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Background: The mTOR complex 1 (mTORC1) phosphorylates ribosomal S6 kinase (S6K1) on Thr-389, leading to S6K1
activation.
Results: Inhibition of SIRT1/2, members of the sirtuin family of proteins, induces S6K1 acetylation and inhibits mTORC1-de-
pendent S6K1 phosphorylation.
Conclusion: The SIRT1/2 support mTORC1-induced S6K1 activation by inhibiting S6K1 acetylation.
Significance: The study provides a novel mechanistic insight into the cross-talk between sirtuins and mTORC1 signaling.

p70 ribosomal S6 kinase (S6K1), a major substrate of the
mammalian target of rapamycin (mTOR) kinase, regulates
diverse cellular processes including protein synthesis, cell
growth, and survival. Although it is well known that the activity
of S6K1 is tightly coupled to its phosphorylation status, the reg-
ulation of S6K1 activity by other post-translational modifica-
tions such as acetylation has not been well understood. Here we
show that the acetylation of the C-terminal region (CTR) of
S6K1 blocks mTORC1-dependent Thr-389 phosphorylation, an
essential phosphorylation site for S6K1 activity. The acetylation
of the CTR of S6K1 is inhibited by the class III histone deacety-
lases, SIRT1 and SIRT2. An S6K1 mutant lacking acetylation
sites in its CTR shows enhanced Thr-389 phosphorylation and
kinase activity, whereas the acetylation-mimetic S6K1 mutant
exhibits decreased Thr-389 phosphorylation and kinase activ-
ity. Interestingly, relative to the acetylation-mimetic S6K1
mutant, the acetylation-defective mutant displays higher affin-
ity toward Raptor, an essential scaffolding component of
mTORC1 that recruits mTORC1 substrates. These observations
indicate that sirtuin-mediated regulation of S6K1 acetylation is
an additional important regulatory modification that impinges
on the mechanisms underlying mTORC1-dependent S6K1
activation.

The evolutionarily conserved ribosomal protein S6 kinases
belong to the AGC (PKA, PKG, and PKC) kinase family and play
important roles in the regulation of cell growth and metabolism
(1, 2). In mammals, two separate genes encode S6Ks:2 S6K1 (or

S6K�) and S6K2 (or S6K�). The use of alternative ATG start
codons makes two protein isoforms for each S6 kinase (for
S6K1, p85 and p70; for S6K2, p56 and p54) (3–5). Among these
S6Ks, the p70 S6K1 (S6K�2), termed S6K1 in this study, is the
best characterized isoform for its function and regulation. In
response to environmental cues such as growth factors and
nutrients, S6K1 is phosphorylated and activated by two
upstream serine/threonine kinases, mTOR and phosphoinosit-
ide-dependent kinase 1 (PDK1) (6 – 8). Importantly, S6K1 is
specifically phosphorylated by mTOR kinase forming a com-
plex with Raptor (mTORC1), which is a rapamycin-sensitive
complex (9 –11). mTORC1 first phosphorylates Thr-389 on the
hydrophobic motif of S6K1, which creates a PDK1 binding
motif, and subsequently induces PDK1-dependent Thr-229
phosphorylation on the activation loop of S6K1 (12–14). These
cooperative and sequential phosphorylations by mTORC1 and
PDK1 are essential for the activation of S6K1.

It has been demonstrated that both N-terminal and C-termi-
nal regions of S6K1 play important roles in mTORC1-mediated
Thr-389 phosphorylation in the linker region (15–17). The N
terminus of S6K1 contains unique short regulatory sequences
termed TOR signaling (TOS) motifs, which are also found in
other mTORC1 substrates such as 4EBPs and PRAS40 (18, 19).
Mutation or deletion of the TOS motif of S6K1 abolishes
mTORC1-mediated Thr-389 phosphorylation. Although it has
been postulated that the TOS motif of S6K1 interacts with Rap-
tor, an essential scaffold protein of mTORC1 (20, 21), mutation
of the autoinhibitory motif in the C-terminal region (CTR) of
S6K1 restores mTORC1-mediated Thr-389 phosphorylation of
the S6K1 TOS motif mutant (22). These observations suggest
that the TOS motif may play a role in modulating the regulatory
mechanisms of the S6K1 CTR for mTORC1-mediated Thr-389
phosphorylation.
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The CTR is unique to S6Ks among other AGC family mem-
bers and contains a pseudo-substrate domain with an autoin-
hibitory motif. The pseudo-substrate domain has been pro-
posed to interact with the kinase domain of S6K1 and inhibit
mTORC1-dependent phosphorylation of Thr-389 (23–25). In
addition to its inhibitory role for S6K1 activation, the CTR
determines the dependence of S6K1 regulation by mTORC1.
Thr-389 phosphorylation of the S6K1 lacking the CTR (�CT
S6K1) becomes partially rapamycin-resistant (26). Consistent
with this observation, genetic and biochemical studies have
demonstrated that Thr-389 of the �CT S6K1 can be phosphor-
ylated by both mTORC1 and rapamycin-insensitive mTORC2
(26). These observations indicated that the intact CTR is
required for mTORC1-specific and -dependent Thr-389 phos-
phorylation of S6K1. The CTR can be subjected to multiple
post-translational modifications including phosphorylation
and acetylation. Although phosphorylation of the CTR (Ser-
411, Ser-418, Thr-421, and Ser-424) has been proposed to play
a role in supporting mTORC1-dependent Thr-389 phosphory-
lation by exposing the linker region to mTORC1 (23, 25), the
regulatory role of CTR acetylation for S6K1 activation has not
been well understood.

