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AKT activation requires phosphorylation of the activation loop
(T308) by 3-phosphoinositide-dependent protein kinase 1 (PDK1)
and the hydrophobic motif (S473) by the mammalian target of
rapamycin complex 2 (mTORC2). We recently observed that
phosphorylation of the AKT hydrophobic motif was dramatically
elevated, rather than decreased, in mTOR knockout heart tissues,
indicating the existence of other kinase(s) contributing to AKT
phosphorylation. Here we show that the atypical IκB kinase ε and
TANK-binding kinase 1 (IKKε/TBK1) phosphorylate AKT on both the
hydrophobic motif and the activation loop in a manner dependent
on PI3K signaling. This dual phosphorylation results in a robust AKT
activation in vitro. Consistently, we found that growth factors can
induce AKT (S473) phosphorylation in Rictor−/− cells, and this effect
is insensitive to mTOR inhibitor Torin1. In IKKε/TBK1 double-knock-
out cells, AKT activation by growth factors is compromised.We also
observed that TBK1 expression is elevated in the mTOR knockout
heart tissues, and that TBK1 is required for Ras-induced mouse
embryonic fibroblast transformation. Our observations suggest
a physiological function of IKKε/TBK1 in AKT regulation and a pos-
sible mechanism of IKKε/TBK1 in oncogenesis by activating AKT.

IKK-related protein kinase | protein kinase B | cancer

The AKT protein kinase is a major signaling hub and a key
downstream effector of the PI3K pathway (1, 2). AKT plays

a major role in cell growth, proliferation, and survival (3). Under
physiological conditions, AKT activity is intricately controlled,
whereas pathological AKT activation contributes to human can-
cers (4, 5). On PI3K activation, AKT is recruited to plasma
membrane via its PH domain, which is critical for AKT phos-
phorylation (6, 7). Phosphorylation of the activation loop T308 by
3-phosphoinositide-dependent protein kinase 1 (PDK1) is essen-
tial for AKT activation (8). However, full AKT activation also
requires phosphorylation of the regulatory hydrophobic motif
S473 by mTORC2, which consists of mTOR, Rictor, Sin1, and
mLST8 subunits (9–12). AKT (S473) phosphorylation is defective
in Rictor or mSin1 knockout cells, demonstrating the importance
of mTORC2 in AKT (S473) phosphorylation (10, 13, 14). DNA-
PK also has been implicated in AKT hydrophobic motif phos-
phorylation in response to DNA double-strand breaks (15, 16).
Accumulating evidence indicates an mTOR-independent ki-

nase responsible for AKT (S473) phosphorylation. Two studies
using tissue-specific knockout mice indicated that mTOR is not
required for AKT hydrophobic motif phosphorylation in skele-
tal and cardiac muscles (17, 18). We found that ablation of
mTOR in heart cardiac muscles indeed decreased phosphory-
lation of the mTORC1 substrate S6K, but AKT (S473) phos-
phorylation was dramatically increased in these mice. Consistent
with our observation, mTOR or Raptor/Rictor double-knockout
in skeletal muscle also increases AKT (S473) phosphorylation
(17–19). Collectively, these data provide compelling evidence
for the existence of other AKT hydrophobic motif kinases be-
sides mTORC2.

The noncanonical IκB kinase ε (IKKε) has been demonstrated
to play an essential role in Ras-induced cell transformation, which
requires activation of both the Raf-MEK-ERK and PI3K-AKT
pathways (20). Of particular interest is the observation that IKKε
can functionally replace the requirement of AKT to support cell
transformation, which suggests that IKKε may act as an AKT
regulator or effector. Consistently, IKKε was found to be ampli-
fied in several types of human cancer, including ovarian cancer
and breast cancer (20, 21). TANK-binding kinase 1 (TBK1) is the
closest IKKε homolog, and a systematic RNA interference screen
has identified that TBK1 is required for Ras-induced oncogene-
sis. Down-regulation of TBK1 in active K-Ras–expressing cancer
cells results in apoptosis and synthetic lethality (22, 23). These
studies indicate that IKKε/TBK1 may function upstream or
downstream of AKT to inhibit apoptosis and support oncogenic
Ras-induced transformation.
In this study, we investigated the relationship between IKKε/

TBK1 and AKT. We found that IKKε/TBK1 activates AKT by
directly phosphorylating the activation loop and hydrophobic
motif. Our observations suggest that pathological activation of
IKKε or TBK1 promotes oncogenesis, at least in part, by act-
ivating AKT.

