
Human oncoprotein MDM2 activates the Akt signaling
pathway through an interaction with the repressor
element-1 silencing transcription factor conferring
a survival advantage to cancer cells
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The current paradigm states that the Akt signaling pathway phosphorylates the human oncoprotein mouse double minute 2
(MDM2), leading to its nuclear translocation and degradation of the tumor suppressor p53. Here we report a novel Akt signaling
pathway elicited by MDM2. Upregulation of endogenous MDM2 promotes, whereas its downregulation diminishes, Akt
phosphorylation irrespective of p53 status. MDM2 requires phosphatidylinositol (PI)3-kinase activity for enhancing Akt
phosphorylation and upregulates this activity by repressing transcription of the regulatory subunit p85 of PI3-kinase. MDM2
interacts with the repressor element-1 silencing transcription factor (REST), a tumor suppressor that functions by
downregulating PI3-kinase activity and Akt phosphorylation, prevents localization of REST on the p85 promoter and represses
p85 expression. The deletion mutant of MDM2 capable of upregulating Akt phosphorylation represses p85 expression and
interferes with localization of REST on the p85 promoter, whereas the deletion mutant of MDM2 that does not increase Akt
phosphorylation cannot perform these functions. Silencing of REST abrogates the ability of MDM2 to upregulate Akt
phosphorylation and downregulate p85 expression, implicating the ability of MDM2 to interact with REST in its ability to inhibit
p85 expression and activate Akt phosphorylation. Inhibition of MDM2-mediated Akt phosphorylation with an Akt-
phosphorylation-specific inhibitor abrogates its ability to improve cell survival. Consistently, the Akt phosphorylation function
of MDM2 was required for its ability to improve cell survival after treatment with a chemotherapeutic drug. Our report not only
unravels a novel signaling pathway that contributes to cell survival but also implicates a p53-independent transcription
regulatory function of MDM2 in Akt signaling.
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The human homolog of the mouse double minute-2 gene
product (MDM2) is frequently overexpressed in human
sarcomas and carcinomas, and amplification of the mdm2
gene enhances the tumorigenic potential of murine cells,1,2

implicating the genetic alteration in oncogenesis. MDM2
interacts with several growth suppressors, including the
wild-type (WT) tumor suppressor p53, the retinoblastoma
susceptibility gene product (Rb) and the growth suppressor
p14.1,3 Although these interactions contribute to its oncogenic
function, overexpression of MDM2 is thought to induce
oncogenesis primarily by inactivating WT p53.
MDM2 recognizes the transactivation domain of p53 and

inactivates p53-mediated transcriptional activation;4 it is also an

E3 ubiquitin ligase and degrades p53 by targeting it for
ubiquitination.5 Small-molecule anti-MDM2drugs, such asNutlin
or MDM2-specific silencer RNA, induce apoptosis and drug
sensitivity in cell lines harboringWTp53 by elevating p53 levels.6

Overexpression of MDM2 reduces the chemotherapeutic
sensitivity of cancer cells by inactivating anddegradingWTp53.7

Cancer cells with mutated p53 often overexpress MDM2,
and the prognosis of this group of cancers is worse than their
WT p53-containing counterparts.2 Although WT p53-depen-
dent oncogenic functions of the oncoprotein are well studied,
the significance of its WT p53-independent oncogenic
functions1–3 in normal or cancer cell biology remains
underexplored.
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MDM2 interacts with several components of the Akt
(serine–threonine specific protein kinase B) signaling path-
way. It is phosphorylated at Ser 166 and Ser 186 by the
phosphatidylinositol (PI)3-kinase pathway, and interacts with
protein kinase B Akt, which phosphorylates MDM2,8 promot-
ing its nuclear entry and degradation.9 Apart from its functional
interaction with Akt, MDM2 interacts with the translation
elongation factor EF1a, which is known to upregulate PI4-
kinase and to interact with Akt2.10

The Akt signaling pathway transmits signals from mem-
brane-bound receptors and regulates cell proliferation,
survival and motility, processes that are deregulated during
tumorigenesis.11 Activation of the pathway has been impli-
cated in diminished sensitivity of cancer cells to chemother-
apeutic drugs.11 Mutations in genes, such as phosphatase
and tensin homolog (PTEN) or repressor element-1 silencing
transcription factor (REST), encoding regulators of this
pathway have been found in various cancers, and have also
been found to be correlated with poor prognosis.12–14

As MDM2 interacts with several components of the Akt
signaling pathway, and its overexpression has been strongly
correlated with oncogenesis as well as survival of cancer cells
after treatment with chemotherapeutic drugs,7 we sought to
determine if MDM2 modulates Akt phosphorylation. Our data
show that MDM2 interacts with a regulator of PI3-kinase,
REST, inhibits its ability to induce expression of the regulatory
subunit of PI3-kinase and enhances PI3-kinase activity, and
thus Akt phosphorylation. MDM2-mediated Akt phosphoryla-
tion reduces death of cancer cells by chemotherapeutic drugs
in the absence of WT p53.