Here we show that S6K1 is acetylated on three lysine residues
in its CTR. Acetylation of S6K1 suppresses mTORC1-depen-
dent Thr-389 phosphorylation and results in an inhibition of its
activity. We found that S6K1 acetylation is suppressed by mem-
bers of the sirtuin family of deacetylases, SIRT1 and SIRT2,
indicating that the sirtuin pathway impinges on the regulation
of mTORC1-dependent S6K1 activation. Furthermore, acety-
lation-defective S6K1 shows greater affinity for Raptor in vivo.
Our study thus provides evidence for a previously unrecognized
cross-talk between the sirtuins and the mTOR pathways at the
level of S6K1 activation.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and Plasmids—Nicotinamide, trichos-
tatin A, and rapamycin were obtained from Sigma-Aldrich.
Torin 1 was purchased from TOCRIS Bioscience. Protein
G-Sepharose and ECL were purchased from GE Healthcare.
[�-32P]ATP was obtained from MP Biomedicals. Antibodies
against Myc and HA tags were purchased from Covance. Acetyl
Lys-516 (Lys-493)-S6K1 antibody was obtained from Abcam.
S6K1 antibody for immunoprecipitation was described previ-
ously (27). All other antibodies were purchased from Cell Sig-
naling Technology. S6K1 and Raptor constructs were kindly
provided by Drs. John Blenis (Harvard University) and David
Sabatini (Massachusetts Institute of Technology (MIT)),
respectively. HA-SIRT1 and SIRT2 constructs were gifts from
Dr. Roland Kwok (University of Michigan). All the HA-S6K1
mutants were generated using QuikChange site-directed
mutagenesis kit (Stratagene).

Cell Culture and Treatments—COS-7 or HEK293T cells
were cultured in DMEM (Invitrogen) containing 10% fetal
bovine serum (FBS, HyClone Laboratories) and penicillin/
streptomycin (Invitrogen). To inhibit histone deacetylases,
COS-7 cells were treated with 5 nM trichostatin A (TSA), 5 mM

nicotinamide (NAM), or both NAM � TSA (NT). 100 nM Torin
1 was used for inhibiting mTOR activity.

Immunoblot and Immunoprecipitation—Cells were lysed on
ice for 10 min in Nonidet P-40 lysis buffer (10 mM Tris, pH 7.5,
2 mM EDTA, 100 mM NaCl, 1% Nonidet P-40, 50 mM NaF, 10
mM sodium pyrophosphate, 10 mM glycerophosphate, and pro-
tease inhibitor cocktail (Roche Applied Science)). Cleared
lysates were collected by spinning at 15,000 rpm for 15 min and
then denatured with SDS sample buffer for immunoblotting.
For immunoprecipitations, cleared lysates were incubated with
1 �g of antibody for 2 h and with protein G-Sepharose beads for
an additional hour with gentle rocking at 4 °C. Immunoprecipi-
tates were denatured in SDS sample buffer and further analyzed
by immunoblotting.

Small Interfering RNAs—siGENOME SMARTpool small
interfering RNAs (siRNAs) targeting SIRT1, SIRT2, HDAC6,
and GFP (control) were purchased from Dharmacon. Gene
knockdown efficiency by siRNAs on each target was examined
by quantitative reverse transcription-PCR (RT-PCR).

S6K1 in Vitro Kinase Assay—COS-7 cells were transfected
with 10 ng of the indicated Myc-S6K1 construct using Lipo-
fectamine (Invitrogen) by following the manufacturer’s instruc-
tions. 48 h after transfection, Myc-S6K1 was immunoprecipi-
tated (IPed) and washed once with buffer A (10 mM Tris, pH 7.2,
1% Nonidet P-40, 0.5% sodium deoxycholic acid, 100 mM NaCl,
1 mM EDTA), once with buffer B (10 mM Tris pH 7.2, 0.1%
Nonidet P-40, 1 M NaCl), and once with buffer ST (5 mM Tris-
base, 50 mM Tris-Cl, 150 mM NaCl, pH 7.2). After washing with
buffer ST, beads were washed with 1� S6K1 kinase reaction
buffer without �-mercaptoethanol (20 mM Hepes, pH 7.2, 10
mM MgCl2, 1 mg/ml BSA). S6K1 kinase assay was performed in
1� S6K1 kinase reaction buffer with 2 mM �-mercaptoethanol,
2 �g of GST-S6, 0.5 mM cold ATP, and 5 �Ci of [�-32P]ATP for
10 min at 30 °C. The reactions were terminated by denaturation
in SDS sample buffer at 100 °C for 5 min, and the reaction sam-
ples were separated by SDS-PAGE and transferred to PVDF
membrane. Autoradiographs were visualized and quantified by
a PhosphorImager and ImageQuant (GE Healthcare).

Statistical Analysis—All data were analyzed by analysis of
variance with Scheffe’s post hoc test. Asterisks represent statis-
tically significant differences. p values less than 0.05 were con-
sidered significant.