Results and Discussion
Overexpression of IKKε or TBK1 Activates AKT. The observations that
IKKε can substitute the requirement for active AKT to support in
vitro transformation with active MEK and that TBK1 is required
to suppress apoptosis in cells transformed by Ras suggest the
possibility that IKKε/TBK1 may function to activate AKT (20,
22). To test this possibility, we examined whether ectopic ex-
pression of IKKε or TBK1 could activate AKT. Toward this end,
WT and kinase dead mutants (KM) of IKKε or TBK1 were stably
expressed in HeLa cells. We found that overexpression of WT
TBK1, but not of KM TBK1, caused a dramatic increase in AKT
phosphorylation on both S473 and T308 (Fig. 1A). In contrast,
phosphorylation of the turn motif (T450) was not increased, al-
though amobility shift due to S473 and T308 phosphorylation was
detected by this antibody. Similar to TBK1, overexpression of
IKKε also induced a significant increase in AKT phosphorylation
at both T308 and S473 (Fig. 1B). These results indicate that an
elevated TBK1 or IKKε level, as may be found in cancer cells (20,
21), can induce AKT activation.
FoxO1, TSC2, and GSK-3 are known physiological substrates

of AKT involved in different downstream signaling (24–27). We
observed that expression of either TBK1 or IKKε, but not their

Author contributions: X.X., M.Y., C.-Y.W., and K.-L.G. designed research; X.X., D.Z., B.Z.,
and M.-K.L. performed research; D.Z. and G.C. contributed new reagents/analytic tools;
X.X. and K.-L.G. analyzed data; and X.X. and K.-L.G. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.
1To whom correspondence should be sent. E-mail: kuguan@ucsd.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1016132108/-/DCSupplemental.

6474–6479 | PNAS | April 19, 2011 | vol. 108 | no. 16 www.pnas.org/cgi/doi/10.1073/pnas.1016132108

mailto:kuguan@ucsd.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016132108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016132108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1016132108


KMs, increased phosphorylation of FoxO1, TSC2, and GSK-3
(Fig. 1). Phosphorylation of FoxO1 by AKT activation should
result in 14-3-3 binding and cytoplasmic localization (28). Indeed,
in serum-starved control cells, little AKT (S473) phosphorylation
was detected, and FoxO1 was nuclear-localized. However, IKKε
overexpression resulted in a marked increase of AKT (S473)
phosphorylation, and FoxO1 was detected mainly in cytoplasm
(Fig. S1). These data demonstrate that expression of TBK1 or
IKKε is sufficient to activate AKT signaling.

IKKε /TBK1 Are Important for Proper AKT Activation by Growth
Factors. To determine a physiological role of IKKε/TBK1 in
AKT activation, we investigated AKT activation in IKKε/TBK1
double-knockout mouse embryonic fibroblasts (MEFs) (29).
Compared with IKKε/TBK1 double-heterozygous control cells,
those double-knockout cells demonstrate normal Rictor or
mTOR expression and normal PKCα (S657) or AKT (T450)
phosphorylation (Fig. S2A). In IKKε and TBK1 heterozygous
control cells, insulin induced a robust increase in AKT phos-
phorylation at both T308 and S473 sites (Fig. 2A); however,
insulin-induced S473 phosphorylation was significantly reduced
and delayed in the double-knockout MEFs. Similarly, EGF-
stimulated phosphorylation of S473 was significantly diminished
in the double-knockout cells. Phosphorylation of T308 also was
reduced, but to a lesser extent. Consistent with decreased AKT
activation, phosphorylation of FoxO1 and GSK3 in response to
EGF, PDGF, and insulin also was compromised in the IKKε/
TBK1 double-knockout cells (Fig. 2B). Reconstitution of TBK1
restored AKT phosphorylation in the double-knockout MEFs
(Fig. S2B). Taken together, these data support a potential phys-
iological role of IKKε and TBK1 in growth factor–induced
AKT activation.