Results

Upregulation of endogenous MDM2 induces, while its
knockdown reduces, Akt phosphorylation. As MDM2
interacts with several components of the Akt signaling
pathway,8,10 we investigated the ability of endogenous
MDM2 to elicit Akt phosphorylation. For this purpose, we
generated littermate MDM2 transgenic mice with a p53þ /þ
and p53� /� background. Quantitative polymerase chain
reaction (QPCR) analysis of genomic DNA isolated from
these cells showed a 10-fold higher copy number of the
mdm2 gene than littermate non-transgenic mice.15 Following
a method described earlier, we derived cultured lung cells
from these mice16 and analyzed their extracts for Akt
phosphorylation at Ser 473 by western blotting. Our analysis
revealed that lung cells derived from at least four sets of
MDM2 transgenic mice had five- to sevenfold higher levels of
phospho-Akt (p-Akt) compared with lung cells from littermate
non-transgenic mice irrespective of their p53 status (Figures
1a and b and Supplementary Figures S1A and B). These
results indicate that increase in the levels of MDM2 causes
increase in Akt phosphorylation.
Knockdown of MDM2 expression in p53� /� MDM2

transgenic cells, using lentiviral vectors described earlier,17

reduced Akt phosphorylation (Supplementary Figure S1C),
indicating that elevated levels of MDM2 upregulate Akt
phosphorylation in p53� /� MDM2 transgenic lung
cells. As Akt phosphorylates MDM2,8,9 we confirmed that

elevation of endogenous levels of MDM2 leads to
its phosphorylation by Akt. Furthermore, SH-6, an inhibitor
of Akt phosphorylation (also known as Akt inhibitor III),
inhibited phosphorylation of MDM2 (Supplementary Figure
S2A).
To determine if MDM2-mediated Akt phosphorylation would

also lead to phosphorylation of one of its known substrates,
glycogen synthase kinase b (GSK3b),12 we determined the
levels of phospho-GSK3b (p-GSK3b) in the lung cells
described above by western blot analysis. Our data revealed
that lung cells generated from two p53� /� /MDM2 trans-
genic mice had higher levels of p-GSK3b than lung cells
generated from two littermate p53� /� mice (Figure 1c and
Supplementary Figure S1A). An inhibitor of Akt phosphoryla-
tion, SH-6, abrogated the increased phosphorylation of
GSK3b in the presence of MDM2 (Supplementary Figure
S2B).
We next determined if knockdown of endogenous MDM2

levels would reduce p-Akt levels in cultured tumor-derived cell
lines. Three plasmids harboring a puromycin resistance gene
were constructed, two of which expressed two different short
hairpin RNAs (shRNAs) against MDM2 and one expressed
shRNA against a non-endogenous luciferase gene. The
plasmids were introduced into the osteosarcoma cell line,
OsACL (SJSA-1), which harbors WT p53 and overexpresses
MDM2,18 by nucleofection. Puromycin-resistant colonies
were generated and pooled. Extracts prepared from puromy-
cin-resistant pooled cell colonies were subjected to western
blot analysis to determine the levels of MDM2 and phos-
phorylated Akt. The results (Figure 1d) showed that expres-
sion of MDM2 shRNA inhibited MDM2 expression and Akt
phosphorylation compared with control luciferase shRNA.
These data show that diminishedMDM2expression inOsACL
cells reduces Akt phosphorylation, indicating that endogen-
ously overexpressed MDM2 is capable of enhancing Akt
phosphorylation.
As knockdown of MDM2 should upregulate WT p53

expression in OsACL cells, we determined if endogenous
MDM2 enhances Akt phosphorylation in the presence of
mutant p53, and if knockdown of MDM2 in the presence of
mutant p53 could diminish Akt phosphorylation. For this
experiment, we chose a lung cancer cell line, ABC1, which
harbors mutant p53.19 We infected ABC1 cells with lentiviral
vectors expressing shRNA against MDM2 or green fluores-
cence protein (GFP) as described earlier,17 and selected
puromycin-resistant colonies to generate ABC1 cell lines with
reduced expression of MDM2, or control ABC1 cells expres-
sing shRNA against GFP. The levels of MDM2 and p-Akt in
extracts prepared from the ABC1 constructs were then
determined by western blot analysis. Results of this experi-
ment revealed that ABC1 constructs expressing MDM2
shRNA contained reduced levels of MDM2 and p-Akt
compared with the extracts expressing control GFP shRNA
(Figure 1e), indicating that MDM2 upregulates Akt
phosphorylation.
We further investigated if elevation of endogenousMDM2 in

