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Atk can be activated by two independent phosphorylation events. Growth factor-dependent phosphorylation
of threonine 308 (Akt-308) by phosphatidylinositol 3-kinase-dependent PDK1 leads to activation of mamma-
lian target of rapamycin (mTor) complex 1 (TORC1) and stimulation of protein synthesis. Phosphorylation on
serine 473 (Akt-473) is catalyzed by mTor in a second complex (TORC2), and Akt-473 phosphorylates Foxo3a
to inhibit apoptosis. Accumulation of both phosphorylated forms of Akt is frequent in cancer, and TORC2
activity is required for progression to prostate cancer with Pfen mutation. Here, we link Akt-473 to the Rbl
pathway and show that mTor is overexpressed with loss of the Rb1 family pathway. This leads to constitutive
Akt-473 and, in turn, phosphorylation of Foxo3a and resistance to cell adhesion-dependent apoptosis (anoikis).
Additionally, Akt-473 accumulation blocks c-Raf activation, thereby preventing downstream Erk activation.
This block cannot be overcome by constitutively active Ras, and it also prevents induction of the Arf tumor
suppressor by Ras. These studies link inactivation of the Rb1 pathway, a hallmark of cancer, to accumulation
of Akt-473, resistance to anoikis, and a block in c-Raf/Erk activation.

Binding of growth factors to their cell surface receptors
activates the Ras family of GTP-binding proteins, which in turn
classically activates a cell proliferation signaling cascade, in-
cluding c-Raf and Erk (27, 28). Mutations leading to constitu-
tive Ras activation are among the most frequently found in
cancer, highlighting the importance of this pathway in cancer
initiation. Ras can also activate phosphatidylinositol 3-kinase
(PI3K), which in turn leads to phosphorylation and activation
of Akt (reviewed in reference 20). Akt activation can also
stimulate cell proliferation by controlling the expression and
subcellular localization of cell cycle regulators, such as cyclin
D1 and p27Kipl, and it can regulate protein synthesis by con-
trolling the activity of mammalian target of rapamycin (mTor)
complex 1 (TORC1); inhibit apoptosis by controlling the sub-
cellular localization of Foxo3a, which transactivates proapop-
totic genes; and change cell shape and motility through regu-
lation of the Rac-Rho-Ccd42 pathway (2). Constitutively active
Akt is oncogenic, and activated Akt frequently accumulates in
cancer cells (9, 22, 29, 38). As opposed to acting in concert,
these two Ras-activated pathways appear to function sepa-
rately or even antagonistically in at least some cells, because
Akt can block activation of c-Raf, which in turn prevents Erk
activation (20). Indeed, recent results suggest that the two
pathways may function sequentially during tumor progression.
While Ras-mediated activation of the MAP kinase/Erk path-
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way is important in tumor initiation, as tumorigenesis
progresses, the major role of Ras activation may become the
PI3K/Akt pathway (22).

Akt is phosphorylated by two different kinases. PDKI is
activated via PI3K in response to growth factors, and it phos-
phorylates Akt on threonine 308 in the A loop (Akt-308) (1).
The Pten phosphatase is negatively related to PI3K activity,
and mutations in Pten are common in cancer (4). Akt-308
phosphorylates TSC2, thereby blocking the GAP activity of
TSC1/TSC2 toward Rheb, whose GTPase activity is required
for TORC1 function. mTor, in the context of TORCI, phos-
phorylates and activates the AGC kinase family member S6 to
regulate protein synthesis, thereby linking growth factor stim-
ulation to protein synthesis (5, 14, 36). Mutations in Ras and
Pten are mutually exclusive in some tumors, and lack of Erk
activation is an adverse prognostic factor in melanoma (4, 19,
21, 26, 38). Taken together, these results suggest that activa-
tion of PI3K and, in turn, Akt is a critical function of Ras
mutation in some tumors.

mTor forms a second complex (TORC2) with Sinl, Rictor,
and mLST8 (24, 30), and mTor in the context of TORC2
phosphorylates Akt (which, like S6, is also an AGC family
member) on serine 473 in the hydrophobic motif (11, 18, 32,
37). Knocking out components of TORC2 prevents Akt-473
without affecting Akt-308 (11, 18, 32, 37). Thus, Akt-473 and
Akt-308 can be independently catalyzed. TORC2 also phos-
phorylates Akt and another AGC family member, protein ki-
nase C, on the turn motif, and this phosphorylation is impor-
tant for protein folding/stability (8, 17).

