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Abstract
The serine/threonine kinase Akt (cellular homolog of murine thymoma virus akt8 oncogene), also
known as PKB (protein kinase B), is activated by lipid products of phosphatidylinositol 3-kinase
(PI3K). Akt phosphorylates numerous protein targets that control cell survival, proliferation and
motility. Previous studies suggest that Akt regulates transcriptional activity of the nuclear factor-κB
(NFκB) by inducing phosphorylation and subsequent degradation of inhibitor of κB (IκB). We show
here that NFκB-driven transcription increases in chicken embryonic fibroblasts (CEF) transformed
by myristylated Akt (myrAkt). Accordingly, both a dominant negative mutant of Akt and Akt
inhibitors repress NFκB-dependent transcription. The degradation of the IκB protein is strongly
enhanced in Akt-transformed cells, and the loss of NFκB activity by introduction of a super-repressor
of NFκB, IκBSR, interferes with PI3K- and Akt-induced oncogenic transformation of CEF. The
phosphorylation of the p65 subunit of NFκB at serine 534 is also upregulated in Akt-transformed
cells. Our data suggest that the stimulation of NFκB by Akt is dependent on the phosphorylation of
p65 at S534, mediated by IKK (IκB kinase) α and β. Akt phosphorylates IKKα on T23, and this
phosphorylation event is a prerequisite for the phosphorylation of p65 at S534 by IKKα and β. Our
results demonstrate two separate functions of the IKK complex in NFκB activation in cells with
constitutive Akt activity: the phosphorylation and consequent degradation of IκB and the
phosphorylation of p65. The data further support the conclusion that NFκB activity is essential for
PI3K- and Akt-induced oncogenic transformation.
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Introduction
NFκB, nuclear factor-κB, is a family of transcription factors that regulates diverse cellular
activities related to inflammation and innate and adaptive immune responses.1 Deregulation
of NFκB activity is implicated in the development of autoimmune diseases and cancer.2 The
common form of NFκB is p65/RelA-p50. In most cell types, the p65/RelA-p50 heterodimer is
sequestered in the cytoplasm by the inhibitor of κB (IκB), because IκB binding masks the
nuclear localization sequence of p65. Upon stimulation, IκB is phosphorylated at critical serine
residues, resulting in polyubiquitination and degradation by the 26 S proteasome. The p65/
RelA-p50 dimer then translocates into the nucleus, binds to specific NFκB-sites in the enhancer
regions of target genes and regulates transcriptional activity.3
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In addition to shuttling in and out of the nucleus, NFκB proteins are post-translationally
modified by phosphorylation, acetylation or ubiquitination. These modifications fine-tune the
activity of NFκB and can alter its binding specificity to different promoters.4

The NFκB signaling cascade interacts with several parallel pathways including the signaling
cascades initiated by phosphatidylinositol 3-kinase (PI3K) and Akt.5-7 Two PI3K inhibitors,
LY294002 and Wortmannin, block the interleukin (IL)-1- induced increase in the DNA binding
activity of NFκB.8 Akt, functioning as a key downstream target of PI3K, has been suggested
to function as an IKK (IκB kinase) kinase.9 The IKK complex is mainly comprised of the
catalytic subunits IKKα and IKKβ and the regulatory subunit IKKγ/NEMO (NFκB essential
modulator).

Here we show that constitutively active Akt stimulates IKK activity by phosphorylation on
T23 in the IKKα subunit. The IKK complex then phosphorylates both the IκB protein and the
p65/RelA subunit, inducing enhanced activation of the NFκB transcription factor. Inhibition
of NFκB by overexpression of non-degradable IκB strongly interferes with oncogenic
transformation induced by Akt or PI3K.

Materials and methods
Plasmids and mutagenesis

The plasmids encoding mouse p65, p50 and non-degradable super-repressor of NFκB (IκBSR)
12 were kind gifts from Dr. Inder M. Verma. The NFκB promoter reporter from Stratagene (La
Jolla, CA) contains 5 individual binding sites for the NFκB dimer,
(TGGGGACTTTCCGC)5. The myristylated Akt and the dominant negative Akt-T308A/
S473A expression vectors have been described.13 The FLAG-IKKα and FLAG-IKKβ vectors
were kind gifts from Dr. Thomas D. Gilmore. Mutations from S to A or to D at positions 276,
527, and 534 of p65 and at position 335 of p50 were introduced using the QuikChange® II
Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA).