RESULTS

Nicotinamide, but Not Trichostatin A-sensitive, Regulation of
Thr-389 S6K1 Phosphorylation—Recent studies demonstrated
a cross-talk between sirtuins and the mTORC1 signaling path-
way in various types of cells and organs (28 –33). However, the
role of sirtuins in the regulation of mTORC1 activity deter-
mined by measuring Thr-389 phosphorylation of S6K1 has
been controversial. Conflicting conclusions of these studies
may be due to the use of different approaches including over-
expression and knock-out strategies of single sirtuins, such as
SIRT1, under various experimental conditions. Mammalian
sirtuins, consisting of seven different members, represent class
III histone deacetylases and are specifically inhibited by high
concentrations of NAM (34 –36). To examine the effect of
acute inhibition of sirtuins or other HDACs on mTORC1 activ-
ity, COS-7 cells were treated with NAM and/or TSA, an inhib-
itor of class I/II HDACs, and phosphorylation levels of S6K1
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(Thr-389) as well as 4EBP1 (Thr-37/46 and Ser-65), an estab-
lished phosphorylation substrate of mTORC1, were monitored.
Levels of cellular acetylated proteins were enhanced by the
treatment of NAM or TSA, and they were further enhanced by
co-treatment with NT (Fig. 1A). As expected, treatment of
COS-7 cells with Torin 1, a highly potent and selective ATP-
competitive inhibitor of mTOR kinase (37, 38), abolished phos-
phorylation of both S6K1 (Thr-389) and 4EBP1 (Thr-37/46 and
Ser-65) in a similar time-dependent manner (Fig. 1B). Interest-
ingly, NAM treatment significantly decreased S6K1 and S6
phosphorylation but did not inhibit 4EBP1 phosphorylation on
Thr-37/46 and Ser-65, although 4EBP1 protein was observed to
migrate slightly faster by SDS-PAGE (Fig. 1C). These observa-
tions indicate that NAM dominantly attenuates S6K1 Thr-389
phosphorylation through an unknown mechanism rather than
by inhibiting mTOR kinase activity. In contrast, TSA treatment
showed little effect on the phosphorylation of either S6K1 or
4EBP1 (Fig. 1D). These data suggest that among all HDACs, the
sirtuin family of proteins may have a specific effect on S6K1
phosphorylation. It has been demonstrated that treatment with
NT shows greater acetylation of proteins that are targeted by
sirtuin-dependent deacetylation (39, 40). This reaction may be
due to a shift of acetyltransferase activity toward sirtuin-tar-
geted proteins under conditions in which class I/II HDAC-tar-
geted proteins are highly acetylated. Importantly, co-treatment
with NT resulted in a further decrease in phosphorylation of
S6K1 (Fig. 1E). Consistently, 4EBP1 phosphorylation was
resistant to NT treatment. These observations suggest a possi-

bility that the acetylation status of S6K may affect mTORC1-
dependent Thr-389 phosphorylation.

S6K1 Acetylation Is Regulated by the Sirtuin Pathway—We
next assessed whether inhibition of sirtuins with NAM or NT
induces acetylation of S6K1. HA-S6K1 or HA-S6K2 was tran-
siently expressed in COS-7 cells and treated with NT. HA-S6Ks
were IPed with HA antibody, and levels of acetylation were
determined by immunoblotting with a pan-acetyl-lysine
antibody. Inhibition of deacetylases with NT treatment
robustly induced S6K1, but not S6K2, acetylation (Fig. 2A).
To further examine NAM-mediated S6K1 acetylation, COS-7
cells expressing HA-S6K1 were treated with NAM alone, TSA
alone, or both (NT). Consistent with the effect of these treat-
ments on S6K1 phosphorylation, NAM, but not TSA treat-
ment, increased S6K1 acetylation (Fig. 2B). Moreover, NT
treatment further enhanced S6K1 acetylation as compared with
NAM treatment alone. These results indicate that S6K1 acety-
lation was induced upon NAM treatment, which inhibits sir-
tuin deacetylases. We also performed these experiments in
HEK293T cells and observed essentially the same results
where NAM and NT, but not TSA treatment, increased S6K1
acetylation (Fig. 2C). Taken together, these data suggest that
S6K1 acetylation is regulated by sirtuins in a cell type-inde-
pendent manner. To examine whether these regulations
could be seen on endogenous S6K1, endogenous S6K1 was
IPed from HEK293T and COS-7 cells, and acetylation levels
were determined. As predicted, NT treatment significantly
increased acetylation of endogenous S6K1 (Fig. 2, D and E).

FIGURE 1. Nicotinamide specifically inhibits S6K1 phosphorylation. COS-7 cells were treated with 100 nM Torin 1, 5 mM NAM, 5 nM TSA, or NT for the
indicated times. Total cell lysates were prepared and assessed by immunoblotting (WB) with the indicated antibodies. A, NAM, TSA, and NT induce cellular
protein acetylation. Samples treated for 3 h from C–E were analyzed by immunoblotting with anti-acetyl-lysine and actin antibodies. B, Torin 1, a specific mTOR
kinase inhibitor, suppresses both Thr-389 phosphorylation of S6K1 (pT389-S6K1) and Thr-37/46 and Ser-65 phosphorylation of 4EBP1 (pT37/46 – 4EBP1 and
pS65– 4EBP1) in a similar dose-dependent manner. C, NAM specifically attenuates S6K phosphorylation. pS235/236-S6, Ser-235/236 phosphorylation of S6. D,
inhibition of Class I/II HDACs by TSA does not affect S6K1 phosphorylation. E, inhibitory effect of nicotinamide on S6K1 phosphorylation is augmented by TSA
co-treatment.
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Collectively, our results suggest that S6K1 is acetylated in
response to the inhibition of sirtuins and that this acetyla-
tion may be constantly suppressed by sirtuins under normal
culture conditions.

SIRT1 and SIRT2 of the Sirtuin Class III HDAC Family Are
Responsible for Deacetylation of S6K1—To determine whether
sirtuins directly inhibit acetylation of p70 S6K1, which is pre-
dominantly expressed in the cytosol, the interaction between
S6K1 and the cytoplasmic sirtuins (SIRT1 and SIRT2) and the
effect of overexpression of these sirtuins on S6K1 acetylation
were examined.

