTOR antibody (N19). Protein A-Sepharose beads cou-
pled with a nonspecific antibody were used as a negative control. C, Northern blot analysis reveals the presence
of several potential mTOR transcripts in human tissues. Details of specific probes and blotting conditions are
described under Experimental Procedures. The blot was initially probed with the 3" mTOR probe (upper panel)
and then reprobed for B-actin expression (lower panel). D, domain organization of the full-length mTOR« and

the mTOR} splicing isoform.

form. Notably, the search revealed only 10 expressed sequence
tag clones with sequences corresponding to the N-terminal
region of mTOR (covering the splicing junction) and two of
them encoded mTORS.

Ectopic expression of FLAG-mTORB in HEK 293 cells
revealed a protein of ~80 kDa (Fig. 24, upper panel) together
with a band of endogenous mTORf observed in HEK 293 cells
transfected with pcDNA3.1. Stimulation of cells with serum or
growth factors, such as insulin growth factor 1, is known to
induce phosphorylation of mTORe at Ser***® in a rapamycin-
sensitive manner (14, 15). Both endogenous and ectopically
expressed mTORp are phosphorylated at the equivalent site,
Ser®®, in response to serum stimulation, and this phosphoryl-
ation is inhibited by pretreatment with rapamycin (Fig. 24,
lower panel).

Similarly, the phosphorylation of mTOR« at Ser and
mTORS at Ser®*® was increased upon amino acid stimulation
(supplemental Fig. 2B). Probing cell lysates with p(Ser)**° S6K1
and p(Thr)*’/p(Thr)*® 4EBP1 phosphospecific antibodies con-
firmed the activation of the mTOR pathway in MCF-7 cells in
response to amino acid stimulation.

In cells, mTOR is associated predominantly with endoplas-
mic reticulum, Golgi, and mitochondria membranes, as well as

2448
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mTORRB in vitro (Fig. 2B) as well as
in vivo with endogenous mTORp,
Raptor, and Rictor (Fig. 2C). These
findings prompted us to test the
ability of mTORp to phosphorylate
known physiological substrates for
mTOR« (11, 22). In vitro, mTORP
can phosphorylate S6K1, 4EBPI1,
and PKB/Akt (Fig. 2, D and E). The
phosphorylation of specific sites on
S6K1, 4EBP1, and PKB/Akt by
mTORR in in vitro kinase assay has
been further confirmed by immunoblotting with phosphospe-
cific antibodies (data not shown). Because yeast and mamma-
lian TOR proteins function as dimers or oligomers (23), we
excluded the presence of mTORa in mTORB immunoprecipi-
tates by showing that FLAG-mTORa and Myc-mTORg do not
oligomerize in vivo (supplemental Fig. 2E). Moreover, probing
immune complexes with anti-mTOR (CS) antibody showed
that endogenous mTORa is also not present in mTORB immu-
noprecipitates (supplemental Fig. 2E). Taken together, the
above results indicate that mTOR}3, similarly to the full-length
mTOR, has the ability to function through mTORC1 and
mTORC2.

mTOR integrates intracellular and extracellular signals to
regulate cell growth, proliferation, and survival. To elucidate
the precise role of mTORp, we generated HEK 293 stable cell
lines that overexpress WT forms of mTORa, mTORp, and
EGFP. To avoid nonphysiological effects of exceedingly overex-
pressed exogenous proteins, we used in this study a mix of
clones of stable cell lines with a relatively small overexpression
of mMTORa and mTORR (Fig. 3A). The proliferative potential of
HEK 293 cells stably overexpressing mTORp was found to be
significantly higher compared with mTORa or EGEP cells (Fig.
3A). To gain insight into the mechanism by which mTORp
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FIGURE 2. Regulation and downstream signaling of mTORB. A, mTOR is phosphorylated in response to serum in a rapamycin-sensitive manner. HEK 293
cells were transfected with pcDNA3.1 or pcDNA3.1/FLAG-mTOR constructs. Two days later, cells were starved and serum-stimulated for 1 h in the presence
or absence of rapamycin. Total cell lysates were probed with the mTOR-CS (upper panel) and pS2448 mTOR (lower panel) antibodies. WB, Western blotting.
B, mTORP forms specific complexes with Raptor, Rictor, and GBL in vitro. HEK 293 cells were transfected with pcDNA3.1/FLAG-mTORp and pcRK/HA-Raptor,
pcDNA3.1/FLAG-mTORB and pRK/Myc-Rictor, or pcDNA3.1/FLAG-mTORB and pcRK/GBL. Two days later, cell lysates were immunoprecipitated with anti-FLAG
or nonspecific antibodies. Immune complexes were resolved by SDS-PAGE and immunoblotted with anti-FLAG, anti-HA, or anti-Rictor antibodies. C, specific
association of endogenous Raptor and Rictor with mTOR splicing isoforms a and 3. Endogenous Raptor and Rictor were immunoprecipitated (/P) with specific
antibodies from HEK 293 cells. Co-precipitated mTORa and mTORp were detected by immunoblotting with mTOR-CS antibody (upper panel). The membrane
was then reprobed with anti-Raptor or anti-Rictor antibodies. D and E, S6K1, 4EBP1, and PKB/Akt are the substrates for mTORp in vitro. Overexpressed mTOR
splicing isoforms « and 8 were immunoprecipitated from HEK 293 cells using anti-Myc tag antibody. The in vitro kinase assays were carried out as described