Akt-308 and Akt-473 appear to be directed at distinct cel-
lular pathways. Akt-308 is essential for regulation of TORC1
and thus protein synthesis, whereas Akt-473 is important for
phosphorylation of Foxo3a and prevention of its translocation
to the nucleus, where it activates apoptotic genes (16, 18).
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Accordingly, Akt-473 is associated with resistance of cells to
stress and to anoikis (survival in the absence of normal matrix
contact) (10). Although Akt-473 has been associated with cy-
toskeletal changes, no obvious effect of loss of TORC2 com-
ponents and thus Akt-473 on the actin cytoskeleton or on cell
proliferation was seen in culture (18), suggesting that these
activities may be linked to Akt-308. Both Akt-308 and Akt-473
frequently accumulate in cancer cells, consistent with increased
proliferation and protein synthesis and increased motility and
survival as cells lose their normal matrix contacts in the form-
ing tumor and during metastasis (9, 29). Such accumulation of
Akt-308 can be facilitated by mutations, such as Ras, leading to
constitutive activation of growth factor signaling or to mutation
or epigenetic silencing of the Pten phosphatase, which inhibits
PI3K activity (4, 9). However, less is known about how TORC2
is regulated or why Akt-473 accumulates in cancer.

One target of the increase in cyclin-dependent kinase (cdk)
activity resulting from Erk-dependent induction of genes such
as the one encoding cyclin D1 is the Rbl pathway, whose
family members are hyperphosphorylated and inactivated by
the resulting accumulation of cdk activity (13, 25). While Rb!
is mutated in some cancers (e.g., retinoblastoma, small-cell
lung cancer, and osteosarcoma), more frequently the pathway,
including all three Rb1 family members, is inactivated through
hyperphosphorylation resulting from mutation or epigenetic
silencing of a cdk inhibitor (13). Interestingly, mouse embryo
fibroblasts (MEFs) mutated for only one of the three family
members, Rb1, no longer require Erk signaling for prolifera-
tion in culture, but they do require Akt activity (6). Addition-
ally, expression of the adenoviral oncoprotein Ela in cells
blocks Erk activation, and this effect was eliminated with a
point mutation in Ela that prevented its binding and by inhi-
bition of the Rbl family (3). These results suggest that even
partial inactivation of the Rb1 pathway (e.g., mutation of RbI)
eliminates a requirement for Erk signaling, but further, the
Rb1 pathway seems to be required for cells to activate Erk. As
a model for Rb1 pathway inactivation in cancer, we examined
the effects of mutation of the three Rbl family members on
Akt and Erk signaling pathways in MEFs.

MATERIALS AND METHODS

Cell lines and cell culture. Four different primary cultures of triple-knockout
(TKO) MEFs from different litters were used with similar results in the studies.
TKO Ras cells were generated by infection of TKO cells with a V12 Ha-ras-
expressing retrovirus, as previously described (33). TKO and TKO Ras cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Carls-
bad, CA) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(HyClone, Atlanta, GA) and maintained in a humidified atmosphere at 37°C and
5% CO,.

RNA isolation and analysis of gene expression by real-time PCR. RNA iso-
lation and real-time PCR were performed as described previously (23). The
primers for real-time PCR are shown in Table S1 in the supplemental material.