Co-immunoprecipitation assays showed that both HA-tagged
SIRT1 and HA-tagged SIRT2 were well co-IPed with FLAG-
tagged S6K1 in COS-7 cells (Fig. 3A). NT treatment had little
effect on these interactions. We also observed weak interac-
tions between endogenous SIRT1 or SIRT2 with endogenous
S6K1 when cells were treated with NT (Fig. 3B), suggesting that
both SIRT1 and SIRT2 may function as deacetylases for S6K1.
To examine whether S6K1 is a direct substrate for SIRT1 or
SIRT2 deacetylase activity, S6K1 was co-expressed with wild
type or catalytically inactive SIRT1 or SIRT2 and treated with
NT in COS-7 cells (41– 43). Accordingly, inhibition of sirtuins
upon NT treatment increased S6K1 acetylation, whereas over-
expression of either SIRT1 or SIRT2 reduced NT-induced S6K1
acetylation (Fig. 3C). Importantly, the catalytically inactive
SIRT1 (SIRT1 HY) failed to suppress S6K1 acetylation. Simi-
larly, inactive SIRT2 HY was also less effective in inhibiting
S6K1 acetylation, although higher expression of SIRT2 HY dis-
played a moderate effect on reducing the levels of S6K1 acety-
lation possibly due to the reduction of cellular histone acetyl-
transferase activity such as p300 (44, 45). These results
indicated that deacetylase activity of the overexpressed SIRT1
or SIRT2 was still maintained in the cells treated with NT, and
both SIRT1 and SIRT2 may be responsible for the deacetylation
of S6K1. To further investigate the role of SIRT1 and SIRT2 in

the regulation of S6K1 acetylation, we examined the effect of
transient knockdown of endogenous SIRT1 or/and SIRT2 on
S6K1 acetylation. A single knockdown of SIRT1 or SIRT2
slightly induced S6K1 acetylation, whereas simultaneous
knockdown of SIRT1 and SIRT2 further enhanced S6K1 acety-
lation, suggesting that both endogenous SIRT1 and SIRT2 con-
tribute to deacetylation of S6K1 (Fig. 3, D and E). Consistent
with the observations that co-treatment with TSA augmented
S6K1 acetylation with NAM treatment, TSA treatment
increased S6K1 acetylation induced by the double knockdown
of SIRT1 and SIRT2. To examine the possible role of endoge-
nous class I/II deacetylase activity in the regulation of S6K1
acetylation, we inhibited HDAC6, a major cytoplasmic class I/II
HDAC, and assessed S6K acetylation. Consistent with the effect
of TSA treatment alone, HDAC6 knockdown failed to induce
S6K1 acetylation even under conditions in which both SIRT1
and SIRT2 are silenced (Fig. 3, E and F). Furthermore, overex-
pression of HDAC6 has little effect on NT-induced S6K1 acety-
lation (data not shown). Taken together, our observations sug-
gest that SIRT1 and SIRT2 both act to regulate S6K1
deacetylation in a redundant manner.

Identification of Novel Sirtuin-regulated Lysine Residues (Lys-
484 and Lys-485)—It has been demonstrated that Lys-493 of
S6K1 (Lys-516 in S6K1 isoform �1) is acetylated by overexpres-
sion of p300 acetyltransferase (46, 47). However, the regulatory
role and functional importance of Lys-493 acetylation for S6K1
activity have remained unclear. A point mutation of Lys-493 to
arginine (K493R) did not eliminate NT-induced S6K1 acetyla-
tion (Fig. 4B), whereas a deletion of 85 amino acids from the C
terminus (S6K1 1– 417 amino acids) abolished NT-induced
S6K1 acetylation (Fig. 4A). These observations suggest that
additional sirtuin-sensitive acetylation sites may exist in the
CTR of S6K1. To identify novel acetylation sites, mutation of
lysine residues within the CTR of S6K1 were examined for their
effects on S6K1 acetylation. The K484R mutation dramatically
but incompletely suppressed NT-induced S6K1 acetylation.
Double mutations of Lys-484/485 to arginines (hereafter called
DKR) further decreased acetylation of S6K1 relative to 484R
alone. Although DKR showed significant reduction of NT-in-
duced S6K1 acetylation (Fig. 4B), it failed to completely abolish
the acetylation signal (Fig. 4, B and C). While we were perform-
ing this study, a specific antibody against acetyl-lysine 493 of
S6K1 (acetyl Lys-493-S6K1) became commercially available. In
agreement with the earlier study of Lys-493, we could detect
Lys-493 acetylation in the DKR S6K1 but not in TKR, which has
the K493R mutation in addition to DKR (Fig. 4D). Taken
together, these results indicate that at least three lysines in the
CTR of S6K1 are acetylated.