Antibodies and chemicals
Polyclonal antibodies directed against IκBα, p65 and p50 were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). The anti-FLAG antibody M2 was obtained from Sigma
Chemical Co. (St. Louis, MO). Anti-phospho-p65 (S534), IKKα, IKKβ and GST were obtained
from Cell Signaling (Beverly, CA). The monoclonal anti-AU1 tag antibody was from Covance
Research Products Inc. (Denver, PA). The Akt inhibitors IV and V were purchased from
Calbiochem (La Jolla, CA).

Cell culture, transfection and infection using the avian retroviral vector RCAS
Fertilized chicken eggs (white Leghorn) were obtained from Charles River Breeding
Laboratories (Wilmington, MA). Preparation and cultivation of primary chicken embryonic
fibroblasts (CEF) have been described previously.14 Briefly, CEF were maintained in Ham's
F-10 medium (Sigma, St Louis, MO) supplemented with 10% FBS (Omega Scientific Inc.,
Tarzana, CA), 5% chicken serum (Sigma, St Louis), 1 × MEM vitamin solution (Sigma, St
Louis, MO), 8 mg/L folic acid, and 1% L-glutamine-penicillin-streptomycin solution (Sigma,
St Louis, MO) at 37°C in 5% CO2. For interference assays, stable transfection using 2 μg of
the subgroup B RCAS (Replication Competent ALV LTR with a Splice acceptor) avian
retroviral vector15 was carried out by using the dimethylsulfoxide/Polybrene method (DMSO
shock).16 After 2 to 3 passages, cells were seeded onto 6-well plates and infected with the
following viruses and vectors: PR-A (Prague strain of Rous sarcoma virus), carrying the v-
src oncogene; ASV17, expressing the v-jun oncogene;17, 18 subgroup A RCAS vector
expressing myristylated Akt (myrakt) and subgroup A RCAS vector expressing the
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myristylated catalytic subunit of PI3K (myrP3K).13, 19 The cells were fed with nutrient agar
every 3 days and stained with 2% crystal violet in 20% methanol after 10 to 14 days.20 The
human embryonic kidney cells HEK293 were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 50 units of penicillin and streptomycin per ml and 10% fetal
bovine serum (FBS). The human breast cancer cell line, BT-20 (American Type Culture
Collection, Manassas, VA) was maintained in DMEM supplemented with 10% fetal bovine
serum, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate and L-glutamine at 37°C.
BT-20 cells were transfected with PolyFect transfection reagent (Qiagen, Valencia, CA)
according to the manufacture's instructions.

Luciferase assay
Cells were transfected by using the PolyFect transfection reagent. CEF or BT-20 cells were
seeded into MP-24 tissue culture plates at 4×104 or 6×104 cells per well, respectively. Forty-
eight h after transfection, the cultures were washed with PBS and then lysed in 200 μl of 1 ×
Passive Lysis Buffer (Promega, Madison, WI). Firefly luciferase activities and Renilla
luciferase activities were measured by using the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI) with a Berthold Biolumat LB 9501 Luminometer. Firefly luciferase
activities were normalized against Renilla luciferase activities. Each set of experiments was
repeated at least three times with consistent results.

Metabolic labeling and Immunoprecipitation
Vector control or CEF transformed with myrakt were washed twice with phosphate-free F-10
and subsequently incubated with medium containing 1 mCi/ml [32P]orthophosphate (Perkin
Elmer Life Sciences, Boston, MA) for 3 h. Cells were lysed in 1 × Passive Lysis Buffer and
immunoprecipitated with anti-p65 antibody. The precipitated proteins were washed three times
with cold cell lysis buffer and then analyzed by Western blotting and autoradiography.