IKKε and TBK1 Directly Phosphorylate and Activate AKT In Vitro.
Given the fact that AKT phosphorylation is constitutively ele-
vated in IKKε- or TBK1- overexpressing cells (Fig. 1), we tested
whether IKKε/TBK1 could directly phosphorylate AKT. Dual-
epitope–tagged IKKε and TBK1 immunoprecipitated from
transected HEK293 cells potently phosphorylated S473 of recom-
binant AKT in vitro, as detected by phospho S473 and T308
antibodies (Fig. 3A). We performed similar experiments with

32P-ATP and found that TBK1 efficiently phosphorylated the
recombinant His-AKT (Fig. S3). At the highest TBK1 level
tested, substantial phosphorylation (0.26 mol 32P-phosphate/mole
protein) of AKT was achieved. Flag-mTOR coimmunoprecipi-
tated with cotransfected HA-Rictor was included as a positive
control. Because mTOR, IKKε, and TBK1 were tagged by
the Flag epitope, the relative activity of these kinases could be
compared. It appears that both IKKε and TBK1 displayed com-
parable kinase activity with mTOR toward AKT (S473) phos-
phorylation (Fig. 3A and Fig. S3). In contrast, IKK1 (a canonical
IκB kinase) displayed no activity toward AKT, demonstrating the
specificity of the kinase assay. Surprisingly, both IKKε and TBK1
also phosphorylated AKT activation loop T308, whereas mTOR
did not (Fig. 3 A and B).
We next investigated whether endogenous TBK1, which has

a higher expression level and wider tissue distribution than IKKε
(30), also could phosphorylate AKT in vitro.We found that TBK1
immunoprecipitated from HeLa cells phosphorylated AKT on
both T308 and S473, whereas the immunoprecipitated mTORC2
complex or PDK1 phosphorylated only S473 or T308, respectively
(Fig. 3B). Phosphorylation of T308 and S473 would be sufficient
to activate AKT. Indeed, WT IKKε, but not KM IKKε, activated
AKT in vitro, as determined by the ability of the activated AKT to
phosphorylate recombinant GST-TSC2 (Fig. 3 C and D). These
data clearly demonstrate that IKKε and TBK1 can activate AKT
by directly phosphorylating T308 and S473.

IKKε/TBK1 and mTORC2 Activate AKT Independently. Although it has
been well established that mTORC2 is the AKT (S473) kinase,
our data indicate a role of IKKε/TBK1 in AKT activation. To
clarify this issue, we tested several stimuli and found that PDGF
could induce significant AKT (S473) phosphorylation in Rictor−/−

MEFs (Fig. 4B and Fig. S4 A and B). Moreover, the combination

Fig. 1. Overexpression of IKKε and TBK1 activates AKT. (A) Overexpression
of TBK1 activates AKT. HeLa cells stably expressing WT TBK1, KM TBK1, or
vector control (V) were tested for AKT signaling. Western blots with various
antibodies are indicated. pi, phospho-antibody. (B) Overexpression of IKKε
activates AKT. The experiments were similar to those shown in A.

Fig. 2. IKKε and TBK1 are important for proper AKT activation. (A) IKKε and
TBK1 double-knockout MEFs are defective in AKT phosphorylation. Both
heterozygous [D(+/−)] and homozygous knockout [D(−/−)] MEFs were serum-
starved for 16 h and then stimulated with insulin (200 nM) or EGF (50 ng/mL)
for the indicated times. Western blots with various antibodies are shown. (B)
IKKε and TBK1 double-knockout MEFs are defective in AKT signaling. The ex-
periments were similar to those shown in A, except that cells were treated
withWortmannin (100 nM), TNFα (50 ng/mL), EGF (50 ng/mL), PDGF (50 ng/mL),
and insulin (200 nM) for 30 min. L.E., longer exposure.
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of EGF, insulin, and PDGF induced even stronger AKT (S473)
phosphorylation in the Rictor−/− cells (Fig. S4 A and B), estab-
lishing the existence of mTORC2-independent AKT (S473) ki-
nase. Consistent with previous data, insulin-induced AKT (S473)
phosphorylation was largely abolished in the Rictor−/− cells
(Fig. S4A). It is worth noting that previous studies were aimed at
emphasizing the importance of mTORC2, and no serious effort
was made to achieve high AKT (S473) phosphorylation by exam-
ining different stimuli or combinations. A potent mTOR kinase
inhibitor, Torin1, was used to further exclude the role of mTOR
in AKT (S473) phosphorylation in Rictor−/− cells (31). We found
that Torin1 had no effect on AKT (S473) phosphorylation in the
Rictor−/− cells, but inhibited S6K phosphorylation (Fig. 4A).
Consistent with this, phosphorylation of the AKT substrate GSK-3
and TSC2 was induced by growth factors (Fig. 4A and Fig. S4B).
We next tested the function of TBK1. Knockdown of TBK1 in