under Experimental Procedures.

controls cell proliferation, we assessed the phosphorylation sta-
tus of known mTOR targets. The phosphorylation of Ser*”?
PKB/Akt, Thr**® S6K1 as well as Ser®® and Thr*’/Thr*® in
4EBP1 was increased in mTORpB-expressing cells compared
with mTOR« or EGFP counterparts, whereas Thr*°® PKB/Akt
phosphorylation was the same (Fig. 3A4). Consistent with these
observations, we also observed an increase in c-Myc protein
level, in cells overexpressing mTORp, but not mTOR« (Fig.
3A). Because the mTORa and mTORP were overexpressed
with different tags, total levels of endogenous and overex-
pressed mTORa/B were measured by probing with the CS anti-
body (Fig. 3A). Similar results were obtained with HEK 293 cells
transiently overexpressing mTORa and mTORR (supplemen-
tal Fig. 3).

To find whether mTORR kinase activity is required for the
induction of proliferation, we generated HEK 293 cells overex-
pressing a KD form of mTORR. The ability of the mTORS KD
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mutant to stimulate cell proliferation was markedly reduced
compared with the WT and correlated with the decrease in the
substrate phosphorylation and the expression of c-Myc (Fig.
3B). It should be noted that the KD form of mTOR} associates
with substrate-presenting proteins Raptor and Rictor as effi-
ciently as the WT kinase (supplemental Fig. 2C).

Next, we examined the sensitivity of generated stable cell
lines to rapamycin. In three independent experiments, we
found that the proliferation of all examined cell lines is inhib-
ited by rapamycin in a dose-dependent manner (Fig. 3C). How-
ever, we reproducibly observed that the proliferation of
mTORB-overexpressing cells is less sensitive to the inhibitory
effect of rapamycin compared with cells expressing mTORa or
EGEFP.

To study the observed differences at the molecular level, we
analyzed the effect of rapamycin (0, 1, 5, and 10 nMm) on complex
formation between eIF4E and 4EBP1 in cells overexpressing
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FIGURE 3. mTORp isoform, but not mTOR¢, promotes cell proliferation and G,/S transition of the cell cycle. A, ectopic expression of mTORB in HEK 293
cells induces cell proliferation. Immunoblotting of total cell lysates was carried out with the indicated antibodies. The protein levels were measured by
densitometry, normalized to actin, and fold changes were calculated against EGFP-expressing stable cells. Data are means =+ S.D. of four experiments. WB,
Western blotting. B, mTORS kinase activity is required for the induction of proliferation. Protein expression levels were measured as described in A. Cand D,
mTORp-overexpressing cells are less sensitive to rapamycin. C, HEK 293 cells expressing mTORa, mTOR3, or EGFP were seeded into 96-well plate in four repeats
(250 cells/well) and grown with or without increasing concentrations of rapamycin (1,2.5, 5, 10, and 20 nwm) for 4 days. Cell numbers were then measured in each
well by resazurin-based assay. The proliferation curve is presented as percentages of non-rapamycin-treated points in each group. The data are the mean of
three independent experiments = S.D. D, precipitation of elF4E-4EBP1 complex using m7GTP-Sepharose from mTOR3-, mTORa-, or EGFP-overexpressing cell
lines incubated in the absence or presence (1, 5, or 10 nm) of rapamycin. E, the G, phase of the cell cycle is regulated by the mTORp isoform. BrdUrd pulse
labeling was performed as described under Experimental Procedures. The duration of G;, S, and G, phases of the cell cycle observed for each cell line is presented
in the graph. Data are means = S.D., p value <0.04 (¥, against EGFP; **, against mTORq).