SIRT1 and SIRT2 Enhance S6K1 Phosphorylation—Our
studies demonstrated that NAM, a sirtuin inhibitor, enhanced
S6K1 acetylation and suppressed S6K1 phosphorylation (Figs.
1, C and E, and Fig. 2B). Furthermore, both SIRT1 and SIRT2
were able to reduce S6K1 acetylation (Fig. 3, C–E). These data
suggest that cytoplasmic sirtuins may have a positive role in the
regulation of S6K1 phosphorylation. Consistent with this
hypothesis, transient knockdown of both SIRT1 and SIRT2
reduced serum/amino acid-induced Thr-389 phosphorylation
of endogenous S6K1 (Fig. 5A). In contrast, overexpression of

FIGURE 2. Inhibition of class III HDACs, the sirtuins, by nicotinamide
induces acetylation of S6K1. A, S6K1 but not S6K2 acetylation (Ac-S6K) is
induced by NT treatment. COS-7 cells were transfected with HA-S6K1 or
HA-S6K2 plasmid. 48 h after transfection, the cells were treated with NT for
3 h. HA-S6Ks were IPed, and levels of acetylation were analyzed by immuno-
blotting with anti-acetyl-lysine antibody. B and C, NAM, but not TSA, induces
S6K1 acetylation. HA-S6K1 was expressed in COS-7 (B) or HEK293T cells (C).
Cells were treated with NAM, TSA, or NT for 3 h. Levels of S6K1 acetylation
were monitored as in A. D and E, acetylation of endogenous S6K1 was
enhanced by NT treatment. HEK293T (D) or COS-7 cells (E) were treated with
or without NT for 3 h. Endogenous S6K1 was IPed, and levels of S6K1 acetyla-
tion were monitored as in A. Abs, antibodies; ctr IgG, control IgG.
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SIRT1 or SIRT2 significantly enhanced Thr-389 phosphoryla-
tion and moderately increased Thr-229 (activation loop) and
other phosphorylations of S6K1 (Fig. 5B). Consistently, Myc-
S6K1 co-expressed with SIRT1 or SIRT2 increased its kinase
activity as measured by in vitro kinase assays (Fig. 5C). How-

ever, transient overexpression of SIRT1 or SIRT2 showed little
effect on the levels of AKT (Ser-473) or AMP-activated protein
kinase (AMPK)� (Thr-172) phosphorylation, which reflect the
activity of two important upstream regulators of mTORC1 in
COS-7 cells (Fig. 5, D and E). These observations further sup-

FIGURE 3. Both SIRT1 and SIRT2 are responsible for deacetylation of S6K1. A, overexpressed S6K1 interacts with exogenous SIRT1 and SIRT2. COS-7 cells
were transfected with either HA-SIRT1 or HA-SIRT2 along with FLAG-S6K1. After 48 h, cells were treated with NT for 3 h, and FLAG-S6K1 was IPed. Immuno-
precipitates were analyzed by immunoblotting using FLAG and HA antibodies. B, endogenous S6K1 interacts with endogenous SIRT1 and SIRT2. COS-7 cells
were treated with NT for 3 h, and endogenous S6K1 was IPed. Immunoprecipitates were analyzed by immunoblotting using the indicated antibodies (Abs).
Arrows indicate SIRT1 or SIRT2. C, S6K1 acetylation (Ac-S6K1) induced by NT treatment was suppressed by overexpression of SIRT1 or SIRT2. COS-7 cells were
transfected with Myc-S6K1 together with HA-SIRT1 or HA-SIRT2 as indicated. SIRT1 HY and SIRT2 HY denote the deacetylase-inactive mutants of SIRT1 and
SIRT2, respectively. Cells were treated with NT for 3 h and Myc-S6K1 was IPed. Levels of acetylation of Myc-S6K1 were determined. D, both endogenous SIRT1
and endogenous SIRT2 are responsible for S6K1 deacetylation. COS-7 cells were transfected with HA-S6K1 together with the indicated siRNAs against SIRT1,
SIRT2, or GFP (Control). TSA treatment was for 3 h, as indicated. E, the effect of cytoplasmic HDAC6 knockdown on S6K1 acetylation. The indicated siRNAs were
co-transfected with HA-S6K1. NT treatment (3 h) was as indicated. F, knockdown efficiency of the indicated siRNAs in COS-7 cells was examined by quantitative
RT-PCR and immunoblotting. Error bars indicate mean � S.D.

FIGURE 4. Inhibition of sirtuins induces acetylation of lysines 484, 485, and 493 of S6K1. A, the CTR of S6K1 possesses NT-sensitive acetylation sites. COS-7
cells were transfected with full-length wild type (FL 1–502 amino acids) and two C-terminal truncation dC-S6K1 mutants (1–399 amino acids and 1– 417 amino
acids), and treated with NT for 3 h. Levels of acetylation (Ac) in the indicated S6K1s were determined. B and C, mutations of lysine 484 and 485 to arginine (DKR)
largely inhibit NT-induced S6K1 acetylation. COS-7 cells were transfected with the indicated S6K1 KR mutants, and levels of acetylation induced by NT were
monitored. 427R, 484R, 485R, 484/485R, and 493R denote KR mutation of the indicated residues. D, mutations of lysine 484, 485, and 493 to arginine (TKR)
abolished NT-induced S6K1 acetylation. COS-7 cells were transfected with DKR or TKR and treated with NT for 3 h. An anti-acetyl lysine 493 antibody was used
to determine the level of S6K1 acetylation.
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port the idea that SIRT1 and SIRT2 may have direct roles in
modulating mTORC1-dependent S6K1 phosphorylation (Thr-
389). It should be noted that SIRT1 or SIRT2 overexpression
only moderately enhanced Thr-229 phosphorylation (activa-
tion loop) and the kinase activity of S6K1 despite their substan-
tial effect on enhancing Thr-389 phosphorylation. Although
our data indicate that SIRT1 or SIRT2 overexpression has little
effect on mTORC2-dependent Ser-473 phosphorylation of
AKT, it is possible that overexpression of SIRT1/SIRT2 may
reduce cytoplasmic PDK1 activity, which is responsible for
Thr-229 phosphorylation of S6K1, by increasing the levels of

plasma membrane-associated PDK1 (48, 49). To further test
the role of sirtuins in the regulation of mTORC1-mediated
S6K1 phosphorylation, we examined the effect of endogenous
sirtuin activation on S6K1 phosphorylation by stimulating the
biosynthetic pathway of NAD, which is an essential cofactor for
sirtuin deacetylase activity (50). Overexpression of nicotin-
amide phosphoribosyltransferase (NAMPT) or nicotinamide
mononucleotide adenylyltransferase (NMNAT), which stimu-
lates NAD biosynthesis, enhances S6K1 phosphorylation but
has little effect on AKT phosphorylation (Fig. 5, F and G).
Together, these observations suggest that SIRT1 and SIRT2

