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Figure 7: IKKα enhances imTOR/Rictor kinase activity to Akt. A. PC3 cells were transfected with siRNA IKKα. Endogenous 
mTOR/Rictor was immunoprecipitated with the mTOR antibody for mTOR/Rictor kinase activity directed toward recombinant Akt. The 
phosphorylation of Akt (anti-phospho-S473) and total Akt, mTOR and Rictor in the kinase assay system and the amount of mTOR, Rictor 
and IKKα in the lysate were measured with the indicated antibodies. B. PC3 cells were transfected with different amounts of siRNA IKKα. 
The cells were lyses 48 hours post-transfection and the endogenous mTOR/Rictor was immunoprecipitated with the TOR antibody and 
incubated with recombinant Akt. The level of mTOR and Rictor in the immunoprecipitates and of endogenous Akt, mTOR, and IKKα in 
lysates was determined with the indicated antibodies. C. HEK293T cells were transfected with different amounts of wild type HA-IKKα, 
and mTOR and Rictor were immunoprecipitated. mTOR/Rictor kinase activity toward recombinant Akt was determined with phospho-Akt 
antibody following in vitro kinase assay. The protein levels of Akt, mTOR and Rictor in the immunoprecipitates were determined with 
the indicated antibodies. D. HeLa cells were transfected with different amounts of wild type or kinase mutated GST-IKKα (expression 
indicated by arrow) and the phosphorylation of Akt and S6K, as well as expression of Akt, S6K and GST-IKKα was detected (upper panel). 
mTOR were immunoprecipitated and levels of mTOR and Rictor in the immunoprecipitate were examined (lower panel).
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In the current study, we show that IKKα associates 
with the mTORC2 complex and positively regulates 
mTORC2 kinase activity directed to Akt (Figure 8). Others 
[24] have suggested that IKKβ is important in this response 
and that IKK promotes Rictor association with mTOR 
in the mTORC2 complex, but our data (at least in the 
cancer cells studied) indicate that IKKα is more important 
than IKKβ in controlling Akt activation and that there 
is no reduction in Rictor-mTOR association following 
IKKα knockdown. Data from our studies indicate that 
PI3K and Akt drive IKKα onto the mTORC2 complex, 
promoting a feedforward process to maintain mTORC2 
activity. Previously we found that the IKKα-directed 
phosphorylation (S1415) of mTOR in the mTORC1 
complex stimulates mTORC1 kinase activity [23]. While 
expression of an S1415A mTOR mutant suppressed 
mTORC1 activity, it did not suppress phosphorylation of 
Akt [23], suggesting that phosphorylation at this site by 
IKKα does not regulate mTORC2 activity. Yet our data 
indicate that the kinase activity of IKKα is required to 
promote mTORC2 and Akt activation (Figure 7D). Thus 
a mechanism to explain the effect of IKKα on promoting 
mTORC2 activity is not known. Our findings provide 
insights into a previous report showing that the activation 
of Akt downstream of BAFF receptor signaling requires 
IKKα [29]. 

Knockout of Rictor in mice demonstrated that 
mTORC2 activates Akt (phosphorylation at S473 and 
T308) and controls certain, but not all, Akt substrates [27]. 
The animal study reported by Sabatini group demonstrated 
that both Rictor and mLST8 (GβL) are involved in 
mTORC2-induced phosphorylation of FOXO3a, but 
not TSC2 or GSK3β. In 2006, mSin1 was identified as 
another component of mTORC2 but not mTORC1 [26, 
30]. It has been demonstrated that mSin1 is necessary 

for the assembly of mTORC2 and for its capacity to 
phosphorylate Akt/PKB [26, 30]. In addition, similar to 
the function of Rictor to mTORC2, mSin1 mediates Akt 
phosphorylation of FOXO3a [30], while other Akt targets 
TSC2, GSK3, and the TORC1 effectors, S6K and 4E-BP1 
were unaffected. A mechanism to explain the selective 
phosphorylation of Akt substrates in these studies is 
not understood. Our data indicate that IKKα acts as an 
upstream regulator of mTORC2 to control mTORC2 
activity to Akt and its substrate FOXO3a, which is similar 
to the function of Rictor and Sin1 in regulating Akt and its 
downstream targets. Others have reported that IKK-related 
kinases IKKε and TBK1 can directly phosphorylate Akt at 
S473 [31, 32], thus our data indicate an additional pathway 
whereby IKK family members can drive Akt activation. 
Our observations that IKKα is critical for regulation of 
both mTORC1 and mTORC2, along with its established 
roles in the activation of NF-κB signaling, indicate IKKα 
as an important cancer therapeutic target. 