the presence of WT p53 would increase Akt phosphorylation.
For this purpose, we used a small-molecule inhibitor of
MDM2, Nutlin-3, which binds to the p53-binding region of
MDM2, which in turn stabilizes p53 and elevates MDM2
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expression.6,20 A549 lung cancer cells, which harbor WT
p53,21 were treated with Nutlin-3 or vehicle (dimethyl sulfoxide
(DMSO)). Western blot analysis of the cell extracts revealed
that treatment of cells with Nutlin-3 upregulated p53 and
MDM2 expression as expected and also upregulated
p-Akt levels (Figure 1f). This result indicates that elevation
of MDM2 levels elevates Akt phosphorylation even in the
presence of elevated WTp53. Taken together, these data
show that increase or decrease in the levels of MDM2
increase or reduce p-Akt levels, respectively, independent
of the p53 status of the cells. Our data also suggest that the
p53-interaction domain of MDM2, which interacts with
Nutlin-3, is not required for Akt phosphorylation.
Consistent with the above findings, we used an Akt activity

reporter22,23 to show that absence of p53 or MDM2 in MEF
cells downregulates Akt phosphorylation, and this deficiency
could be rescued by re-expressing MDM2 alone
(Supplementary Figure S3), indicating a requirement of
MDM2 in efficient Akt signaling in non-transformed cells.
Furthermore, transient or stable ectopic expression of MDM2
in p53-null cells activates Akt phosphorylation at Ser 473
(Supplementary Figure S4).

MDM2 upregulates PI3-kinase activity. As Akt phosphor-
ylation is a downstream event of phosphorylation of
phosphatidylinositol bis phosphate (PIP2) to phosphatidyli-
nositol 3,4,5 phosphate (PIP3) by PI3-kinase, we investi-
gated if MDM2 is capable of upregulating PI3-kinase activity.
For this experiment, we used a PI3-kinase activity reporter22

as described in Materials and Methods. The PI3-kinase
activity reporter expresses a protein similar to the Akt activity
reporter, but harbors a consensus PI3-kinase substrate
peptide sequence in place of the p-Akt substrate peptide
sequence (Supplementary Figure S3B).
The PI3-kinase activity reporter was introduced by nucleo-

fection into H1299 cells together with MDM2 expression
plasmid or vector plasmid. The nucleofected cells were then
fixed and analyzed by confocal imaging as described in the
Materials and Methods. As shown in Figure 2a, expression of
MDM2 in H1299 cells substantially enhanced phosphorylation
of the substrate peptide sequence of the PI3-kinase activity
reporter and, therefore, emission of yellow fluorescence in
contrast to the introduction of the empty vector plasmid. The
increase in the yellow fluorescence protein/cyan fluorescence
protein (YFP/CFP) fluorescence ratio over background was
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Figure 1 Increase or knockdown of endogenous MDM2 levels increases or reduces Akt phosphorylation. Western blot analysis of extracts prepared from lung cells
derived from littermate (a) p53þ /þ and p53þ /þ MDM2 transgenic (MDM2 Tr), (b, c) p53� /� and p53� /� MDM2 transgenic (MDM2 Tr) mice, (d) OsACL cells
transfected with plasmids expressing MDM2 shRNA (shMDM2-1 or -2) or luciferase shRNA (shLuc), (e) ABC1 cells stably expressing shRNA against MDM2 (shMDM2-2 or -5)
or GFP shRNA (shGFP) and (f) A549 cells treated with Nutlin-3 or vehicle (DMSO). Migration of MDM2, p-Akt, Akt, GSK3b phosphorylated at Ser 9 (p-GSK3b), GSK3b and
Erk2 are indicated. Differences in the p-Akt or p-GSK3b levels are shown by graphs at the right panel of each western blot
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significantly higher in the presence of MDM2 compared with
cells that received the vector plasmid (Figure 2b). The
observed increase was found to be as efficient as reported
for response of the PI3-kinase activity reporter to various
growth factors.22,23 These data show that MDM2 is capable of
upregulating PI3-kinase activity.

A PI3-kinase inhibitor, wortmannin, inhibits MDM2-
mediated Akt phosphorylation. To determine if MDM2
requires the PI3-kinase pathway to activate Akt phosphor-
ylation (Figure 2c), MDM2-mediated Akt phosphorylation
was analyzed after treatment with wortmannin, which has
been shown to inhibit PI3-kinase activity.24 H1299 cells
stably expressing MDM2, or stably transfected with vector
plasmid, were treated with wortmannin or vehicle (DMSO) for
4 h, and levels of MDM2 and p-Akt in the cell extracts were
determined by western blot analysis. As shown in Figure 2d,
wortmannin inhibited Akt phosphorylation as expected, and
cells stably expressing MDM2 failed to rescue Akt phosphor-
ylation inhibited by wortmannin. This observation shows that
inhibition of PI3-kinase activity abrogates MDM2-mediated
Akt phosphorylation, implicating the requirement of PI3-
kinase activity for Akt phosphorylation by MDM2.