Transfection assays. A full-length mTor cDNA expression vector was obtained
from OpenBiosystems, and the full-length mTor cDNA insert was confirmed by
multiple restriction enzyme digestions. MEFs were seeded at 200,000 cells per
well of a 12-well plate containing antibiotic-free DMEM (Cellgro) with 10% FBS
(HyClone) and cultured overnight. The next day, the cultures were switched to
DMEM without antibiotics and FBS and cotransfected with the mTOR expres-
sion vector and a green fluorescent protein (GFP) expression vector at a ratio of
5:1 for 6 h with Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s protocol. The transfected cells were then cultured in DMEM
containing 10% FBS and 1% antibiotic mixture (Cellgro) at 37°C and 10% CO,.
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Immunostaining. Cells were washed with phosphate-buffered saline (PBS),
fixed with 4% formaldehyde for 10 min, and then washed again with PBS. The
cells were then treated with methanol at —20°C for 10 min and blocked with 4%
goat serum at room temperature for 1 hour. The cells were incubated with
primary antibody overnight at 4°C. The following primary antibodies (see Table
S1 in the supplemental material) were used: rabbit anti-phospho-Akt (Ser 473)
polyclonal antibody (1:10; Cell Signaling Technology, Inc., Boston, MA), rabbit
anti-phospho-Akt (Thr 308) polyclonal antibody (1:10; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA), rabbit anti-FKHRLI (Foxo3a) polyclonal antibody
(1:10; Santa Cruz Biotechnology, Inc.), and mTor (H-266) (1:10; Santa Cruz).
The next day, the cells were washed with PBS, followed by incubation with
secondary antibody (Alexa Fluor goat anti-rabbit immunoglobulin G; Invitrogen,
Carlsbad, CA) for 1 h at room temperature. Images were captured with a Zeiss
confocal microscope.

Western blot analysis. Cell extracts were prepared by washing cells with cold
PBS and adding 100 wl of lysis buffer (Pierce Biotechnology, Rockford, IL) with
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO), followed by high-
speed centrifugation. The protein concentration was assayed by the Bradford
method (Bio-Rad Laboratories, Richmond, CA). Forty micrograms of protein
from each sample was subjected to electrophoresis on a 4 to 20% gradient
sodium dodecyl sulfate-polyacrylamide gel (Bio-Rad Laboratories, Richmond,
CA) and transferred to a nitrocellulose membrane (GE Healthcare Biosciences,
Piscataway, NJ). The membranes were blocked for 1 h in 5% powdered milk and
0.1% Tween 20 and then incubated overnight with primary antibody, followed by
a 1-h incubation with horseradish peroxidase-conjugated secondary antibody
(Pierce Biotechnology, Rockford, IL), and detection was done with enhanced
chemiluminescence (Perkin Elmer, Waltham, MA). The following antibodies
were used: rabbit anti-phospho-Akt (Ser 473) polyclonal antibody (1:1,000; Cell
Signaling Technology, Inc., Boston, MA), rabbit anti-phospho-Akt (Thr 308)
polyclonal antibody (1:1,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
rabbit anti-Akt polyclonal antibody (1:1,000; Santa Cruz Biotechnology, Inc.),
mouse anti-phospho-Erk (T202/Y204) monoclonal antibody (1:1,000; Santa Cruz
Biotechnology, Inc.), rabbit anti-Erk polyclonal antibody (1:1,000; Cell Signaling
Technology, Inc., Boston, MA), rabbit anti-FRAP polyclonal antibody (1:1,000;
Santa Cruz Biotechnology, Inc.), rabbit anti-phospho-Raf-1 (Ser 259) polyclonal
antibody (1:1,000; Santa Cruz Biotechnology, Inc.), mouse anti-Raf-1 monoclo-
nal antibody (1:1,000; Santa Cruz Biotechnology, Inc.), rabbit anti-phospho-
FKHRLI (Foxo3a) (Thr 32) polyclonal antibody (1:1,000; Santa Cruz Biotech-
nology, Inc.), rabbit anti-phospho-FKHRLI (Ser 253) polyclonal antibody (1:
1,000; Santa Cruz Biotechnology, Inc.), and mouse anti-FKHRL1 monoclonal
antibody (1:1,000; Santa Cruz Biotechnology, Inc.).

Ras activation assay. Ras activity was carried out by using the EZ-Detect Ras
activation kit (Pierce Biotechnology, Rockford, IL) that uses a glutathione S-
transferase (GST) fusion protein containing the Ras-binding domain of Raf.