Western blots
Cells were lysed in Nonidet P-40 lysis buffer (20 mM Tris·HCl, pH 7.5/150 mM NaCl/10%
glycerol/1% Nonidet P-40/10 mM NaF/1 mM sodium pyrophosphate/1 mM sodium
orthovanadate) containing a protease inhibitor mixture (Roche Molecular Biochemicals,
Indianapolis, IN). After incubation on ice for 15 min, cellular debris was removed by
centrifugation at 13,000 rpm for 15 min. For immunoblotting, lysates containing 60 μg of
protein were separated by SDS-PAGE and transferred to Immobilon-P membranes (Millipore,
Billerica, MA). The membranes were blocked with 5% nonfat dry milk, Tris-buffered saline,
and 0.05% Tween 20 for 1 h at room temperature and then probed overnight with a primary
antibody. After incubation with horseradish peroxide-coupled antibody, reactive bands were
visualized by chemiluminescence (Pierce, Rockford, IL). For immunoprecipitation, cell
extracts were incubated with 1 μl of primary antibody for 4 h followed by incubation for 1 h
with 30 μl of protein A-agarose beads (Pierce, Rockford, IL). The beads were washed three
times with lysis buffer, and samples were analyzed by SDS-PAGE and chemiluminescence.

In vitro kinase assays
Cells were lysed in Passive Lysis Buffer containing a protease inhibitor mixture (Roche,
Indianapolis, IN) and 1 mM PMSF/50 mM NaF/1 mM Na3VO4. 200 μl of the supernatant (cell
lysate) was incubated with anti-HA tag agarose at 4°C. The resulting immunoprecipitate was
mixed with 1 μl [γ-32P]ATP (1.0 μCi/μl in dH2O, Perkin Elmer Life Sciences, Boston, MA)
and substrate in kinase buffer (25 mM HEPES pH7.5, 25 mM β-glycerophosphate, 25 mM
MgCl2, 2 mM dithiothreitol, 0.1 mM Na3VO4, 20 μM ATP) and incubated at 30°C for 30 min.
Phosphorylated proteins were washed twice with cold kinase buffer and then separated by SDS-
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PAGE and detected by autoradiography. 1 μg of bacterially expressed GST-fusion proteins
IKKα(1-101), IKKβ (1-101), or p65 (335-550) was used as substrate.

Results
Constitutively active Akt increases transcription from NFκB-binding sites

Previous studies have shown that constitutively active Akt or a constitutively active catalytic
subunit of PI3K can transform CEF in culture and induce tumors in young chickens.13, 21

NFκB is reported to be important in tumorigenesis and to be involved in PI3K/Akt pathway.
5-7, 9, 22 To better understand and clarify the functional importance of NFκB in PI3K- or Akt-
induced oncogenic transformation, we transfected a myristylated form of Akt, myrAkt, which
is constitutively active and membrane-bound,13 into CEF. Stable expression of myrAkt
resulted in cellular transformation accompanied by phosphorylation of Akt at S473 and of the
downstream target 4EBP1 at S65 (Fig. 1B). These cells showed increased activity of
endogenous NFκB compared to control cells transfected with the empty RCAS vector (Fig.
1A). Transiently transfecting the Akt-transformed cells with the dominant negative Akt mutant
T308A/S473A (Akt-AA) that cannot be activated by phosphorylation and lacks kinase
activity13 decreased NFκB-mediated transcription in a dose-dependent manner. We conclude
that Akt-mediated enhancement in NFκB activity depends on Akt kinase activity.

Inhibitors of Akt reduce NFκB-dependent transcription
Akt is a critical component of signal transduction following PI3K activation. Two Akt
inhibitors, Akti-IV and Akti-V, can efficiently block phosphorylation of Akt at T308 and S473
and inhibit Akt kinase activity.23, 24 We introduced an expression vector bearing the
myristylated catalytic subunit p110α of PI3K (myrP3K) into CEF, which results in oncogenic
transformation and activation of Akt.21 The inhibitors reduce the activating phosphorylation
of Akt on S473 (Figs. 1D, F). Treatment of these cells with the Akt inhibitors Akti-IV and
Akti-V for 2 h also reduced the NFκB transcriptional activity as revealed in reporter assays
(Fig. 1C). In order to demonstrate that the regulation of NFκB activity by Akt extends to human
cancer cells, we repeated the NFκB-mediated luciferase reporter assay in BT-20 breast cancer
cells. BT-20 cells contain two gain-of-function mutations in the PI3K catalytic subunit p110α
(P539R and H1047) and as a result, show increased phosphorylation of Akt.25 Consistent with
the experiments carried out in CEF, both the dominant negative mutant of Akt and the Akt
inhibitors, Akti-IV and Akti-V, led to a decrease of NFαB activity (Fig. 1E, F).