MDM2 downregulates the expression of p85, the reg-
ulatory subunit of PI3-kinase. In the basal state of the PI3-
kinase, its regulatory subunit p85 interacts with its catalytic
subunit p110 through the inter-Src homology 2 domain of p85

and inhibits its catalytic activity.25,26 Both the regulatory
subunit p85 and the catalytic subunit p110 are often mutated
in cancer, leading to the activation of Akt signaling and cell
transformation.27,28 These mutations are thought to disrupt
the inhibitory interaction between p85 and the catalytic
subunit.29

To decipher the mechanism of enhanced Akt phosphoryla-
tion by MDM2, we considered if MDM2 targets the expression
of the known negative regulator of PI3-kinase, p85. We
therefore determined the expression of p85 in ABC1 lung
cancer cell lines expressing shRNA against MDM2 or GFP
both at the level of protein using western blot analysis, and
RNA using QPCR as described earlier.17 Our data revealed
that the levels of both p85 protein (Figure 3a) and transcripts
(Figure 3b) were higher in the ABC1 constructs expressing
MDM2 shRNA compared with those isolated from ABC1 cells
expressing shRNA against GFP. These data show that
knockdown of MDM2 increases p85 expression. We further
determined if an increase in MDM2 expression would down-
regulate p85 expression, and therefore determined p85
protein levels in lung cells derived from littermate p53� /�
and p53� /� /MDM2 transgenic mice and p53þ /þ and
p53þ /þ /MDM2 transgenic mice by western blot analysis.
Our data show that lung cells from p53� /� mice express
approximately threefold higher p85 compared with that of
p53� /� /MDM2 transgenic mice (Figures 3c and d). A similar
reduction in p85 expression was observed in lung cells from
p53þ /þ /MDM2 transgenic mice when compared with that
from p53þ /þ mice (Figures 3e and f). These data show that
MDM2 downregulates p85 expression and suggest that it
releases PI3-kinase activity and thus Akt phosphorylation.

MDM2 interacts with REST and interferes with its ability
to localize on the p85 promoter. The ability of MDM2 to
induce Akt phosphorylation in cell lines lacking PTEN such
as OsACL (Figure 1d) or H1299 (Supplementary Figure S4)
precluded involvement of PTEN, a known negative regulator
of the PI3-kinase,13 in the Akt phosphorylation function of
MDM2. Akt phosphorylation is also modulated by the
rapamycin-insensitive companion of mTOR-mammalian tar-
get of rapamycin (Rictor-mTOR) pathway.30 However,
silencing of Rictor did not prevent MDM2 to enhance Akt
phosphorylation (data not shown).
REST restricts PI3-kinase activity and Akt phosphorylation

and is frequently mutated in cancer cells.14,31,32 Immunopre-
cipitation of MDM2 with anti-MDM2 antibody co-immunopre-
cipitated REST in A549 cell extracts (Supplementary Figure
S5), suggesting an interaction between the two proteins.
As MDM2 does not reduce REST protein levels

(Supplementary Figure S6), we determined if MDM2 inhibits
localization of REST on the p85 promoter using chromatin
immunoprecipitation (ChIP) assay. H1299 cells stably expres-
sing either MDM2 or its deletion mutant that upregulates Akt
phosphorylation (Del 1–120) or the deletion mutant (Del 491–
155) that lacks this ability (Supplementary Figure S7) were
subjected to ChIP analysis using a REST antibody. Quanti-
fication of the p85 promoter from the recovered DNA
fragments showed that the REST antibody immunoprecipi-
tated the p85 promoter in H1299 cells containing empty
vector, but not appreciably fromH1299 cells expressing either
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MDM2 or its deletion mutant Del 1–120, which is capable of
Akt phosphorylation. p85 promoter fragments recovered from
these cell extracts were close to that recovered from IgG
immunoprecipitates (Figure 4a). On the other hand, the REST
antibody co-immunoprecipitated p85 promoter fragments
from H1299 cells expressing a deletion mutant Del 491–155
(Figure 4a), which is incapable of Akt phosphorylation
(Supplementary Figure S7). These results suggest that
MDM2 or its deletion mutant Del 1–120 inhibits localization
of REST on the p85 promoter, whereas the deletion mutant
Del 491–155 does not.
We next determined if MDM2 or its deletion mutants Del 1–

120 and Del 491–155 are capable of inhibiting the expression
of p85 transcripts or proteins in H1299 cells. Our data
revealed that the levels of both p85 transcripts (Figure 4b)
and protein (Figure 4c) was downregulated in the H1299
constructs expressingMDM2 or Del 1–120, whereas Del 491–
155 did not show any reduction of p85 transcript or protein
levels. Our observation signifies that MDM2 may dominantly
interfere with the tumor suppressor function of the transcrip-
tion factor REST to inhibit p85 expression and thus to
upregulate Akt phosphorylation. Consistent with this observa-
tion, silencing of REST abolished the ability of MDM2 to
enhance Akt phosphorylation and downregulate p85 expres-
sion (Supplementary Figure S8).