Construction of a lentivirus expressing mTor shRNA. To generate a lentivirus
expressing mTOR short hairpin RNA (shRNA), a primer containing an mTOR
shRNA sequence (5'-CTGTCTAGACAAAAGAGATGGAGGAGATCACCC
TCTCTTGAAGGGTGATCTCCTCCATCTCGGGGATCTGTGGTCTCATA
CA-3") was used to amplify a 500-bp fragment containing the H1 promoter using
the pSuper vector as a template. The resulting PCR product was digested with
Spel and Xbal and cloned back into the lentiviral vector digested with Nhel. The
control sequence was 5'-CAACAAGATGAAGAGCACCAATCTCTTGAATT
GGTGCTCTTCATCTTGTTG-3', which was BLAST searched against all
mouse RNA sequences to ensure that it did not target an mRNA. We first cloned
the shRNA oligomers into a cytomegalovirus-GFP lentiviral vector, where its
expression was driven by the mouse U6 promoter. Briefly, the shRNA constructs
were generated by synthesizing an 83-mer oligonucleotide containing (i) a 19-
nucleotide sense strand and a 19-nucleotide antisense strand separated by a
9-nucleotide loop (TTCAAGAGA), (ii) a stretch of five adenines as a template
for the Pol III promoter termination signal, (iii) 21 nucleotides complementary
to the 3’ end of the Pol III U6 promoter, and (iv) a 5" end containing a unique
Xbal restriction site. The long oligonucleotide was used together with an sp6-
binding oligonucleotide (5'-ATTTAGGTGACACTATAGAAT-3") to PCR am-
plify a fragment containing the entire U6 promoter plus shRNA sequences; the
resulting product was digested with Xbal and Spel ligated into the Nhel site of
the lentivirus vector, and the insert was sequenced to ensure that no errors
occurred during the PCR or cloning steps. The detailed procedure has been
published elsewhere (32a, 34a). Lentiviral particles were produced by a four-
plasmid transfection system as described previously (34a). Briefly, 293T cells
were transfected with the lentiviral vector and packaging plasmids, and the
supernatants, containing recombinant pseudolentiviral particles, were collected
from culture dishes on the second and third days after transfection.
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FIG. 1. Mutation of the Rbl pathway leads to constitutive Akt-473. (A) Western blot showing the levels of Akt-473 in the indicated
proliferating cells. (B) Western blot showing the levels of Akt-308 in proliferating cells. (C) Western blot showing that the level of Akt-473 becomes
elevated and independent of serum with mutation of the Rb1 pathway and that Ras activation does not further affect the level of Akt-473 when
the Rb1 pathway is mutated. (D) TKO MEFs were infected with a retrovirus expressing V12 Ras to create TKO RAS cells, and activated Ras was
assessed by Western blotting after binding to Gst-Raf as described in Materials and Methods. Lanes not used in the original blot were spliced out.

RESULTS

Rb1 family mutation leads to accumulation of Akt-473, but
not Akt-308. Akt phosphorylation was compared in wild-type
MEFs and MEFs in which the three Rb1 family members were
mutated (TKO MEFs) (7, 31). Akt-308 was not detected in
either cell type; however, Akt-473 was present constitutively in
the TKO MEFs, but it was not detected in wild-type MEFs
(Fig. 1A and B). Next, we examined Rb! '~ MEFs and
RbL17~ RbL27'~ double-knockout MEFs (see Fig. S1 in the
supplemental material). Neither of these cells significantly ac-
cumulated Akt-473, suggesting that mutation or inactivation of
the Rb1 family is required for such accumulation. The cells
were serum starved for 24 h, and then serum was added and
Akt phosphorylation was followed. Serum stimulated Akt-308
in all of the cell types within 10 min, but by 24 h, Akt-308 was
no longer detected (Fig. 1C and results not shown). Thus,
activation and loss of Akt-308 appear to be unaffected by Rb1
family mutation. Addition of serum to serum-starved cells also
led to the appearance of Akt-473 in the wild-type MEFs, and
as with Akt-308, Akt-473 was no longer detectable in the wild-
type cells by 24 h (Fig. 1C and results not shown). In contrast,
serum starvation did not significantly diminish Akt-473 in the
TKO MEFs, nor did Akt-473 increase further when the cells
were re-treated with serum (Fig. 1C). Thus, Rb1 family muta-
tion leads selectively to constitutive Akt-473.

Rb1 family mutation blocks Erkl/2 phosphorylation. Next,
we compared Erk activation in wild-type and TKO MEFs.
While Erk1/2 phosphorylation was evident in proliferating
wild-type MEFs, little phosphorylation was seen in the TKO
MEFs (Fig. 2A). Erk phosphorylation was lost in the wild-type
cells upon serum starvation, and phosphorylation was restored
by 10 min following serum addition (Fig. 2B). This phosphor-
ylation then returned to the basal level by 3 h. Only limited Erk
phosphorylation was evident when serum-starved TKO cells
were reexposed to serum (Fig. 2B). Next, we examined Rb1 /™
MEFs, and we found relatively normal Erk activation in re-
sponse to serum stimulation (see Fig. S1 in the supplemental

material), suggesting that mutation of Rb! alone is not suffi-
cient for a block in Erk phosphorylation in MEFs.