MATERIALS AND METHODS

Cell lines, cell culture and transfection

IKK wild-type and IKKα-/- were provided by I. 
Verma and M. Karin. The prostate cancer cell lines PC3, 
LNCaP and DU145, HEK293T, Hela, A549, PANC1 
and MiaPaCa-2 cell lines were from ATCC. The LNCaP 
cell line was cultured in PMRI1640 with 10% fetal 
bovine serum (FBS), 2 mM glutamine, and 100 U/ml 
penicillin and streptomycin (GIBCO). All other cells 
were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum 
(FBS), 2 mM glutamine, and 100 U/ml penicillin and 
streptomycin (GIBCO). Transfections were performed 
using Lipofectamine and Plus (Invitrogen) following 
the manufacturer’s instructions. In brief, 3-4 hours after 
transfection, cells were recovered in full serum for 36 
hours or in full serum for 24 hr and then serum-starved for 
16 to 24 hours as indicated. 

 Antibodies and reagents

Antibodies were obtained from the following 
sources. Antibodies against IKKα, IKKβ, and mTOR 
were obtained from Upstate Biotechnology. Raptor 
and Rictor antibodies were obtained from Bethyl 
Laboratories. Anti-HA and anti-Flag antibodies were 
obtained from Roche and Sigma, respectively. Anti-
Actin was obtained from Calbiochem. The anti-S6K and 
control rabbit IgG, as well as HRP-labeled anti-mouse 
and anti-rabbit secondary antibodies were from Santa 
Cruz Biotechnology. Recombinant Human inactive Akt 
is from Upstate Biotechnology. All other antibodies 

Figure 8: Model for IKKα regulation of mTORC1 
downstream of Akt (A) and regulation of mTORC2 
upstream of Akt (B). A. Shows the downstream effectors 
of Akt in regulating different key pathways. Akt promotes the 
interaction of IKKα with the mTORC1 to promote mTORC1 
activity. B. PI3K signaling via Akt promotes the interaction 
with the mTORC2 complex to promote Akt activity directed to 
a subset of substrates. 
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were from Cell Signaling. Other reagents were obtained 
from the following sources: Insulin was from Invitrogen 
Corporation. Protease and phosphatase inhibitor cocktails 
were from Roche. The CHAPS was from Pierce. Protein 
A and protein G agarose beads were from Invitrogen Life 
Technologies. 

RNA interference

siRNA SMARTpool IKKα (Catalog #M-003473) 
employed in all experiments except Figure 1B. Other two 
siRNA, labeled as siRNA-IKKα-2 and siRNA-IKKα-3 in 
Figure 1B are from Santa Cruz and Sigma, respectively. 
Raptor and Rictor were from Dharmacon. Each of these 
represents four pooled SMART selected siRNA duplexes 
that target the indicated gene. HeLa, PC3, LNCaP and 
DU145 cell lines cells were transfected with indicated 
SMARTpool siRNA or nonspecific control pool using 
DharmaFECT 1 reagent (Dharmacon) according to 
the manufacturer’s instructions. In brief, 20 nM final 
concentration of siRNA was used to transfect cells at 60%-
70% confluency. Twenty-four hours after transfection, 
cells were recovered in full serum or were serum-starved 
16 hr before harvest. Cells were harvested 48 to 72 hr after 
siRNA transfection.

Cell lysis, immunoblotting and 
coimmunoprecipitation

In brief, cells growing in 100 mm dishes were 
rinsed twice with cold PBS and then lysed on ice for 
20 min in 1 ml lysis buffer (40 mM Hepes pH 7.5, 120 
mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM 
glycerophosphate, 50 mM NaF, 0.5 mM orthovanadate, 
and EDTA-free protease inhibitors (Roche)) containing 
1% Triton X-100. After centrifugation at 13,000Xg for 
10 min, samples containing 20-50 μg of protein were 
resolved by SDS-PAGE and proteins transferred to Pure 
Nitrocellulose Membrane (Bio-Rad Lab.), blocked in 5% 
nonfat milk, and blotted with the indicated antibodies. 
For immunoprecipitation experiments, the lysis buffer 
contained 0.3% CHAPS instead of 1% Triton. 4 μg of the 
indicated antibodies were added to the cleared cellular 
lysates and incubated with rotation for 6-16 hours. Then 
25 μl of protein G agorose was added and the incubation 
continued for 1 h. Immunoprecipitates captured with 
protein G-agorose were washed three times with the 
CHAPS Lysis Buffer, two times by wash buffer A (50 
mM Hepes, PH 7.5, 150mM NaCl), and boiled in 4x SDS 
samples buffer for western blot. 