Rictor−/− MEFs significantly reduced the residual AKT (S473)
phosphorylation stimulated by EGF (Fig. 4C), suggesting a role
of endogenous TBK1 in AKT (S473) phosphorylation. When
TBK1 was ectopically expressed, phosphorylation of AKT (S473)
was increased in the Rictor−/− cells (Fig. 4B). Notably, Torin1
did not inhibit the TBK1-induced AKT (S473) phosphorylation,
indicating that mTOR is not required for TBK1 to activate AKT.
Similarly, IKKε expression-induced AKT (S473) phosphoryla-
tion was not inhibited by Torin1 (Fig. S4C).
We explored the relationship between IKKε/TBK1 and

mTORC2 further by knocking down Rictor or mTOR in the
TBK1-overexpressing cells (Fig. S5 A and B). As expected,
knockdown of either Rictor or mTOR strongly decreased AKT
(S473) phosphorylation in the TBK1 KM-expressing cells, in-
dicating that AKT phosphorylation depends on mTORC2 in
these cells. In contrast, knockdown of Rictor or mTOR only

partially decreased the elevated AKT phosphorylation in the
TBK1 WT-expressing HeLa cells. The interference of mTOR
function by knockdown is evident in the reduced S6K phos-
phorylation (Fig. S5A). These results indicate that TBK1 acti-
vates AKT in a manner independent of mTORC2. Consistently,
mTORC2 immunoprecipitated with Rictor or mTOR antibody
from either TBK1 WT- or KM-expressing cells displayed similar
activity to phosphorylated AKT (S473) (Fig. 4D), indicating that
mTORC2 was not affected by TBK1 expression. Similarly, IKKε
overexpression did not affect mTORC2 activity (Fig. S5C). To
investigate whether mTORC2 plays a role in TBK1 activation,
Rictor or mTOR was down-regulated in HeLa cells and en-
dogenous TBK1 was immunoprecipitated for determining its
kinase activity toward AKT. Knockdown of Rictor or mTOR
had no effect on TBK1 kinase activity for AKT (S473) phos-
phorylation in vitro (Fig. 4E). These observations indicate that
mTORC2 and IKKε/TBK1 indeed act independently to act-
ivate AKT.

PI3K Signaling Is Required for IKKε/TBK1 to Activate AKT. We next
investigated the relationship between PI3K and IKKε/TBK1.
TBK1-overexpressing Rictor−/− MEF cells were treated with
PI3K inhibitor LY249002 or Wortmannin. Inhibition of PI3K
potently reduced AKT (S473) phosphorylation in the TBK1-
expressing Rictor−/− MEFs (Fig. 5A), indicating that PI3K sig-
naling is required for TBK1 to phosphorylate AKT. Consistently,
LY294002 and Wortmannin, but not Torin1, inhibited AKT
phosphorylation in IKKε-expressing HeLa cells (Figs. S4C and
S6A). To further test the effect of PI3K on TBK1, endogenous
TBK1 was immunoprecipitated from cells treated with the PI3K
inhibitors, and its kinase activity was measured. We found that
treatment of PI3K inhibitors or prolonged rapamycin treatment
had no effect on TBK1 kinase activity, but inhibited mTORC2

Fig. 3. IKKε and TBK1 directly phosphorylate
and activate AKT. (A) IKKε and TBK1 phos-
phorylate AKT on both S473 and T308 in vitro.
IKKε, TBK1, IKK1, and Rictor plus mTOR were
transfected into HEK293 cells and immunopre-
cipitated with HA antibody as indicated. The
immunoprecipitates were used to phosphory-
late the inactive 6XHis-AKT in vitro. Phosphor-
ylation of AKT was determined by phospho
antibodies. IB, immunoblotting; IP, immuno-
precipitation. (B) Phosphorylation of AKT by
endogenous TBK1. Endogenous IKK1, mTOR,
PDK1, and TBK1 were immunoprecipitated from
HeLa cells and then used for in vitro AKT phos-
phorylation as in A. (C) IKKε activates AKT in
vitro. Tagged IKKε (WT and KM) were immuno-
precipitated with anti-HA agarose-conjugated
beads from transfected HEK293 cells and then
incubated with inactive 6XHis-AKT to active the
AKT kinase (IKKε assay). The IKKε immunopre-
cipitates were then removed by centrifugation.
The activated AKT in the supernatant was sub-
sequently assayed for its ability to phosphory-
late TSC2 (AKT assay). (D) Activation of AKT by
IKKε. The pi-TSC2(S939) and GST-TSC2 immu-
noblotting signals from two independent ex-
periments were quantified using ImageJ. AKT
activity was defined as the signal ratio between
pi-TSC2(S939) and GST-TSC2.
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activity (Fig. 5B). Moreover, neither LY249002 nor Wortmannin
inhibited TBK1 kinase activity when added in vitro (Fig. S6B).
If PI3K signaling does not directly affect TBK1 activity, then