mTOR«, mTORP, or EGFP. It is well established that treat- mation in a dose-dependent manner. Notably, the induction of
ment of cells with rapamycin increases the interaction between  eIF4E-4EBP1 complex formation in response to rapamycin is sig-
initiation factor eIF4E and translational inhibitor 4EBP1. Here, nificantly reduced in cells overexpressing mTORB compared
we used m7GTP-Sepharose to examine the state of elF4E- with mTOR« or EGFP stable cell lines. These results are in
4EBP1 complex in the presence or absence of rapamycin. The agreement with the above findings (Fig. 3C), showing the
results presented in Fig. 3D demonstrate that treatment of exam-  growth of mTOR-expressing cells being less sensitive to rapa-
ined cell lines with rapamycin induces eIF4E-4EBP1 complex for- mycin compared with mTOR« or EGFP cell lines.
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FIGURE 4. mTORp transforms immortal cells and is tumorigenic in nude mice. A, anchorage-independent
growth in soft agar of HEK 293 cells expressing mTORB, mTORg, or EGFP. Stable cell lines were plated in a thin
layer of agarose in culture medium. Three weeks later, colonies were stained with 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (left) and counted using Quantity One software, and fold changes were
plotted (right). Data are means = S.E. of four experiments. *, p = 0.01 against EGFP. B, NIH 3T3 cells overex-
pressing mTOR are tumorigenic in nude mice. 5 X 10° parental NIH 3T3 cells and stable NIH 3T3 cells over-
expressing mTORp or RasG12/C40 double mutant were injected subcutaneously into nude mice. Tumor for-
mation and growth were measured over time and are presented in the graph. The number of tumors grown/

number of injections (in parentheses) is shown.

To elucidate the mechanism by which mTOR} can stimulate
cell proliferation, we explored its effect on the cell cycle pro-
gression. Flow cytometric analysis with use of pulse BrdUrd
labeling of HEK 293 cells overexpressing mTORa, mTORS,
and EGFP (see Experimental Procedures) clearly indicated that
the G, phase in mTOR} cells is ~4 h shorter than in mTOR«
and EGFP cells (Fig. 3E). At the same time, no significant dif-
ferences in the length of the S and G, phases were detected. The
pattern was replicated in NIH 3T3 cells overexpressing WT
mTORP and EGFP (not shown). These findings are consistent
with the induction of c-Myc expression in mTORS cells, as
c-Myc controls the expression of genes that participate in G, /S
transition (24).

There is compelling evidence that mTOR is a critical down-
stream component of the Ras/PI3K/PKB pathway in tumori-
genesis (25). The ability of mTORS to shorten the cell cycle
significantly and to stimulate cell proliferation prompted us to
assess its oncogenic potential. Initially, we examined whether
the overexpression of mMTOR« or mTORp isoforms in HEK 293
cells is sufficient to induce colony formation in soft agar. We
reproducibly observed from 1.5- to 2.5-fold more colonies orig-
inating from mTORS-expressing cells compared with EGFP or
mTORu cells (Fig. 4A).

To find out whether the overexpression of mTOR} isoform
alone can be a tumorigenic event, we performed xenograft
studies in nude mice with parental cells or NIH 3T3 cells
expressing either mTORp or the RasG12/C40 effector-specific
double mutant, which preferentially activates the PI3K pathway
(26). The appearance and growth of tumors were monitored
over a period of 3 months (Fig. 4B). Mice injected with cells
expressing RasG12/C40 developed tumors rapidly, within 10
days. Significantly, the mTORpB-expressing cells gave rise to
tumors in all injected mice, but their development and growth
were delayed compared with RasG12/C40-derived tumors (Fig.
4B). Thus, the overexpression of mTORp is sufficient to
induce tumorigenicity of NIH 3T3 cells in nude mice. Immu-
noblot analysis of injected cell lines and the developed
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tumors revealed that tumorigene-
—e—RAS C40 sis in nude mice induces the
—=—mTORB endogenous expression of the
—*—NIH3T3parental  mMTORp-splicing isoform (supple-
mental Fig. 4). Alternative splicing

A1) has been implicated in regulating
the expression of many oncogenes
and tumor-suppressor isoforms.
Recently, the splicing factor SF2/
ASF was shown to act as an onco-

11(11)

protein by controlling the alterna-
tive splicing of several signaling
proteins, including the oncogenic
form of S6K1 (27). Preliminary
data show that mTORB is an
endogenous splicing target of SF2/
ASF in NIH 3T3 cells.® It remains
to be investigated whether up-reg-
ulation of mTORP expression is
required for oncogenic transfor-
mation mediated by SF2/ASF or
proto-oncogenes in the RAS/PI3K pathway.

This study identifies the mTORp isoform, but not currently
known mTORa, as a key component of the mTOR signaling
responsible for coordinating cell cycle progression and cell pro-
liferation. Furthermore, we provide evidence that mTORB is an
oncoprotein with the capacity to promote cell transformation
and tumor maintenance and is, therefore, a novel therapeutic
target for human cancer.
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