The IκB protein is degraded in Akt-transformed cells, and this degradation is a prerequisite
for PI3K- and Akt-induced oncogenic transformation

NFκB activity is tightly controlled by binding to the IκB inhibitor protein, which prevents
NFκB from entering the nucleus. Once phosphorylated by the IKK complex at several NH2-
terminal serines, IκB dissociates from the NFκB subunits, is ubiquitinated and rapidly degraded
by the proteasome.3 We checked the endogenous level of the IκB protein in Akt-transformed
cells and found that the total amount of IκB protein was dramatically decreased (Fig. 2, top).
Treatment of the cells with a proteasome inhibitor, MG132,26 for 2 h restored normal levels
of IκB (Fig. 2, lower half). This result suggests that the decreased IκB protein level in Akt-
transformed cells is caused by proteolytic degradation and not by reduced IκB expression.

To test the functional significance of the IκB protein in Akt-induced cellular transformation,
we expressed the super-repressor of NFκB (IκBSR) in CEF by using an RCAS vector with the
subgroup B envelope protein followed by challenge infection with transforming RCAS
constructs carrying the subgroup A envelope protein and expressing the v-src, myrp3k,
myrakt or v-jun oncogenes. Overexpression of IκBSR was nontoxic to CEF and induced strong
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resistance to transformation by myrp3k and myrakt. IκBSR was much less effective in reducing
transformation by v-jun and v-src (Fig. 3 A, B, Table 1).

The p65 subunit of NFκB is phosphorylated in Akt-transformed cells
Recent investigations have focused on posttranslational modification of NFκB and elucidated
the pivotal importance of phosphorylation for the transcriptional activity of NFκB.27

Phosphorylation of the p65 NFκB subunit increases transcriptional activity.28 We therefore
analyzed the in vivo phosphorylation status of p65 in Akt-transformed cells and detected
increased levels of 32P-labelled p65. The total amounts of p65 in control and transformed cells
as determined in Western blots were comparable (Fig. 4).

Phosphorylation of S534 in p65 is mediated by Akt
Several studies have demonstrated the phosphorylation of NFκB in response to various stimuli.
1 Individual phosphorylation sites are targeted by a single or by several kinases.29

Phosphorylation on S335 of p50 increases the DNA binding capacity of this subunit.30, 31 S276
of p65 is phosphorylated by protein kinase A and mitogen- and stress-activated protein kinase
and is necessary for the recruitment of cAMP response element-binding protein/p300 to
p65.32 The phosphorylation of S527 by casein kinase II33 and of S53434 following TNF and
LPS stimulation increase transcriptional activity. S276 is within NH2-terminal Rel
homology35 domain which mediates dimerization and DNA-binding. S527 and 534 of p65 are
in the COOH-terminal transactivation domain and are conserved in the human and mouse
proteins (the residue numbers in this paper refer to the mouse p65 which was used in all
experiments).1

In order to identify phosphorylation events that are critical in the Akt-dependent regulation of
NFκB, we mutated S335 in p50 and S276, 527 and 534 separately in p65. We generated
phospho-deficient mutants (S to A) and phosphomimetic mutants (S to D). We then tested
these mutants in reporter assays for their ability to respond with increased transcriptional
activity to constitutively active Akt and with decreased activity to dominant negative Akt.
Mutations affecting phosphorylation sites that are nonessential for the Akt-mediated regulation
of NFκB would still show the positive effect of Akt and the negative effect of dominant negative
Akt. Mutations of phosphorylation sites that are essential for the Akt-NFκB connection would
no longer transmit the Akt-induced modulations of NFκB activity. The results are summarized
in Fig. 5A. By this measure, only one phosphorylation site was identified as essential for Akt
to NFκB signaling: S534 of p65. This observation suggests that S534 is the critical residue that
links p65 to Akt. p65 phosphorylated at S534 was indeed detected at increased levels in cells
transformed by Akt (Fig. 5B), thus Akt induces phosphorylation of p65 on S534 also in vivo.