how can TBK1-induced AKT activation be inhibited by

LY249002 orWortmannin in cells? One possibility is that if IKKε/
TBK1 were membrane-localized, then PI3K-dependent AKT
membrane recruitment would be required for its phosphorylation
by IKKε/TBK1. Subcellular fractionation revealed that most of

Fig. 4. TBK1 and mTORC2 act independently in AKT
activation. (A) mTORC2-independent activation of
AKT in Rictor−/− MEF. Rictor+/+ or Rictor−/− cells were
pretreated with different doses of Torin1 for 30 min,
then stimulated with or without the combination of
EGF (50 ng/mL), insulin (200 nM), PDGF (50 ng/mL)
(EGF + insulin + PDGF) for 20 min. Cell lysates were
blotted with antibodies as indicated. (B) PDGF acti-
vates AKT in Rictor−/− cells in an mTOR-independent
manner. Rictor+/+, Rictor−/−, and TBK1 stably ex-
pressed Rictor−/− cells were pretreated or not treated
with mTOR inhibitor Torin1 at different concen-
trations for 30 min, then treated or not treated with
PDGF for 20 min. Cell lysates were blotted with dif-
ferent antibodies as indicated. (C) TBK1 contributes
to AKT (S473) phosphorylation in the Rictor−/− MEF
cells. Control (Scrab.) and two different lentiviral-
based shRNAs targeting Tbk1 (Tbk1#1 and Tbk1#2)
were used to knock down TBK1 in the Rictor−/− MEF
cells. To detect AKT (S473) phosphorylation, cells
were treated with or without 50 ng/mL of EGF for 5
min, and AKT was immunoprecipitated from lysate
of 10-cm dishes, AKT(S473) phosphorylation was
detected in the AKT-concentrated immunoprecipi-
tates, and Tbk1 levels were determined in the cell
lysate. (D) TBK1 expression does not affect mTORC2
activity. TBK1, Rictor or mTOR was immunoprecipi-
tated from TBK1-expressing WT or TBK1-expressing
KM HeLa cells and assayed for AKT (S473) phos-
phorylation in vitro. The post-IP supernatants were
also blotted with various antibodies, as indicated. (E) mTORC2 does not affect TBK1 activity. Rictor or mTOR was down-regulated by shRNA in HeLa cells.
Endogenous TBK1 was immunoprecipitated, and activity was determined by in vitro AKT phosphorylation assays.

Fig. 5. PI3K signaling is required for AKT activation by
TBK1. (A) Inhibition of PI3K abolishes TBK1-dependent AKT
phosphorylation. TBK1-expressing Rictor−/− MEF cells were
treated with LY429002 (25 μM) or Wortmannin (100 nM)
as indicated. Phosphorylation of AKT was determined by
Western blot analysis. (B) TBK1 activity is insensitive to
PI3K inhibitor treatment. HeLa cells were treated with
LY249002 (25 μM) or Wortmannin (100 nM) for 30 min or
rapamycin (50 nM) for 16 h as indicated. TBK1 and mTOR
were immunoprecipitated, and kinase activity was de-
termined using AKT as a substrate. (Lower) Phosphoryla-
tion of AKT in cell lysate was determined as well. (C) Both
IKKε and TBK1 are membrane-associated. HeLa cells (se-
rum-starved for 16 h or not) and MDCK2 cells were frac-
tionated into nuclear, cytosolic, and membrane fractions.
The distributions of IKKε and TBK1 in different subcellular
fractions were determined by Western blot analysis along
with fractional markers.
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the IKKε/TBK1 was constitutively localized in the membrane
fraction of either HeLa or MDCK2 cells (Fig. 5C). As expected,
both mTOR and Rictor were also membrane-associated. These
data support a model in which the PI3K-dependent membrane
association of AKT is required for the phosphorylation by
membrane-associated IKKε/TBK1, although IKKε and TBK1
activity is not directly affected by PI3K signaling.