MDM2 reduces cell death induced by chemotherapeutic
drugs. Overexpression of MDM2 has been related to
increased survival of cancer cells harboring WT p53 after
treatment with chemotherapeutic drugs, presumably due to
MDM2-mediated inactivation and degradation of p53 induced
by the chemotherapeutic drugs.6,33 As our experimental data
indicate that MDM2 is capable of inducing Akt

phosphorylation in the presence or absence of WT p53,
and the Akt pathway has been related to reduced sensitivity
of cancer cells to chemotherapeutic drugs,11,34,35 we
investigated if MDM2 overexpression influences the sensi-
tivity of cancer cells to chemotherapeutic drugs in the
absence of WT p53.
Equal numbers of p53-null H1299 cells stably expressing

MDM2 or stably transfected with empty vector were either
treated with etoposide or vehicle and their survival was
analyzed by colony development assay as reported earlier.36

The data show that cells stably overexpressing MDM2
generated fivefold more colonies than vector-transfected cells
after treatment with etoposide (Figure 5a, Supplementary
Figure S9 and Supplementary Table 1). We further deter-
mined if MDM2 reduces cell death induced by etoposide by
examining cleavage of poly-ADP ribose polymerase (PARP)
using western blot analysis. Our data showed diminished
PARP cleavage in H1299 cells expressing MDM2 (Figures 5b
and c). These results suggest that MDM2 reduces sensitivity
of cancer cells to etoposide even in the absence of p53.

An inhibitor of Akt activation, SH-6, inhibits MDM2-
mediated Akt phosphorylation and ability of MDM2
to reduce cell death induced by etoposide. As MDM2
reduced sensitivity of p53-null H1299 cells to etoposide
(Figure 5a), we determined if an inhibitor of Akt phosphoryla-
tion, SH-6 (Supplementary Figures S2B and C), would
abrogate the ability of MDM2 to alter etoposide sensitivity.
Vector or MDM2-expressing H1299 stable transfectants
were pre-treated with SH-637 or the vehicle (DMSO). Equal
number of treated cells was analyzed for their sensitivity to
etoposide by colony development, and Akt phosphorylation
and MDM2 expression by western blotting. The results show
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Figure 3 MDM2 levels inversely control p85 expression. (a, b) Knockdown of endogenous MDM2 levels leads to increase in the expression of the regulatory subunit of
PI3-kinase, p85. Endogenous p85 protein (a) and transcript (b) levels in ABC1 cells stably expressing shRNA against MDM2 (shMDM2-2 or -5) or GFP (shGFP) were
determined by western blot analysis and QPCR respectively. (c–f) Increase in endogenous MDM2 levels reduces p85 protein expression. Endogenous p85 protein levels in
lung cells from littermate p53� /� and p53� /� /MDM2 transgenic (c) or p53þ /þ and p53þ /þ /MDM2 transgenic (e) mice were determined by western blot analysis.
Densitometric analyses of p85 expression in MDM2 transgenic lung cells are shown (d, f). Migration of p85 and Erk2 are indicated. Band intensities were normalized to the
levels of Erk2
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that while the MDM2-overexpressing H1299 stable transfec-
tants pre-treated with DMSO generated approximately
threefold more colonies than the corresponding vector-
transfected cells after exposure to etoposide, pre-treatment
with SH-6 abrogated this ability of MDM2 (Figure 5d and

Supplementary Table 2). SH-6 inhibited Akt phosphorylation
in both the stable transfectants as expected (Figure 5e).
These data show that the Akt phosphorylation function of
MDM2 is required for its ability to increase cell survival after
etoposide treatment.
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Figure 5 MDM2 reduces cell death induced by etoposide through its ability to phosphorylate Akt. Colony assays were performed after treating H1299 cells stably
expressing MDM2 or stably transfected with vector plasmid with 1 mM (a) or 6mM (b, c) etoposide, and (d) Akt inhibitor, SH-6 (1.76mM) or DMSO followed by 6 mM etoposide.
Percent survival was calculated considering number of colonies generated in the control vehicle-treated plates to be 100%. The results are shown by bar graphs (a and d).
Each experiment was performed in triplicate. Error bars are shown. PARP cleavage was determined by western blot analysis using PARP antibody (b). Migration of cleaved
PARP and Erk2 are indicated. The band intensities of cleaved PARP normalized by PARP are shown by a bar graph (c). The lower right panel (e) shows inhibition of MDM2-
mediated Akt phosphorylation by the Akt inhibitor, SH-6 and MDM2 expression using western blot analysis
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We have identified that amino-acid residues 121–275
of MDM2 are responsible for Akt phosphorylation
(Supplementary Figure S7), and this domain of MDM2 is
required for its ability to reduce cell death by etoposide
(Supplementary Figure S7).