Activated V12 Ras cannot restore Erk activation in TKO
MEFs. TKO MEFs were infected with a retrovirus expressing
activated V12 Ha-Ras (33) in an effort to force activation of
Erk in the cells. This led to a significant increase in active Ras,
as assessed by binding to GST-Raf (Fig. 1D). However, there
was little evidence of Erk1/2 phosphorylation in the prolifer-
ating TKO Ras cells (Fig. 2A), nor was there evidence of
Erk1/2 phosphorylation in the TKO Ras cells following serum
stimulation of serum-starved cells (Fig. 2B). Thus, constitutive
activation of Ras is unable to activate Erk in TKO MEFs.
When TKO and TKO Ras MEFs were compared for Akt
phosphorylation, no difference was evident (Fig. 1A to C),
suggesting that constitutive activation of Ras in the TKO
MEFs was not further affecting Akt phosphorylation.

c-Raf activation is blocked in TKO MEFs, and this activa-
tion cannot be restored by activated Ras. It has been reported
that Akt can phosphorylate and inactivate c-Raf, thereby
blocking the downstream activation of Erk (20). Therefore, we
examined c-Raf activation in normally proliferating MEFs and
TKO MEFs. While there was a high basal level of c-Raf phos-
phorylation in wild-type MEFs, such phosphorylation was not
detected in the TKO MEFs (Fig. 2C), nor was significant c-Raf
phosphorylation evident in the TKO Ras MEFs (Fig. 2C). The
cells were then serum starved, and serum was added back to
the cells. In wild-type MEFs, serum starvation eliminated c-
Raf activation, and this activation was restored following se-
rum replacement (Fig. 2D). However, c-Raf phosphorylation
was not detected in TKO or TKO-Ras MEFs when serum was
replaced. Consistent with the lack of c-Raf activation in TKO
and TKO-Ras MEFs, these cells also lacked significant Mek
activation in normally proliferating cells or following readdi-
tion of serum to serum-starved cells (Fig. 2E). These results
suggest that Erk activation is blocked at the level of c-Raf in
cells when the Rbl pathway is disrupted. This inability to
activate c-Raf cannot be overcome by expression of constitu-
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FIG. 2. Mutation of the Rb1 pathway inhibits activation of the c-Raf/Mek/Erk pathway, and Ras activation does not overcome this inhibition.
(A) Western blot showing the levels of phosphorylated (P) Erk1/2 in proliferating cells. (B) Western blot analysis of the effects of serum starvation
followed by readdition of serum on Erk phosphorylation. (C) Western blot showing the levels of phosphorylated c-Raf in proliferating cells.
(D) Western blot showing the effects of serum starvation (—) and readdition of serum (+, 30 min after serum addition) on c-Raf phosphorylation.
(E) The cells in panel D were assessed for phosphorylation of Mek. Lanes not used in the original blot were spliced out.

tively active Ras, and it is correlated with the constitutive high
level of Akt-473 in the cells.

Cell cycle genes are expressed in the absence of Erk signal-
ing in MEFs lacking the Rbl pathway, and Ras does not
induce expression of Arf in these cells. Erk signaling in re-
sponse to Ras activation by growth factors provides an im-
portant proliferative signal. Because we found that Erk ac-
tivation is blocked when the Rbl pathway is disrupted, we
used real-time PCR to compare expression levels of mRNAs
for genes important for cell cycle progression in wild-type
and TKO MEFs. With the high level of Akt-473 in the TKO
MEFs, we suspected that genes dependent upon TCF-B-
catenin may be activated due to inhibition of GSK-3-8 by
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Akt (9). Two cell cycle genes classically activated by this
pathway are c-myc and cyclin D1 (Ccndl) (15, 34). Indeed,
mRNAs for both of these genes were induced in the TKO
MEFs (Fig. 3A). Furthermore, mRNAs for other cyclins and
cdks associated with cell cycle progression were also induced
(Fig. 3A). Arf is transcribed from the INK4 locus in re-
sponse to constitutive Erk signaling (arising, for example,
from Ras mutation), and it causes activation of p53 and thus
tumor suppression by cell cycle arrest (senescence) and
apoptosis (25). We found that expression of activated Ras
did not induce Arf mRNA in the TKO MEFs (Fig. 3B).
These results demonstrate that TKO MEFs induce impor-
tant cell cycle-regulatory genes in the absence of Erk acti-