FIGURE 5. SIRT1 and SIRT2 enhance S6K1 phosphorylation and its kinase activity. A, COS-7 cells were transfected with the siRNAs against SIRT1 and SIRT2
or GFP (Control). 72 h after transfection, cells were starved with growth factors and nutrients with Hanks’ balanced salt solution for 1 h and stimulated with the
culture medium (10% FBS in DMEM) for the indicated times. Total cell lysates were prepared, and acetylated S6K1 was IPed by Ac-Lys-493-S6K1 antibody
(Ac-K493-S6K1). Immunoprecipitates and lysates were analyzed by immunoblotting with the indicated antibodies. Levels of Thr-389 phosphorylation (pT389,
left panel) were quantified with ImageJ (right panel). *, p � 0.05, versus 90 min control; mean � S.D., n � 3. A. U., arbitrary units. B, transient overexpression of
SIRT1 or SIRT2 increases S6K1 phosphorylation. COS-7 cells were co-transfected with HA-S6K1 and HA-SIRT1 or HA-SIRT2. After 48 h, total cell lysates were
prepared, and levels of S6K1 phosphorylation were monitored by immunoblotting with phospho-specific Thr-389 (pT389), Thr-229 (pT229), and Thr-421/Ser-
424 (pT421/S424) S6K1 antibodies. C, SIRT1 and SIRT2 overexpression enhances S6K1 kinase activity. COS-7 cells were co-transfected with Myc-S6K1 and
HA-SIRT1 or HA-SIRT2. After 48 h, Myc-S6K1 was IPed and subjected to an in vitro kinase assay. GST-S6 was prepared from bacteria and used for the in vitro kinase
assay as a substrate. The incorporated radioactivity into GST-S6 was quantified. Data were expressed as mean � S.D., *, p � 0.05 versus control (without sirtuins)
(n � 3). D and E, the effect of SIRT1 or SIRT2 on AKT or AMP-activated protein kinase (AMPK) phosphorylation. COS-7 cells were transfected with HA-S6K1 and
GST-AKT or Myc-S6K1 and HA-AMP-activated protein kinase together with either HA-SIRT1 or HA-SIRT2. Experiments were performed as in panel A. Levels of
AKT and AMP-activated protein kinase phosphorylation were monitored by immunoblotting with the indicated phospho-specific antibodies. pS473, Ser-473
phosphorylation; pT172, Thr-172 phosphorylation. F and G, activation of the NAD biosynthetic pathway stimulates S6K1 phosphorylation. Myc-nicotinamide
phosphoribosyltransferase (Myc-NAMPT) (F) or Myc-nicotinamide mononucleotide adenylyltransferase (Myc-NMNAT) (G) was co-expressed with HA-S6K1
(upper panels) or GST-AKT (lower panels) in COS-7 cells. Levels of S6K1 or AKT phosphorylation were monitored by immunoblotting with the indicated
phospho-specific antibodies.
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enhance S6K1 phosphorylation possibly through deacetylation
of S6K1.

Acetylation-defective S6K1 Shows Higher S6K1 Phos-
phorylation—To investigate the direct role of S6K1 acetylation
in the regulation of its phosphorylation, we created a series of
lysine point mutations to generate acetylation-defective (KR)3

or acetylation-mimetic (KQ, KA, or KT) S6K1 mutants, as has
been reported in previous studies (51, 52). Consistent with the
hypothesis that S6K1 acetylation suppresses mTORC1-medi-

ated S6K1 phosphorylation, the S6K1 acetylation-defective
mutant (TKR),4 in which three lysine residues (484, 485, and
493) were all mutated to arginine, showed higher Thr-389
phosphorylation levels as compared with wild type S6K1 (Fig.
6A). Importantly, the reduction of S6K1 phosphorylation by
NAM or NT treatment was significantly attenuated in the TKR
S6K1 mutant (Fig. 6A). In contrast, S6K1 phosphorylation in
the acetylation-mimetic mutants (TKQ, TKA, and TKT)
showed lower S6K1 phosphorylation levels than that in the wild
type or TKR mutant (Fig. 6B). In accordance with the observa-

3 Throughout this study, the following designations were used for mutants:
KR, acetylation-defective mutation by replacing lysine with arginine; KQ,
acetylation-mimetic mutation by replacing lysine with glutamine; KA,
acetylation-mimetic mutation by replacing lysine with alanine; KT, acety-
lation-mimetic mutation by replacing lysine with threonine.

4 Throughout this study, the following designations were used for multiple
mutants: TKR, K484R/K485R/K493R; TKQ, K484Q/K485Q/K493Q; TKA,
K484A/K485A/K493A; TKT, K484T/K485T/K493T.