Discussion

The establishedmodel for oncogenic function of MDM2 states
that MDM2 is phosphorylated by the Akt signaling pathway,
which causes nuclear localization of the protein followed by its
interaction with the tumor suppressor p53 and eventual
degradation. Although this model is well evidenced in the
literature, the incidence of MDM2 overexpression in cancers
with mutant p53 is not infrequent,2 suggesting a WT p53-
independent role of MDM2 in conferring a survival advantage.
In this communication, we present evidence to show a novel
signaling pathway elicited by MDM2, where MDM2 interacts
with the transcription factor REST, suppresses expression of
the regulatory subunit of PI3-kinase and activates the Akt
signaling pathway (Figure 6). This activation of the Akt
pathway by MDM2 occurs both in normal and cancer cells in
the presence or absence of p53 (Figure 1 and Supplementary
Figures S1–4).
The novelty of this finding is that MDM2 physically and

functionally interacts with the tumor suppressor REST,
reported to downregulate PI3-kinase and Akt phosphoryla-
tion, and thus interfering with its ability to express p85 at the
level of transcription. Although REST suppresses neural
genes in non-neuronal cells, it also upregulates gene
expression.38 MDM2 may control expression of genes
regulated by REST. Here we show how one of these
incidences elicits a signaling pathway reducing cell death.
As Akt phosphorylates MDM2, MDM2-mediated Akt phos-

phorylation may constitute a positive feedback loop respon-
sible for continuous transport of MDM2 to the nucleus. In
normal cells, induction of p53 in response to DNA damage or

other stress signals would induce MDM2 expression and
therefore Akt phosphorylation perhaps to combat cell death.
Overexpression of MDM2 in cancer cells would enhance this
property and confer a survival advantage.
Recent literature reports that silencing of the tumor

suppressor REST causes upregulation of PI3-kinase activity
as well as Akt phosphorylation and cell transformation.14,39

Our data show that MDM2 prevents localization of REST on
the p85 promoter, and induces an opposing function reducing
the expression of p85 and increasing Akt phosphorylation
(Figures 3 and 4 and Supplementary Figure S8). Interestingly,
anti-MDM2 antibody did not co-precipitate the C terminally
truncated REST4 in our immunoprecipitation assay, although
A549 cells express this mutant (data not shown). This
observation suggests that MDM2 may interact with the C
terminus of REST to interfere with its function.40 We further
show that silencing of REST lowers p85 expression; however,
MDM2 did not increase Akt phosphorylation after knockdown
of REST (Supplementary Figure S8). We often observed
some decrease in Akt phosphorylation after REST knock-
down in the presence of MDM2. As REST is an abundant
DNA-bound protein, its knockdown may release bound
MDM2, which then may degrade the p-Akt-bound proteins
as reported earlier, destabilizing p-Akt.41

Interestingly, the PI3-kinase regulatory subunit p85 has
been reported to exhibit a tumor suppressor function.29 Even
a 20% decrease in its expression at the RNA level in human
tumors has been correlated with the upregulation of Akt
phosphorylation and tumor progression.29 Our data suggest
that a 30% increase in the p85 transcript level generates
enough p85 protein to inhibit Akt phosphorylation, whereas
50% reduction of p85 transcripts drastically inhibits p85
protein expression (Figures 1, 3 and 4). This observation
indicates a p53-independent function of MDM2 in which
MDM2 downregulates p85 expression to activate a prosurvi-
val pathway (Figure 6). Interaction of MDM2 with REST also
signifies a possible role for MDM2 in regulating transcription.
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Figure 6 The cartoon proposes how MDM2 induces Akt phosphorylation as derived from our observation
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MDM2 harbors sequence elements found in transcription
factors,1,3 although its target promoter elements are not
predictable. Interaction of MDM2 with REST could explain its
transcription regulatory function.
We show thatMDM2 expression improves survival of cancer

cells after treatment with etoposide in the absence of p53. We
also show evidence that increased Akt phosphorylation by
MDM2 reduced cell death (Figure 5). Consistently, mutants of
MDM2 inactive in increasing Akt phosphorylation are also
incapable of reducing cell death after treatment with etoposide,
and a mutant that retains the ability of phosphorylating Akt
retains this cell survival function (Supplementary Figure S7).
Akt phosphorylation is known to enhance cell survival by
various mechanisms. Our observation suggests a p53-inde-
pendent mechanism for the prosurvival function of MDM2.