TBK1 Is Required for Ras-Induced Transformation and Is Elevated in
mTOR Knockout Cardiac Muscles.We found that conditional mTOR
knockout in mouse heart resulted in a dramatic increase of AKT
phosphorylation on both S473 and T308 (Fig. 6A). We next ex-
amined the expression of both IKKε and TBK1. Interestingly,
TBK1 protein levels were significantly increased in the knockout
heart tissues, whereas IKKε expression was unchanged (Fig. 6B).
TBK1 phosphorylation was elevated at Ser172, which correlates
with TBK1 activation. Furthermore, phosphorylation of IRF3,
a physiological TBK1 substrate, was elevated in the mTOR
knockout heart tissues, indicating increased TBK1 activity. These
data suggest that elevated TBK1 activity may contribute to the
AKT hyperphosphorylation in mTOR knockout cardiac muscle.
Combinatory knockout of mTOR together with TBK1 and/or
IKKε would be required to further demonstrate that IKKε/TBK1
are the kinases responsible for AKT phosphorylation in the ab-
sence of mTOR.
Finally, we tested whether IKKε/TBK1 is required for Ras

transformation in MEFs. Active K-Ras was expressed in IKKε/
TBK1 double-knockout cells that were reconstituted with TBK1
or vector. The IKKε/TBK1 double-knockout MEFs could not be
transformed by active K-Ras (V12). In contrast, re-expression of

TBK1, which restored AKT activation (Fig. S2B) but was in-
sufficient to transform MEFs alone, supported a robust trans-
formation by K-Ras (V12), as indicated by focus formation (Fig.
6C). These observations indicate an obligatory role of IKKε/
TBK1 in Ras-induced oncogenic transformation of MEF cells.
Future studies are needed to determine whether AKT activation
is the major downstream effector of TBK1 supporting Ras-
induced transformation.
As a major signaling hub, AKT regulates a wide range of cel-

lular processes from cell growth, proliferation, to apoptosis (2).
Pathological AKT activation is observed in many cancers and
clearly plays a major role in tumorigenesis (1). It has been well
established that PDK1 and mTORC2 are responsible for AKT
activation in many cell types examined (9–11, 14, 32). Based on
our present findings, we propose that IKKε/TBK1 also contrib-
utes to AKT activation. Uniquely, IKKε/TBK1 can phosphorylate
both the activation loop and the hydrophobic motif to a sufficient
degree to activate AKT. Under normal physiological conditions,
PDK1 and mTORC2 may play major roles in most cell types;
however, even MEFs have mTORC2-independent kinase that
can be activated by growth factors and contributes to AKT (S473)
phosphorylation. TBK1 appears to play such a role in AKT ac-
tivation in the Rictor−/− cells. Moreover, IKKε/TBK1 might
contribute to AKT activation in some tissues, such as skeletal and
cardiac muscle tissues. As an oncogene, IKKε is amplified and
overexpressed in >30% of breast carcinomas and cell lines (33,
34). Activation of NF-κB signaling by IKKε/TBK1may contribute
to oncogenesis (20, 30). Activation of AKT by IKKε/TBK1 also
may contribute to tumorigenesis or innate immune response.
We have shown that PI3K signaling is required for IKKε/TBK1

to phosphorylate AKT in vivo, although clearly the kinase activity
is not dependent on PI3K. We speculate that the membrane as-
sociated IKKε/TBK1 is unable to phosphorylate the cytosolic AKT
in the absence of PI3K signaling. When PI3K is activated, AKT is
recruited tomembrane where it is phosphorylated and activated by
the membrane-residing IKKε/TBK1. Activation of AKT by IKKε/
TBK1 not only may play a role in physiological AKT activation in
certain cell types, but also contributes to tumorigenesis, especially
when IKKε/TBK1 is dysregulated. Future studies using combina-
tory tissue-specific knockout mouse models are needed to dem-
onstrate the specificity and the relative contributions of IKKε/
TBK1, PDK1, and mTORC2 in AKT activation.