IKKs bridges Akt and NFκB
The flanking sequence around S534 of p65 does not conform to the consensus for
phosphorylation by Akt (Fig. 6A). Akt is therefore unlikely to phosphorylate p65 directly.
However, the site matches the IKKβ phosphorylation consensus sequence,36 and IKKα in turn
has a perfect Akt phosphorylation site at T23.9 This information suggests that the IKK complex
may link Akt to p65.

Phosphorylation of IKKα at T23 by Akt in vitro was reported before9, and we confirmed this
result in our system (Fig. 6B). In an in vitro kinase assay, immunoprecipitated HA-myrAkt
was incubated with GST, GST-tagged NH2-terminal fragment (1-101) of IKKα or IKKβ. Only
IKKα was phosphorylated by Akt but not IKKβ which has no phosphorylation site that
corresponds to T23 of IKKα. The IKKα T23A mutant was not phosphorylated. The Western
blot using antibodies to Akt or GST from immunoprecipitates demonstrated that equal amounts
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of Akt and of the substrates were present in each reaction (Fig 6B). These results suggest that
Akt phosphorylates IKKα at T23 in vitro.

We then examined whether IKKs could phosphorylate p65 at S534. Sakurai et al. have reported
that the endogenous IKK complex, overexpresssed IKKs, and recombinant IKKβ can
phosphorylate S534 of p65 in vitro. We did not observe p65 phosphorylation by overexpressing
either IKKα or IKKβ alone in Akt-transformed cells (data not shown) and therefore suggest
that in vivo both IKKα and IKKβ contribute to the phosphorylation of S534 in p65. We
immunoprecipitated endogenous IKKs from myrAkt-expressing HEK 293 cells using anti-
IKKα agarose (Fig. 6C). The COOH-terminal (335-550) fragment of p65 was phosphorylated
by this IKK complex, whereas the S534A mutant of p65 was not. A Western blot showed the
presence of both IKKα and IKKβ in the IKK kinase assay.

We examined the functional significance of T23 phosphorylation in IKKα by co-transfecting
BT20 human breast cancer cells with AU1-tagged p65 and Flag-tagged IKKs. The IKK
complex increased p65 phosphorylation at S534 compared to the basal level in the absence of
IKKs. However, co-transfection of an IKK complex with the T23A mutation in IKKα failed
to stimulate the p65 S534 phosphorylation (Fig. 6D). We conclude that T23 is important for
IKK kinase activity on S534 in p65.

We then examined the effects of IKKα mutants on NFκB reporter activity. When empty vector
(control) was co-transfected into BT20 cells or Akt-transformed CEF with the NFκB luciferase
reporter construct (control), high levels of NFκB transcriptional activity were recorded (Fig.
7A, B). In myrAkt-CEF, wild type IKKα failed to further enhance the reporter activity (Fig.
7A), probably because the activity level of NFκB had reached a state of saturation. Expression
of the inactive IKKα-T23A mutant also showed no significant effect in Akt-transformed CEF,
probably for the same reason (Fig. 7A). In BT20 cells, the T23A mutant reduced NFκB activity.
Importantly, the dominant negative IKKα-S176A/S180A mutant (AA) inhibited the
potentiation of NFκB reporter activity strongly in both Akt-transformed CEF and in BT-20
cells, confirming dependence of NFκB activity on IKKα kinase activity. Expression of the
triple mutant IKKα-T23A/S176A/S180A (AAA) showed a further decrease in activity
compared with IKKα-S176A/S180A (Fig. 7A, B).