FIGURE 6. S6K1 acetylation attenuates mTORC1-dependent S6K1 phosphorylation. A, acetylation-defective mutant (TKR) showed higher levels of S6K1
phosphorylation. Wild type or TKR S6K1 mutant was expressed in COS-7 cells. After 48 h, cells were treated with either NAM or NT for 3 h before harvest. Levels
of Thr-389 phosphorylation (pT389) were monitored by immunoblotting (left panel) and quantified by ImageJ (right panel). (*, p � 0.05, **, p � 0.01 versus
control (Ctr), N.S. indicates not significant; mean � S.D., n � 3). A. U., absorbance units. B, characterization of the acetylation-defective mutant (TKR) and
acetylation-mimetic mutants (TKA, TKQ, and TKT) of S6K1. COS-7 cells were transfected with wild type, TKR, TKA, TKQ, or TKT S6K1. Levels of Thr-389 phosphor-
ylation of S6K1 were monitored (left panel) and quantified (right panel) (*, p � 0.05 versus WT; mean � S.D., n � 3). C, acetylation-defective mutant (TKR) shows
higher kinase activity as compared with that of acetylation-mimetic mutant (TKA) in vitro. COS-7 cells were transfected with either HA-S6K1 TKR or TKA mutant.
After 48 h, the HA-S6K1 mutants were IPed and subjected to an in vitro kinase assay. GST-S6 was used as a substrate. The incorporated radioactivity into GST-S6
was quantified. Data were expressed as mean � S.D., *, p � 0.05 versus TKR (n � 3). D, proteasome inhibition induces acetylation of S6K1 concomitantly
decreasing S6K1 phosphorylation. COS-7 cells were transfected with either wild type HA-S6K1 or acetylation-defective mutant (TKR). Cells were treated with 10
�M MG132 for the indicated times, and total cell lysates were analyzed by immunoblotting using the indicated antibodies. Ac-K493-S6K1, Ac-Lys-493-S6K1
antibody; pT421/S424, phosphorylation of Thr-421 and Ser-424. E, Thr-389 phosphorylation status does not affect S6K1 acetylation. Wild type, T389E (phos-
phorylation-mimetic mutant), or T389A S6K1 (phosphorylation-defective mutant) was expressed in COS-7 cells. 48 h after transfection, cells were treated with
NT for 3 h. HA-S6K1s were IPed with HA antibody, and immunoprecipitates were analyzed by immunoblotting with the indicated antibodies (top panel). Levels
of S6K1 acetylation were quantified (right panel). N.S. indicates not significant versus WT treated with NT; mean � S.D., n � 3. F, TKR S6K1 shows higher affinity
for mTORC1 as compared with TKA S6K1. COS-7 cells were co-transfected with Myc-Raptor together with either wild type HA-S6K1, HA-TKR, or HA-TKA S6K1
mutant. Levels of co-IPed HA-S6K1 were determined. G, schematic model of the effect of sirtuins on S6K1 phosphorylation by mTORC1. Deacetylation of S6K1
by sirtuins enhances mTORC1-dependent S6K1 phosphorylation (Thr-389). HATs indicate histone acetyltransferases.
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tions that the TKA S6K1 mutant has reduced Thr-389 phos-
phorylation as compared with the TKR S6K1 mutant, the TKA
mutant showed lower kinase activity than the TKR mutant (Fig.
6C). These observations indicate that S6K1 acetylation plays an
important role in inhibiting mTORC1-induced S6K1 phosphor-
ylation and its kinase activity. Interestingly, the above recipro-
cal correlation between S6K1 acetylation and phosphorylation
can also be seen in cells treated with a proteasome inhibitor. It
has been reported that heat shock factor-1 (HSF1), a master
transcriptional factor that stimulates the transcription of a
large number of anti-stress genes, is acetylated in response to
multiple cellular stresses including heat shock, hypoxia, and
proteasome inhibition (53). The acetylation of HSF1 terminates
its transcriptional activity by blocking its association with the
promoter elements of its target genes. Notably, SIRT1 deacety-
lates HSF1 and maintains its DNA binding activity, thereby
enhancing HSF1 function to further induce anti-stress gene
expressions. We observed that proteasome inhibition induced
S6K acetylation in a time-dependent manner. In contrast, S6K
phosphorylation (Thr-389 and Thr-229) was reciprocally
reduced in a similar time-dependent manner (Fig. 6D). In addi-
tion, levels of Thr-421/Ser-424 phosphorylation in the CTR of
S6K1 were not inhibited by proteasome inhibition. Impor-
tantly, this time-dependent inhibition of S6K1 phosphorylation
by proteasome inhibition was not observed in the acetylation-
defective S6K1 mutant (TKR). Taken together, these observa-
tions indicate that the acetylation of S6K1 and its negative role
for S6K1 phosphorylation are dynamic, and suggest that the
inhibition of S6K1 phosphorylation stemming from protea-
some inhibition is a consequence of S6K1 acetylation.

To further investigate the interrelationship between S6K
acetylation and its phosphorylation status, we examined and
compared the levels of S6K1 acetylation in wild type and T389E
(phospho-mimetic) and T389A (phospho-defective) mutants
in the presence or absence of deacetylase inhibitors. Upon
deacetylase inhibition, similar levels of acetylation were
detected in all of these S6K1 constructs, suggesting that S6K1 is
acetylated in a manner independent of the phosphorylation sta-
tus of Thr-389 (Fig. 6E). Note that the phospho-Thr-389 S6K1
antibody strongly recognizes the S6K1 T389E mutant even
under nutrient starvation or rapamycin treatment conditions
(data not shown), suggesting that the substitution of Thr-389
with a glutamic acid well mimics the structure of phosphory-
lated Thr-389. Thus, the preferred model based on above
observations is that once nonphosphorylated S6K1 is acety-
lated, mTORC1-dependent Thr-389 phosphorylation does not
efficiently occur.