Materials and Methods
Antibody, Plasmids, and Chemicals.Antibodies were obtained from Santa Cruz
Biotechnology (anti-mTOR, rabbit IgG,), Covance (anti-HA), Sigma-Aldrich
(anti-IKKε), Bethyl Laboratories (anti-TBK1, anti-PDK1, anti-IKK1, and anti-
Rictor), and Cell Signaling (all others). Anti-HA agarose-conjugated beads
were obtained from Sigma-Aldrich. Torin1 (31), lentiviral shRNAs targeting
human mTOR and Rictor were obtained from Sabatini Lab (11, 25), and
shRNAs targeting mouse Tbk1 were obtained from Sigma-Aldrich (MISSION
shRNA clones TRCN0000026954 and TRCN0000027015). IKK1, IKKε, and TBK1
plasmids from M. Karin’s lab were subcloned into a HA/Flag-tagged retro-
viral vector. Other plasmids were from laboratory stock. Recombinant 6XHis-
AKT was obtained from Upstate Biotechnology. Insulin, PDGF, EGF, TNFα,
rapamycin, LY294002, and Wortmannin were obtained from Cell Signaling.

Cell Lines, Transfections, Virus Infection, and Mouse Tissues. HeLa, HEK293,
293P, andMEF cell lines were cultured in DMEM supplemented with 10% FBS
and penicillin (100 U/mL) and streptomycin (100 μg/mL). Transfections were
performed with polyethylenimine. Lentiviral and retroviral infections were
performed as described previously (11, 25). Cardiac-specific mTOR-inducible
knockout mice were generated and tissue samples were prepared as de-
scribed previously (17).

Immunoblotting, Quantification, Immunoprecipitation, and Kinase Assay. Im-
munoblotting and immunoprecipitation was performed as described pre-
viously (10). The Western blot signals on scanned films were quantified using
ImageJ software. For the kinase assay, the immunoprecipitates were washed
with kinase buffer and then incubated for 20 min at 37 °C in 50 μL of kinase

Fig. 6. TBK1 is activated in mTOR knockout heart tissue and is required for
Ras-induced MEF transformation. (A) AKT phosphorylation is elevated in
cardiac-specific mTOR knockout myocardium. Heart homogenate from
control mice (WT-Cre) and mTOR cardiac knockout (cKO) mice at 1 mo after
tamoxifen injection were prepared and probed for AKT phosphorylation
and other antibodies as indicated. Two representative animals of each ge-
notype are shown. (B) TBK1 expression and signaling are elevated in mTOR
(cKO) myocardium. The same samples as in A were probed for TBK1 protein
levels, Ser172 phosphorylation, and IRF3 phosphorylation. (C) TBK1 is re-
quired for K-Ras (V12)-induced focus formation in MEFs. IKKε/TBK1 double-
knockout MEFs with TBK1 re-expression or vector control (the same cells as
in Fig. S2B) were infected with K-Ras (V12). Cells were cultured for 4 wk, and
cell foci were stained by crystal violet.
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reaction buffer containing 100 ng of recombinant 6XHis-AKT, as described
previously (11). Phosphorylation of AKT was determined by Western blot
analysis. To measure AKT kinase activity, the immunoprecipitated IKKε/TBK1
was removed from the kinase reaction by centrifugation, and AKT activity
was measured using purified GST-TSC2 fragments as a substrate (25). Phos-
phorylation of TSC2 was determined by Western blot analysis.

Cell Fractionation. Cells were harvested in low-salt buffer [10 mM Hepes
(pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM NaF, 1.5 mM
Na3VO4, protease inhibitor mixture (Roche), 1 mM DTT, 1 mM PMSF] and
passed through a 25G needle 15 times. Nuclear fractions were collected by
centrifugation at 1,000 × g for 5 min at 4 °C. Mitochondrial fractions were
collected by further centrifugation of the supernatants at 10,000 × g for

5 min at 4 °C. The supernatants were further fractionated by centrifugation
at 100,000 × g for 30 min at 4 °C to collect membrane and cytosolic fractions.

Foci Formation Assay. The K-Ras (V12) virus-infected MEF cells were plated
onto 10-cm dishes. After confluency was reached, the medium was changed
every 2–3 d for 4 wk. The cells were then fixed with 4% paraformaldehyde
and stained with 0.5% crystal violet in 25% methanol. Dried plates were
photographed.
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