Discussion
This study contributes to our understanding of the link between Akt and NFκB. The Akt
pathway is actively involved in the regulation of NFκB, and NFκB activity is essential for
oncogenic transformation by PI3K and Akt.5-7, 9, 22 In cells with a gain of function in Akt, the
transcriptional activity of NFκB is upregulated, and inhibition of Akt interferes with this
upregulation of NFκB. In CEF transformed by myristylated Akt, there is greatly enhanced
degradation of the IκB protein and increased phosphorylation of the p65 NFκB subunit. Our
data rule out direct phosphorylation of the p65 or p50 NFκB subunits by Akt. Neither protein
contains an Akt phosphorylation consensus sequence, and Akt fails to phosphorylate p65 in
an in vitro kinase assay. Rather, our observations show that Akt phosphorylates IKKα, in
accordance with published studies.9 The IKK complex then not only targets the IκB inhibitor
protein, but, in agreement with previous observations, also phosphorylates the p65 NFκB
subunit.22, 34, 37, 38 Thus the IKK complex targets both the IκB and NFκB p65 proteins and
functions as the intermediary between Akt and NFκB. NFκB p65 and IκB are located in the
same cellular compartment and are phosphorylated in a similar time-dependent pattern.34 The
putative IKK phosphorylation site of p65, S534, matches the IKKβ consensus sequence, is
located in the COOH-terminal transactivation domain 1, and is conserved in human, mouse,
chicken and Xenopus. Phosphorylation of this residue eliminates a hydrogen bond to the nearby
D531 residue in p65, and results in an efficient association of p65 with TAFII31, a component
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of the basal transcriptional machinery. At the same time phosphorylation reduces the affinity
of p65 for the transcriptional corepressor AES (Amino-terminal Enhancer of Split). This
change of affinities suggests a possible mechanism for the activation of NFκB by
phosphorylation.39 In more general terms, a phosphate group, providing additional negative
charge is likely to enhance the transcriptional activity of the acidic activator domain of NFκB.
40 Our data document the functional significance of the phosphorylation cascade that originates
with Akt and progresses through T23 of IKKα to S534 of p65.

Signaling between Akt and NFκB is complex, and the published data contain several seemingly
contradictory observations. At least some of these discrepancies may reflect the use of different
cell types and signaling conditions. For instance, Sizemore et al. showed that PI3K/Akt was
necessary for the phosphorylation and activation of p65 in response to TNF and IL-1, and that
Akt-mediated NFκB activation required IKK activity.6, 41 In contrast, Yang et al. reported that
in mouse macrophages, LPS-induced p65 phosphorylation at S534 was unaffected by
LY294002, an inhibitor of PI3K.42 Ozes and associates9 found that Akt was an essential
mediator of the TNFα-induced activation of NFκB, operating through the phosphorylation of
IKKα at T23, but this finding has been challenged by Delhase and coworkers.43

Studies on cells with genetic inactivation of components of Akt signaling have produced some
surprising results. Deletion of glycogen synthase kinase 3β (GSK3β) interferes with the
TNFα-induced activation of NFκB, and, surprisingly, even with the TNFα-triggered activation
of Akt.44 Cells that are deficient in tuberous sclerosis complex 1/2 proteins (TSC1/TSC2) are
also defective in the TNFα-induced activation of NFκB, and this defect can be eliminated by
rapamycin, suggesting that in this constellation, mTOR is a negative regulator of the TNFα-
NFκB signal.45 In contrast, PTEN -negative cells depend on the mTOR-Rictor complex for
the TNFα-induced activation of NFκB.46, 47 These divergent observations suggest that the
activation of NFκB by extracellular stimuli can be affected by numerous signaling components
and that these effects are dependent on the physiological conditions and genetic make-up of
the cells. NFκB is an important factor in cancer development and progression, in addition to
being a central coordinator of immune responses.27, 48, 49 The viral protein v-rel (homolog of
c-rel) was originally identified as retroviral oncogene.50, 51 Many tumors show constitutively
elevated levels of NFκB activity caused by genetic changes, including loss-of-function
mutations in the IκB gene or activation of upstream regulators such as IKKs.27 Blocking
NFκB activity decreases tumorigenicity.52-54 Our results show that suppression of NFκB
activity by IκBSR induces a strong and selective resistance to P3K- or Akt-induced oncogenic
transformation, suggesting an essential role for NFκB in the transforming mechanisms induced
by these oncoproteins. The relative importance of IκB degradation versus p65 phosphorylation
in mediating transformation cannot be determined from the available data. However, the
essentialness of NFκB activity for PI3K /Akt oncogenicity is particularly significant in view
of the fact that the PI3K pathway is dysregulated in many human cancers. PI3K and Akt are
considered promising cancer targets, and the dependence of these oncoproteins on NFκB needs
to be considered in the search for therapeutically effective inhibitors.