In vitro mTOR/Rictor kinase assay

We followed the protocol for the in vitro assay 
of Rictor/mTOR kinase acivity directed to Akt [4]. 
In brief, transfected HEK293T cells were grown in 
100mm dishes for 48 hours in DMEM containing 10% 
FBS, and lysed in 1ml lysis buffer with 0.3% CHAPS. 
Half of total cell lysate was incubated with anti-mTOR 
or anti-Rictor antibody for 3 hours, followed by another 
hour of incubation with 25 µl protein G agarose beads. 
Immunoprecipitates were washed four times by lysis 
buffer, once by the Rictor-mTOR kinase buffer (25 mM 
HEpes PH 7.5, 100 mM potassium acetate, 1 mM MgCl2). 
For kinase reaction immunoprecipitates were incubated in 
a final volume of 15 μl for 20 min at 37 °C in the rictor-
mTOR kinase buffer containing 500 ng inactive Akt1/
PKB1 (Akt1/PKB1, Upstate Biotechnology, #14-279) and 
500 μM ATP. The reaction was stopped by the addition of 
200 μl ice-cold Enzyme Dilution buffer (20 mM MOPS, 
pH 7.0, 1 mM EDTA, 0.01% Brij 35, 5% glycerol, 0.1 % 
2-mercaptoethanol, 1 mg/ml BSA). After a quick spin, the 
supernatant was removed from the protein G-sepharose 
and analyzed by immunoblotting.

Statistics

Data from the in vitro experiments are expressed 
as mean ± SEM from a minimum of 3 independent 
experiments. Comparison between groups were carried 
out by 2-way ANOVA or Student’s t test, and a P value of 
less than 0.05 was considered significant.

ACKNOWLEDGMENTS

We thank members of the Baldwin lab, past and 
present, for valuable discussion. Research support was 
provided by NIH grants R35 CA197684 (to A.S.B), 
and K99CA149178 (to H.C.D.) and R00CA149178 (to 
H.C.D.). Additional support was provided by Department 
of Defense postdoctoral (DOD) fellowship PC060420 (to 
H.C.D.) and the Waxman Cancer Research Foundation (to 
A.S.B.). 

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

REFERENCES

1. Dibble CC, Cantley LC. Regulation of mTORC1 by PI3K 
signaling. Trends Cell Biol. 2015; 25:545-55.

2. Bhaskar PT, Hay N. The two TORCs and Akt. Dev Cell. 
2007; 12:487-502. 

3. Hay N. The Akt-mTOR tango and its relevance to cancer. 



Oncotarget21075www.impactjournals.com/oncotarget

Cancer Cell 2005; 8: 179-183.
4. Sarbassov D, Guertin, D, Ali SM, Sabatini DM. 

Phosphorylation and regulation of Akt/PKB by the Rictor-
mTOR complex. Science 2005; 307: 1098-1101.

5. Majumder PK, Sellers WR. Akt-regulated pathways in 
prostate cancer. Oncogene 2005; 24: 7465-7474.

6. Shaw RJ, Cantley LC. Ras, PI(3)K, and mTOR signaling 
controls tumor cell growth. Nature 2006; 441: 424-430.

7. Zoncu R, Efeyan A, Sabatini DM. mTOR: from growth 
signal integration to cancer, diabetes and ageing. Nat Rev 
Mol Cell Biol. 2011; 12::21-35.

8. Laplante M, Sabatini DM. mTOR signaling in growth 
control and disease. Cell. 2012; 149:274-93.

9. Inoki K, Li Y, Zhu T, Wu J, Guan KL. TSC2 is 
phosphorylated and inhibited by Akt and suppresses mTOR 
signaling. Nature Cell Biol. 2003; 4: 648-657. 

10. Li Y, Corradetti MN, Inoki K, Guan KL. TSC2: filling the 
GAP in the mTOR signaling pathway. Trends. Biochem. 
Sciences 2004; 29: 32-38.

11. Manning BD, Cantley LC. Rheb fills a GAP between TSC 
and TOR. Trends Biochem. Sci. 2003; 28: 573-576. 

12. Sancak Y, Thoreen CC, Peterson TR, Lindquist RA, Kang 
SA, Spooner E, Carr SA, Sabatini DM. PRAS40 is an 
insulin-regulated inhibitor of the mTORC1 protein kinase. 
Mol Cell. 2007; 25:903-15.

13. Vander Haar E, Lee SI, Bandhakavi S, Griffin TJ, Kim 
DH. Insulin signalling to mTOR mediated by the Akt/PKB 
substrate PRAS40. Nat Cell Biol. 2007; 9:316-23.

14. Liu P, Gan W, Chin YR, Ogura K, Guo J, Zhang J, Wang B, 
Blenis J, Cantley LC, Toker A, Su B, Wei W. PtdIns(3,4,5)
P3-dependent Activation of the mTORC2 Kinase Complex. 
Cancer Discov. 2015; 5:1194-209.