Materials and Methods
Plasmids, lentiviral vector and siRNA. Construction of plasmids
expressing full-length MDM2 and its deletion mutants has been described in
detail previously.42 Plasmids (pLKO.1) expressing shRNA against MDM2 or REST
from the U6 promoter and harboring a puromycin resistance gene were purchased
from Open Biosystems (Waltham, MA, USA). The control plasmid expresses
shRNA against non-endogenous GFP gene. The lentiviral vectors to express
MDM2 shRNA were generated by transfecting the recombinant plasmid encoding
shRNA against MDM2 or non-endogenous GFP in 293T cells (American Type
Culture Collection (ATCC), Manassas, VA, USA) by following the supplier’s
protocol. Akt and PI3-kinase activity reporters were gifts from Jin Zhang.22,23

Generation of MDM2 transgenicmice with p53þ /þ and p53� /�
background. To determine if MDM2 can elevate Akt phosphorylation, we
generated MDM2 transgenic mice with a p53þ /þ and p53� /� background by
cross-breeding p53þ /� /MDM2 transgene þ /� mice (gifts from Stephen Jones)
and genotyped by analyzing DNA from tail biopsies as described.15

Cells, transfections and generation of stable transfectants.
H1299, ABC1 and A549 cells were purchased from commercial sources, and were
maintained in the media as suggested by the suppliers. OsACL cell line was a gift
from AT Look. MEF cells from normal or p53� /� /MDM2� /� mice and tumor
cells from p53� /� /MDM2� /� mice were gifts from Guillermina Lozano
(Supplementary Information). We generated cultured lung cells from littermate
MDM2 transgenic and non-transgenic mice with p53þ /þ , and p53� /�
background following a method described earlier.16 Methods for nucleofection,
generation of MDM2 stable transfectants and lentiviral vectors were as described
earlier.17 For nucleofection, cells were seeded 48 to 72 h before transfection. Cells
were then trypsinized, and a suspension of 3� 106 cells was mixed with plasmids
or siRNA and pulsed (nucleofected) using a Nucleofector and kit reagents (Amaxa,
Lonza, Allendale, NJ, USA) following the supplier’s protocol and plated in 10-cm
culture dishes in normal growth media. To generate MDM2 stable transfectants,
H1299 cells were transfected with MDM2 expression plasmids (full-length or
deletion mutants) or vector plasmid harboring neomycin resistance gene. To
generate stable transfectants expressing shRNA against MDM2, REST or GFP,
appropriate cells were infected with lentiviral vectors expressing respective
shRNA,17 and selected with appropriate antibiotics and either pooled or individual
colonies were selected after analysis.

Western blot analysis. Western blot analysis was performed as described
previously.42

Antibodies. Antibodies against MDM2 were chosen depending on the
available epitopes. Ab-1 (Calbiochem, Millipore, Billerica, MA, USA), and N-20
and SMP14 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used
following the supplier’s protocol. Antibodies against REST (Millipore), GSK3b,
extracellular signal-regulated kinase 2 (Erk2), p-Erk, Akt (Santa Cruz), Akt
phosphorylated at Ser473, GSK3b phosphorylated at Ser 9, PARP and p85 (Cell
Signaling Technology Inc., Danvers, MA, USA) and b-actin (Sigma, St. Louis, MO,
USA) were also used following the manufacturer’s protocol. 2A10 antibody was a
gift from Arnold Levine.

Analysis of Akt phosphorylation and PI3-kinase activity using
respective activity reporter constructs. To determine whether
upregulation of Akt phosphorylation or PI3-kinase activity upregulates downstream
Akt signaling, respective activity reporters were used. The Akt or PI3-kinase
activity reporters22,23 are chimeric proteins consisting of a phosphoamino acid-
binding domain and a consensus substrate for the relevant kinase, phospho-Akt
(p-Akt) or PI3-kinase, sandwiched between two green fluorescent protein mutants,
CFP and YFP, respectively, capable of fluorescence resonance energy transfer or
FRET. Excitation of CFP by a laser of 458 nm leads to cyan emission at 475 nm,
whereas YFP requires excitation with 514 nm laser for yellow emission at 530 nm.
When the consensus substrate peptide sequence is phosphorylated, it binds with
the phosphoamino acid-binding domain, induces a structural change, and brings
CFP and YFP close to each other. When CFP and YFP are brought together,
excitation of CFP with a laser of 458 nm also excites YFP leading to emission at
530 even in the absence of a 514 nm laser (Supplementary Figure S3).

For analyzing the reporter activities, cells were nucleofected using the relevant
activity reporter and an MDM2 expression plasmid (pCMV-MDM2) or vector plasmid
(pCMV). Cells were then seeded onto coverslips. Consequently, the cells were
fixed, washed, air dried and mounted with Prolong Gold Antifade (Molecular Probes,
Life Technologies, Grand Island, NY, USA) and analyzed under a confocal
microscope (Zeiss) under � 40 magnification using the LSM image browser
software (Zeiss, Thornwood, NY, USA). All images were collected using an
excitation laser of 458 nm. CFP images were collected using a 462- to 483-nm
emission filter and FRET (YFP) images were collected using a 526- to 537-nm
emission filter. A single-color CFP construct was used to minimize bleed through in
the YFP channel. Laser strength, pinhole, detector gain and amplifier gain were
fixed for all samples. Fold increase of YFP/CFP channel mean intensity ratio over
background fluorescence (autofluorescence) is shown by bar graphs.