In Akt-transformed CEF as well as in BT20 human breast cancer cells, signaling through Akt
is upregulated, and the downstream targets GSK-3β, ribosomal protein S6 kinase, and
eukaryotic translation initiation factor 4E-binding protein are all phosphorylated.16, 25 The
constitutive activity of Akt in these cells defines a signaling landscape that is shared with other
cells harboring a gain of function in the PI3K-Akt-TOR pathway. These types of cells will
probably show the direct signal from activated Akt via the IKK complex to p65 that is suggested
by the data presented here. Whether this pathway also applies to all external stimulus-induced
activations of NFκB will have to be decided by future investigations.
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Fig. 1.
Akt promotes NFκB-driven transcription. (A) CEF were transfected with vector control or
myrAkt by using the DMSO method.16 After 2 to 3 passages, cells were transfected with 100
ng of p5×κB firefly reporter plasmid and 5 ng of pRL-CMV Renilla luciferase construct. The
Akt mutant (T308A/S473A, Akt-AA) was transiently transfected into Akt-transformed CEF
at 0.5 μg (Akt-AA-1) and 1 μg (Akt-AA-2). After 48 h, luciferase activities were determined
with the Dual-Luciferase Reporter Assay. (B) Western analysis of phosphorylated Akt (S473),
phosphorylated 4EBP1 (S65) and actin in cell lysates from (A). (C) NFκB-driven luciferase
transcription assays were performed in P3K-transformed cells pretreated 4 h with DMSO, Akti-
IV (62.5nM) or Akti-V (2 μM). Total and phosphorylated Akt at S473 were detected by
Western blotting (D). (E) The NFκB-driven reporter assay was carried in human BT-20 breast
cancer cells. Cells were transfected with 100 ng of p5×κB firefly reporter plasmid and 5 ng of
pRL-CMV Renilla luciferase construct. Akt inhibitors, Akti-IV (1 μM) and Akti-V (2 μM)
were added 2 h before collecting the cell lysates. The Akt-AA mutant was co-transfected with
reporter plasmids at 0.5 and 1 μg, respectively. (F) Western blot analysis of phosphorylated
Akt (S473), phosphorylated 4EBP1 (S65) and actin in cell lysates from (E). Data shown are
the average of three experiments ± standard deviation (SD). Luciferase activities are expressed
in relative units (Firefly luciferase activity over Renilla luciferase activity).
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Fig. 2.
IκB is degraded in Akt-transformed cells. CEF transfected with vector control, HA-tagged
myrAkt (Akt) or HA-tagged Akt-T308A/S473A (Akt-AA) were treated 2 h with either DMSO
or the proteasome inhibitor MG132 (2 μM). Whole cell lysates were collected, electrophoresed
and immunoblotted with antibodies to IκBα, phospho-S473-Akt, HA or actin. Data presented
are representative of three independent experiments.
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Fig. 3.
IκBSR interferes preferentially with oncogenic transformation induced by P3K or Akt. CEF
were transfected with RCAS(B)-IκBSR or empty vector and cultured for 10 days. (A) The
expression of IκBSR was confirmed by Western blotting using anti-IκBα antibody. (B) The
cells were then infected with oncogenic viruses using the subgroup A envelope protein and
carrying the oncogenes v-src, myrp3k (PI3K), myrakt and v-jun. Virus dilutions (exponents of
10) are shown in the corner of each well. IκBSR induced strong resistance to transformation
by myrp3k or myrakt (cf. Table 1). The experiments were repeated at least three times. The
data presented here were from a representative experiment.
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Fig. 4.
Phosphorylation of p65 is induced in Akt-transformed cells. CEF transfected with vector
control or myrAkt were incubated with [32P]orthophosphate for 3 h and lysed with Passive