B.
1.0 1N
8 Arf
W Ar
.§ O Actin
5
2 051 — 1
2
8
[.}}
[+'4
0.0-
‘6@%% . % %
NN
® (] © (-

FIG. 3. mRNAs for cell cycle proteins are elevated when the Rb1 pathway is mutated in TKO MEFs, but Arf mRNA is not induced, nor is it
induced in response to activated Ras. (A) Real-time PCR comparing mRNA levels in wild-type and TKO MEFs. (B) Real-time PCR for Arf
mRNA compared in wild-type (WT), TKO, and TKO Ras MEFs. The error bars indicate standard deviations.
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TKO TKO mTor shRNA

FIG. 4. Effects of cell adhesion and mTOR shRNA knockdown on the levels and subcellular localization of Akt-473, Foxo3a, and mTor in
wild-type and TKO MEFs. (A) Phosphorylation of Foxo3a was monitored in the indicated cell types by Western blotting using a phosphospecific
antibody. (B to Y) Cell types are shown above the panels. DAPI (4',6'-diamidino-2-phenylindole) nuclear staining is blue, and immunostaining is
shown in red. TKO cells with mTor shRNA knockdown are described in the legends to Fig. 7 and 8. “Su” indicates that cells were placed in
suspension culture for 6 h prior to being immunostained; “Ad” indicates cells in adherent culture. Bars, 25 pm.

vation and that the Arf tumor suppressor is not induced
along with these cell cycle genes.

Accumulation of Akt-473 in TKO MEFs is associated with
phosphorylation of Foxo3a and its cytoplasmic localization
and with resistance to anoikis. While Akt-308 is thought to act
primarily to regulate TORC1 and thus protein synthesis, Akt-
473 appears to be responsible for mediating resistance to apop-
tosis from stress triggered by chemotherapy drugs or loss of
matrix contact (anoikis) (10, 18). Such inhibition of apoptosis
is accomplished, at least in part, through phosphorylation of
the proapoptotic transcription factor Foxo3a, which sequesters
the transcription factor in the cytoplasm, where it is inactive
(16). Accordingly, while we did not detect phosphorylated
Foxo3a in wild-type MEFs, it was phosphorylated in TKO and
TKO Ras MEFs (Fig. 4A). Consistent with this finding, Foxo3a
was cytoplasmic in TKO MEFs, whereas a significant fraction
of the protein was nuclear in wild-type MEFs (Fig. 4B to E).
When wild-type MEFs were placed in suspension culture for
6 h, Foxo3a translocated to the nucleus (Fig. 4H and I), and
most of the cells underwent anoikis (Fig. 5). In contrast,
Foxo3a remained cytoplasmic when TKO MEFs were placed
in suspension for 6 h (Fig. 4] and K), and relatively little
anoikis was observed (Fig. 5).

Consistent with the cytoplasmic localization of Foxo3a and
previous Western blot data (Fig. 1A), immunostaining for Akt-
473 was evident in TKO MEFs, but not in wild-type MEFs
(Fig. 4N to P), and, this expression of Akt-473 did not appear
to be dependent upon the cell density (see Fig. S2 in the
supplemental material). Akt-473 was primarily cytoplasmic in
the TKO MEFs, although some nuclear immunostaining was
evident. Akt-473 was still not detected when wild-type MEFs
were placed in suspension, and interestingly, most of the Akt-
473 translocated to the nucleus when TKO MEFs were placed
in suspension (Fig. 4R to T). Previous studies demonstrated

accumulation of phosphorylated Akt in the nuclei of cancer
cells and that this nuclear Akt is required for phosphorylation
of Foxo3a and thus for its translocation to the cytoplasm (35).
Therefore, nuclear Akt-473 in TKO MEFs in suspension is
consistent with exclusion of Foxo3a from the nucleus and sur-
vival under these conditions.