15. Glidden EJ, Gray LG, Vemuru S, Li D, Harris TE, 
Mayo MW. Multiple site acetylation of Rictor stimulates 
mammalian target of rapamycin complex 2 (mTORC2)-
dependent phosphorylation of Akt protein. J Biol Chem. 
2012; 287:581-8.

16. Hayden MS, Ghosh S. NF-κB, the first quarter-century: 
remarkable progress and outstanding questions. Genes Dev. 
2012; 26:203-34.

17. Bradford JW, Baldwin AS. IKK/nuclear factor-kappaB and 
oncogenesis: roles in tumor-initiating cells and in the tumor 
microenvironment. Adv Cancer Res. 2014; 121:125-45.

18. Staudt LM. Oncogenic activation of NF-kappaB. Cold 
Spring Harb Perspect Biol. 2010; 2:a000109.

19. DiDonato JA, Mercurio F, Karin M. NF-κB and the link 
between inflammation and cancer. Immunol Rev. 2012; 
246:379-400.

20. Dan HC, Adli M, Baldwin AS. Regulation of mammalian 
target of rapamycin activity in PTEN-inactive prostate 
cancer cells by I kappa B kinase alpha. Cancer Res. 2007; 
67:6263-9.

21. Dan HC, Baldwin AS. Differential involvement of IkappaB 
kinases alpha and beta in cytokine- and insulin-induced 
mammalian target of rapamycin activation determined by 
Akt. J Immunol. 2008; 180:7582-9.

22. Dan HC, Cooper MJ, Cogswell PC, Duncan JA, Ting JP, 
Baldwin AS. Akt-dependent regulation of NF-{kappa}B is 
controlled by mTOR and Raptor in association with IKK. 
Genes Dev. 2008; 22:1490-500.

23. Dan HC, Ebbs A, Pasparakis M, Van Dyke T, Basseres 
DS, Baldwin AS. Akt-dependent activation of mTORC1 
complex involves phosphorylation of mTOR (mammalian 
target of rapamycin) by IκB kinase α (IKKα). J Biol Chem. 
2014; 289:25227-40.

24. Xu Y, Lai E, Liu J, Lin J, Yang C, Jia C, Li Y, Bai X, Li 
M. IKK interacts with rictor and regulates mTORC2. Cell 
Signal. 2013; 25:2239-45. 

25. Manning BD. Balancing Akt with S6K: implications for 
both metabolic diseases and tumorigenesis. J Cell Biol. 
2004; 167:399-403.

26. Yang Q, Inoki K, Ikenoue T, Guan KL. Identification 
of Sin1 as an essential TORC2 component required for 
complex formation and kinase activity. Genes Dev. 2006; 
20:2820-32.

27. Guertin DA, Stevens DM, Thoreen CC, Burds AA, Kalaany 
NY, Moffat J, Brown M, Fitzgerald KJ, Sabatini DM. 
Ablation in mice of the mTORC components raptor, rictor, 
or mLST8 reveals that mTORC2 is required for signaling to 
Akt-FOXO and PKCalpha, but not S6K1. Dev Cell. 2006; 
11:859-71.

28. Lee DF, Kuo HP, Chen CT, Hsu JM, Chou CK, Wei Y, 
Sun HL, Li LY, Ping B, Huang WC, He X, Hung JY, Lai 
CC, Ding Q, Su JL, Yang JY, Sahin AA, Hortobagyi GN, 
Tsai FJ, Tsai CH, Hung MC. IKKbeta suppression of TSC1 
links inflammation and tumor angiogenesis via the mTOR 
pathway. Cell. 2007; 130:440-55.

29. Otipoby KL, Sasaki Y, Schmidt-Supprian M, Patke A, 
Gareus R, Pasparakis M, Tarakhovsky A, Rajewsky K. 
BAFF activates Akt and Erk through BAFF-R in an IKK1-
dependent manner in primary mouse B cells. Proc Natl 
Acad Sci U S A. 2008; 105:12435-8.

30. Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, Jung SY, 
Huang Q, Qin J, Su B. SIN1/MIP1 maintains rictor-mTOR 
complex integrity and regulates Akt phosphorylation and 
substrate specificity. Cell. 2006; 127:125-37.

31. Ou YH, Torres M, Ram R, Formstecher E, Roland C, 
Cheng T, Brekken R, Wurz R, Tasker A, Polverino T, Tan 
SL, White MA. TBK1 directly engages Akt/PKB survival 
signaling to support oncogenic transformation. Mol Cell. 
2011; 18:458-70.

32. Xie X, Zhang D, Zhao B, Lu MK, You M, Condorelli G, 
Wang CY, Guan KL. IkappaB kinase epsilon and TANK-
binding kinase 1 activate AKT by direct phosphorylation. 
Proc Natl Acad Sci U S A. 2011; 108:6474-9.