Lysis Buffer. Endogenous p65 was immunoprecipitated with p65 antibody. Phosphorylated
p65 was detected by radioautography (top panel). Equal amounts of p65 loaded and the Co-IP
of p50 were confirmed by Western blots (middle panels). Expression of Akt is shown using
anti-HA antibody (bottom panel).
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Fig. 5.
Akt mediates p65 phosphorylation at S534. (A) CEF infected with vector control, myrAkt or
dominant negative Akt were transiently transfected with either 150 ng of different p65 mutants
and 150 ng of p50 wild type or 150 ng of p65 wild type and 150 ng of the p50 mutant, together
with 100 ng of p5×κB and 5 ng of pRL-CMV reporter plasmids. After 48 h, the cell lysates
were assayed for luciferase activity. All p65 or p50 mutants remained responsive to Akt,
showing increased activity in myrAkt-CEF and decreased activity in Akt-AA-CEF, except the
S534 mutant of p65 in which the effect of Akt was abolished. (B) CEF were co-infected with
vector (control) or HA-Akt and AU1-p65. After 2 to 3 passages, whole cell lysates were
immunoprecipitated with anti-AU1 agarose, electrophoresed and immunoblotted with
antibodies to phospho-S534-p65 and p65. Expression of Akt is shown using anti-HA antibody.
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Fig. 6.
Phosphorylation of p65 and IKK in vitro and in vivo. (A) Alignment of the amino acid
sequences around the Akt and the IKK consensus sequences compared to potential substrates.
Predicted phosphorylation sites are denoted by bold letters. (B) CEF were transfected with HA-
myrAkt. After 2 to 3 passages, Akt was immunoprecipitated with anti-HA agarose. Radioactive
kinase assays, as detailed in Materials and Methods, were performed using GST, GST-IKKα
(1-101 or 1-101/T23A) and GST-IKKβ (1-101) as substrates (upper panel). Levels of HA-Akt
and total GST or GST-IKKs are shown as loading controls. (C) Endogenous IKKα was
immunoprecipitated from lysates of HEK239 cells transfected with myrAkt. Radioactive
kinase assays were performed using GST and GST-p65 (335-550 or 335-550/S534A) as the
substrates (upper panel). The immunoprecipitated proteins were immunoblotted with
antibodies to IKKα, IKKβ or GST for loading controls. (D) Phosphorylation of p65 by IKKs
in vivo. BT-20 cells were cotransfected with 2 μg of AU1-p65 together with 2 μg IKKβ and
IKKα or IKKα-T23A. Cotransfection of AU1-p65 and pcDNA was carried as control. The α-
AU1-immunoprecipitated proteins were immunoblotted with antibodies to phospho-S534-p65
or p65. Whole cell lysates were subjected to Western blot using antibodies to IKKα and
IKKβ.
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Fig. 7.
Akt activates NFκB through IKK. (A) CEF transformed by myrAkt were transfected with 300
ng of pcDNA vector (control) or constructs encoding IKKα wild type (IKKα) or the mutants
T23A, S176A/S180A (AA), or T23A/S176A/S180A (AAA), together with 100 ng of p5×κB
and 5 ng of pRL-CMV reporter plasmids. After 48 h, luciferase activities were determined.
(B) BT-20 cells were transfected with 300 ng of pcDNA vector (control) or the IKKα
mutantsT23A, AA and AAA as in (A). Total cell lysates were immunoblotted with antibodies
to FLAG or actin. The error bars represent standard deviations of triplicate transfection
experiments.
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Table 1

Effects of IκBSR on transforming activities of various oncoproteins in CEF

RCAS vector control IκBSR

Oncoprotein FFU/ml EOT FFU/ml EOT

v-Src 9×105 1.0 3×105 0.3
myrP3K 3×103 1.0 2×102 0.07
myrAkt 2.8×106 1.0 1.2×105 0.04
v-Jun 1.8×105 1.0 6×104 0.3

FFU, focus-forming units; EOT, efficiency of transformation (FFU/ml on IκBSR- expressing cells divided by FFU/ml on RCAS-transfected cells).
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