mTor expression is elevated in TKO MEFs. Next, we inves-
tigated why Akt-473 may be elevated in TKO MEFs. Akt is
phosphorylated on serine 473 by mTor in the context of
TORC2. Therefore, we compared the expression levels of
mRNAs for components of TORC2 in wild-type and TKO
MEFs. While only modest changes were seen in mRNAs for
mLATS, Rictor, and Sinl, mTor mRNA was elevated in TKO

50+
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o] _
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TKO - Ras TKO Wt
mTor mTor
shRNA

FIG. 5. Mutation of the Rbl pathway provides resistance to
anoikis, ShRNA knockdown of mTor restores anoikis, and mTor over-
expression in wild-type (Wt) MEFs confers resistance to anoikis. Cells
were trypsinized from tissue culture plates and placed in suspension
culture for 18 h. Trypan blue exclusion was used to assess cell viability.
The error bars indicate standard deviations.
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FIG. 6. Rbl pathway mutation leads to induction of mTor mRNA. Real-time PCR was used to compare the levels of TORC2 mRNAs in
wild-type (MEF), TKO, and TKO Ras MEFs. The error bars indicate standard deviations.

and TKO Ras MEFs (Fig. 6). Western blot analysis confirmed
that the level of mTor protein was also elevated (see Fig. 8A).
Consistent with these findings by real-time PCR and Western
blotting, abundant mTor was evident in the cytoplasm of TKO
MEFs, whereas mTor was barely detected by immunostaining
in the wild-type MEFs (Fig. 4V to X).

shRNA knockdown of mTor in TKO MEFs diminished Akt-
473 and Foxo3a phosphorylation and cytoplasmic retention
and restored anoikis. shRNA lentiviral infection of TKO

MEFs was used to knock down expression of mTor (Fig. 7A to
F). The lentiviral vector also expresses GFP, so the extent of
infection could be evaluated. Only 11% of the cells expressed
GFP; thus, to enrich for infected cells, the cells were sorted for
GFP expression (Fig. 7G). Western blot analysis demonstrated
that expression of mTor was knocked down in the infected
TKO MEFs to a level similar to that seen in wild-type MEFs
(Fig. 8A), and consistent with this knockdown, immunostain-
ing for mTor was also diminished (Fig. 4Y). Infection of the
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FIG. 7. Knockdown of mTor using lentiviral ShRNA does not significantly alter cell morphology or proliferation. (A) Low-power phase-contrast
image of TKO MEFs infected with mTor shRNA lentivirus. (B) GFP immunofluorescence in panel A, showing infected cells. (C) Merge of panels
A and B. (D) Higher-power phase image of TKO MEFs infected with mTor shRNA lentivirus. (E) GFP immunofluorescence in panel D.
(F) Merge of panels D and E. (G) Sorting for mTor shRNA lentivirus-infected TKO MEFs based on GFP expression. (H) Analysis of cell
proliferation in the indicated cells. The error bars indicate standard deviations.
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FIG. 8. Knocking down mTor in TKO MEFs leads to loss of Akt-473 and restores anoikis, whereas overexpression of mTor in wild-type MEFs
leads to Akt-473, cytoplasmic retention of Foxo3a in suspension culture, and resistance to anoikis. (A) Western blot demonstrating induction of
mTor in TKO and TKO-Ras MEFs and that knockdown of mTor following infection of TKO MEFs with mTor shRNA lentivirus (Fig. 7G) leads
to loss of Akt-473. (B to P) Wild-type MEFs were transfected with an mTor-GFP expression vector and immunostained for mTor and Akt-473.
(M to P) Foxo3a cytoplasmic retention in cells after 6 h in suspension. Bars, 30 wm. Arrows indicate the same location.

cells with an empty lentiviral vector expressing GFP or with a
vector containing a scrambled shRNA sequence had no effect
on mTor expression or Akt-473 (results not shown).

Akt-473 was reduced to background with mTor knockdown
in the TKO MEFs (Fig. 4Q and U and 8A). Consistent with
this loss of Akt-473, Foxo3a efficiently translocated to the nu-
cleus when mTor knockdown TKO MEFs were placed in sus-
pension (Fig. 4F, G, L, and M). Accordingly, anoikis was re-
stored in the infected cells (similar to wild-type MEFs) (Fig. 5).
Proliferation of the TKO MEFs expressing mTor shRNA was
slightly less than that of control TKO MEFs but greater than
that of wild-type MEFs (Fig. 7H). Additionally, there was no
obvious change in morphology with mTor knockdown (Fig. 7A
to F).