RNA extraction, generation of cDNA and QPCR. Total RNA was
isolated from exponentially growing cultured cell lines using TRIzol reagent
(Life Technologies, Invitrogen) following a protocol supplied by the manufacturer.
cDNA was synthesized using the Thermoscript reverse transcription-PCR system
(Invitrogen). QPCR was performed using a LightCycler System (Roche
Diagnostics Corporation, Indianapolis, IN, USA). Primers were designed using
the OLIGO 5 software (Molecular Biology Insights, Inc., Cascade, CO, USA) and
were synthesized by Integrated DNA Technologies (Coralville, IA USA). Reactions
were performed in triplicate utilizing SYBR green dye, which exhibits a higher
fluorescence upon binding of double-stranded DNA. The methods have been
described previously.17 Reactions were performed in triplicate. The QPCR primers
used were as follows: (a) MDM2 – forward, 50-TGGCGTGCCAAGCTTCTCTGT-30

and reverse, 50-ACCTGAGTCCGATGATTCCTGCT-30; (b) GAPDH – forward,
50-GTCAACGGATTTGGTCGTATT-30 and reverse, 50-GATCTCGCTCCTGGAA
GATGG-30; (c) human p85 – forward, 50-TTGCGAGGGAAGCGAGATGGC-30 and
reverse, 50-TGCTGCACAAGGGAGGTGTGT-30.

ChIP analysis. H1299 cells expressing an empty vector or MDM2 expression
plasmids were used for ChIP. Cells were plated at 4.5� 106 cells per 150 mm
plate and incubated with 2% formaldehyde for 10 min at 37 1C to crosslink protein–
DNA complexes. Crosslinking was stopped by adding 200 mM glycine for 10 min
at room temperature; cells were washed twice with 1� phosphate-buffered saline,
and harvested. Cell pellets were resuspended in lysis buffer supplemented with
1% protease inhibitors. Extracts were passed through a 271/2 G needle and DNA
was sonicated to 500–2 kb fragments on ice for 25 min. Extracts were centrifuged
and the protein content determined. Protein content was normalized between
samples and precleared for 1 h at 4 1C with protein A agarose saturated with
bovine serum albumin and sheared salmon sperm DNA. Extracts were then
immunoprecipitated overnight using antibodies directed against REST (Millipore)
and IgG (Santa Cruz) for control. Protein complexes were collected using protein
A agarose saturated with bovine serum albumin and sheared salmon sperm DNA
and washed once with RIPA buffer (150 mM NaCl, 50 mM Tris (pH 8), 0.1% SDS,
0.5% sodium deoxycholate, 1% NP-40), one time with high salt buffer (500 mM
NaCl, 50 mM Tris (pH 8), 0.1% SDS, 1% NP-40), two times in LiCl buffer (250 mM
LiCl, 50 mM Tris (pH 8), 0.5% sodium deoxycholate, 1% NP-40) and two times in
1� TE. Protein complexes were eluted in fresh elution buffer (20% SDS, 10 mM
DTT, 100 mM NaHCO3) and incubated at 65 1C overnight to reverse crosslinking.
Samples were ethanol precipitated and then resuspended in 1� TE
and incubated with RNase A (10 mg/ml) for 30 min at 37 1C and proteinase K
(10 mg/ml) for 1 h at 42 1C. DNA was phenol–chloroform extracted and ethanol
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precipitated with 10mg glycogen. Samples were resuspended in water and the
analysis performed using QPCR. Primers used for ChIP QPCR were A� l 15-kb
away (control region): forward, 50-CCTTGACTGAGGCTTTACCA-30 and reverse,
50-TTTTCAAAGTGCACCGACAT-30; and p85 ChIP: forward, 50-GCGTCCGAC
CACACATGCCA-30 and reverse, 50-GGGGGCAGAGGGGAGGAGTG-30.

Inhibitors, chemotherapeutic drugs and IGF-1 treatment. Nutlin-3
(Sigma) treatment was carried out at 10 mM6 for 24 h. Wortmannin (Upstate
Biotechnology Inc., Lake Placid, NY, USA) treatments were carried out at a
concentration of 50 nM for 4 h.24 Akt inhibitor SH-6 (Calbiochem) was used at a
concentration of 1.76mM for 4 h. After pre-treatment, cells were either harvested
for western blot analysis or plated to determine drug sensitivity by colony formation
assay. Etoposide was purchased from Sigma.

Determination of drug sensitivity by colony formation assay.
Colony formation assay was performed as reported earlier.36 Cells were seeded at
equal density for vector-transfected and MDM2-expressing H1299 cells in 10-cm
plates in triplicate and treated with chemotherapeutic drugs at the specified
concentration or the vehicle for 48 h. Cells were then grown in normal growth
media to allow colony formation by viable cells. After generation of colonies, cells
were fixed with methanol, stained with methylene blue and colonies were counted.
Percent survival of drug-treated vector-transfected or MDM2-expressing cells was
calculated considering number of colonies generated in the respective control
(DMSO)-treated plates to be 100%. Each experiment was performed in triplicate.
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