Given that lysine acetylation blocks its positive charge, our
results suggest that the inhibitory effect of S6K1 acetylation on
Thr-389 phosphorylation may be due to a decrease in the pos-
itive charge of the three lysine residues in the CTR of S6K1.
Because the CTR of S6K1 determines the dependence of S6K1
regulation by mTORC1, the affinity of these S6K1 CTR
mutants for Raptor was evaluated. Raptor is an essential scaf-
folding protein of the mTORC1 complex and recruits S6K1 to
mTORC1. Interestingly, the affinity of the TKR mutant with
Raptor was much higher than that of the TKA mutant (Fig. 6F).
Thus, our data support a model where the acetylation of S6K1,

which reduces positive charge on three lysine residues of S6K1,
weakens the interaction between S6K1 and mTORC1, leading
to a decrease in S6K1 phosphorylation by mTORC1 (Fig. 6G).

DISCUSSION

This study establishes cross-talk between the mTORC1 and
the sirtuin signaling pathways in the regulation of S6K1 phos-
phorylation. Our biochemical data postulate that S6K1 is con-
stantly deacetylated by SIRT1 and SIRT2 in growing cells,
which supports mTORC1-mediated Thr-389 phosphorylation,
a key phosphorylation event that stimulates S6K1 activity. The
results also suggest an important role for positive charges at the
C terminus of S6K1 in its association with mTORC1 through
Raptor. Collectively, these results promote a model where
SIRT1 and SIRT2 play a role in maintaining positive charges at
the C terminus of S6K1, which eventually makes S6K1 a better
substrate for mTORC1. It has been demonstrated that the CTR
of S6K1 designates mTORC1 as a principal kinase for S6K1
phosphorylation as S6K1 lacking the CTR can be phosphory-
lated by both mTORC1 and mTORC2 (26). These observations
imply that not only the TOS motif in the N terminus but also
the positive charge of the CTR of S6K1, which is inhibited by
acetylation, plays an important role in the recognition of
mTORC1 as a specific kinase for S6K1. Although further study
will be required to determine the precise molecular mechanism
by which these CTR lysine residues of S6K1 engage Raptor in
the mTORC1 complex, we posit that these S6K1 positive
charges may play a crucial role in interacting with a certain
domain of mTORC1.

The expanding interest in sirtuin function largely stems from
previous studies that link Sir2 to lifespan regulation in model
organisms. Increased Sir2 gene dosage has been proposed to be
sufficient to extend lifespan (54, 55), which is genetically
opposed to the effect of TORC1 signaling in the regulation of
lifespan (56, 57). More recently, the attractive consensus of Sir2
function in longevity has been scrutinized, and Sir2 appears to
be dispensable in extending lifespan in both Caenorhabditis
elegans and Drosophila melanogaster (58). However, it should
be noted that overexpression of mammalian SIRT1 in the brain
increases longevity in mice. Thus, the role of Sir2/SIRT1 in the
regulation of longevity continues to be an area of active discus-
sion. Accordingly, recent studies in mammalian cells and
mouse models have also revealed that both SIRT1 and SIRT2
exert bidirectional roles in suppressing and promoting cancer
cell proliferation and survival (59). There are also mixed reports
regarding the functional role of SIRT1 in the regulation of insu-
lin-mTOR signaling. SIRT1 deacetylates the insulin receptor
substrate 2 (IRS2), AKT, and PDK1 and stimulates insulin sig-
naling (30, 48). SIRT1 also suppresses the expression of the
PTP1B (60), a negative regulator of the insulin-mTORC1 path-
way, and also directly deacetylates PTEN (phosphatase and ten-
sin homolog) protein, although the functional importance of
PTEN acetylation for its lipid phosphatase activity remains elu-
sive (61). Furthermore, SIRT1 activation in human diploid
fibroblasts promotes S6K phosphorylation (28), and ablation of
SIRT1 in a polycystic kidney disease mouse model (PKD1�/�)
attenuates cystic formation and renal epithelial cell prolifera-
tion that are promoted by mTORC1 activity (31, 62). Moreover,
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physiological exercise- or angiotensin II-induced cardiac
hypertrophy is attenuated in SIRT1-deficient mice (63). In con-
trast, it has also been reported that loss of SIRT1 in mouse
embryonic fibroblasts (SIRT1�/� mouse embryonic fibro-
blasts) increases mTORC1 activity as compared with that in
wild type mouse embryonic fibroblasts (33). SIRT1 and SIRT2
have many targets even within the insulin signaling pathway
and play important roles in the regulation of not only stress/
energy-related gene expression but also signal transduction
molecules that may directly or indirectly affect mTORC1 activ-
ity. Therefore, the inconsistent or bifunctional roles of SIRT1 in
the regulation of the insulin-mTOR pathway and cell prolifer-
ation/survival may reflect a cell or tissue type specificity, differ-
ential activity of SIRT2, or the distinct experimental contexts
under which it has been investigated. Although the physiolog-
ical role of SIRT1 and SIRT2 in the regulation of S6K1 remains
to be addressed, our biochemical studies demonstrate a clear
association of the sirtuin pathway and mTORC1 signaling at
the level of S6K1 phosphorylation. We speculate that this reg-
ulatory axis may play important roles in the quality control of
cellular proteins under certain stress conditions and in sirtuin-
mediated cell survival and proliferation.
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