Overexpression of mTor in wild-type MEFs leads to Akt-
473, cytoplasmic retention of Foxo3a, and resistance to
anoikis. A vector expressing full-length mTor and GFP was
transiently transfected into wild-type MEFs. Approximately
20% of the cells were GFP* and overexpressed mTor (Fig. 8B
to H). These GFP™ cells also immunostained for Akt-473 (Fig.
8I to L). The transfected cells were also relatively resistant to
anoikis when placed in suspension culture for 18 h (Fig. 5), and
they sequestered Foxo3a in the cytoplasm (Fig. 8M to P).

DISCUSSION

Here, we showed that mutation of the Rb1 pathway in MEFs
leads to increased expression of mTor and that this is associ-
ated with Atk-473, retention of Foxo3a in the cytoplasm when
cells are placed in suspension, and resistance to anoikis.
Knockdown of mTor reversed this phenotype, and overexpres-
sion of mTor in wild-type MEFs induced the phenotype. Thus,
a major phenotypic change resulting from overexpression of
mTor and accumulation of Akt-473 in Rbl pathway mutant
ME-Fs appears to be resistance to anoikis. It has been shown
that mTORC2 activity is not essential for normal prostate
epithelial cells, but its activity is required for prostate cancer

formation when Pren is mutated (12). Mutation of Pfen led to
an increase in Akt-473 and to phosphorylation of Foxo and its
exclusion from the nucleus. Taken together, the results suggest
that the antiapoptotic activity of mTORC?2 is the critical down-
stream target that is activated in cancers where Pfen is mu-
tated. We did not observe a change in Pten expression with
Rb1 pathway mutation in MEFs (results not shown), but loss of
the Rb1 pathway appears to lead to the analogous accumula-
tion of Akt-473 and phosphorylation of Foxo seen with Pren
mutation.

mTor overexpression and Akt-473 accumulation in MEFs
seem to require mutation of all three RbI family members.
While mutation of Rb/ is common in only a few rare tumors,
such as retinoblastoma, it is notable that the family is inacti-
vated by hyperphosphorylation in essentially all other tumors.
This is thought to be due to the fact that other family members
compensate when Rb1 is mutated in most cell types. Therefore,
the loss of Rb1 family members in TKO MEFs is in this way
analogous to the inactivation of the three family members that
occurs in most tumors. Chromatin immunoprecipitation assays
attempting to detect Rb1 or E2F family members at the mTor
promoter have thus far been negative (results not shown). This
may mean that Rb1 family-dependent repression of mTor is an
indirect effect, or perhaps Rb1 family E2F binding sequences
may be far upstream of the gene or within the gene in regions
we have not examined.

Recent results suggest that while Ras-mediated activation of
the MAP kinase pathway is important in tumor initiation, as
tumorigenesis progresses, the major role of Ras activation be-
comes the PI3K/Akt pathway (22). Indeed, in skin tumors, it
appears that mutations of the PI3K-inhibitory gene Pten and
Ras are mutually exclusive, implying their participation in a
common pathway (19, 26). Furthermore, inhibition of Erk ac-
tivation is an adverse prognostic factor in cutaneous mela-
noma. One explanation for this switch to PI3K/Akt seems to be
the inhibition of c-Raf, which results from accumulation of
phosphorylated Akt, at least in some cells (20). Previously, it



VoL. 29, 2009

was demonstrated that RbI null MEFs are no longer depen-
dent upon Erk activation for proliferation (6), and here we
extended these observations and showed that Rbl pathway
mutation blocks Erk activation. Thus, mutation or inactivation
of the Rb1 pathway may be a mechanism to switch Ras signal-
ing from Raf/Erk to Akt as tumors progress. Despite the lack
of Erk activation, key cell cycle control genes were induced in
the TKO MEFs, but Arf was not induced by Ras. While pulses
of Erk activation are tolerated, constitutive Erk activation
(e.g., in response to activating Ras mutation) induces Arf from
the INK4a locus (25). Arf causes accumulation of activated
pS3, leading to tumor suppression via cell cycle arrest and
apoptosis. The ability of a cancer cell to constitutively activate
Akt and thereby block Erk activation may then provide a
means to circumvent tumor suppression resulting from induc-
tion of Arf.
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