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S6K1 Negatively Regulates TAK1 Activity in the Toll-Like Receptor
Signaling Pathway
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Transforming growth factor 3 (TGF-f3)-activated kinase 1 (TAK1) is a key regulator in the signals transduced by proinflamma-
tory cytokines and Toll-like receptors (TLRs). The regulatory mechanism of TAK1 in response to various tissue types and stimuli
remains incompletely understood. Here, we show that ribosomal S6 kinase 1 (S6K1) negatively regulates TLR-mediated signals
by inhibiting TAK1 activity. S6K1 overexpression causes a marked reduction in NF-kB and AP-1 activity induced by stimulation
of TLR2 or TLR4. In contrast, S6K1~/~ and S6K1 knockdown cells display enhanced production of inflammatory cytokines.
Moreover, S6K1~/~ mice exhibit decreased survival in response to challenge with lipopolysaccharide (LPS). We found that S6K1
inhibits TAK1 kinase activity by interfering with the interaction between TAK1 and TAB1, which is a key regulator protein for
TAKI catalytic function. Upon stimulation with TLR ligands, S6K1 deficiency causes a marked increase in TAK]1 kinase activity
that in turn induces a substantial enhancement of NF-kB-dependent gene expression, indicating that S6K1 is negatively involved
in the TLR signaling pathway by the inhibition of TAK1 activity. Our findings contribute to understanding the molecular patho-
genesis of the impaired immune responses seen in type 2 diabetes, where S6K1 plays a key role both in driving insulin resistance

and modulating TLR signaling.

Transforming growth factor B-activated kinase 1 (TAK1) is a
member of the mitogen-activated protein kinase (MAPK)
kinase kinase (MAP3K) family (1). TAK1 is essential for the pro-
duction of tumor necrosis factor (TNF-a) and other inflamma-
tory mediators by activating several MAPKs, such as p38a MAPK,
Jun N-terminal protein kinases 1 and 2 (JNKI and JNK2), and
extracellular signal-regulated kinases 1 and 2 (ERK1/2). TAK1
also plays a key regulatory role in several cytokine-mediated in-
nate immunity signal transduction cascades, including interleu-
kin-1 (IL-1) and the downstream signaling of Toll-like receptors
(TLRs) and NOD1/2 (2, 3). In these pathways, various proinflam-
matory cytokines and TLR agonists trigger TAK1 activity, leading
to its autophosphorylation and subsequent recruitment to the IkB
kinase (IKK) complex, ultimately resulting in the activation of the
transcription factor NF-kB and the upregulation of genes encod-
ing proinflammatory cytokines, chemokines, adhesion molecules,
and proteolytic enzymes.

Several binding partners of TAKI, including TAK1-binding
protein 1 (TAB1), TAB2, and TAB3, have been implicated in the
regulation of TAK1 activity in response to various stimuli (1, 4).
Previous reports demonstrated that the native forms of TAK1
comprise a catalytic kinase subunit in complex with the regulatory
subunit TAB1 and either of two homologous proteins, TAB2 and
TAB3 (2, 5, 6). Importantly, it has been reported that TAB1 might
play a key role in the regulation of the TAK1 complex (7, 8).
Studies with TABI1-deficient mouse embryonic fibroblasts
(TAB1~/~ MEFs) demonstrated that TAB1 is able to recruit p38a
MAPK to the TAK1 complex for TAB3 phosphorylation, resulting
in the induction of TAKI catalytic activity (8). In addition,
TAB1~'~ MEFs do not activate TAK1 in response to IL-1 and
TNEF-a, strongly suggesting a pivotal role of TABI in TAKI sig-
naling. Moreover, other studies have demonstrated that TAB1

510 mcb.asm.org Molecular and Cellular Biology

specifically regulates TAK1 activity induced by proinflammatory
responses by disrupting a MEKK3-TAK1 complex under un-
stimulated conditions, which may be important in preventing
basal NF-kB signaling (9).

Recently, the biological significance of heteromeric complex
formation between different MAP3Ks has been proposed as a crit-
ical mechanism for cells to fine-tune cellular responses when faced
with a wide range of stimuli. A previous report showed that apop-
tosis signal-regulating kinase 1 (ASK1), a member of the MAP3K
family, inhibits the activation of NF-«kB induced by IL-1 through
disruption of TRAF6-TAKI interaction (10). Moreover, it has re-
cently been proposed that TAK1 inhibits S6 kinasel (S6K1) phos-
phorylation by interfering with the interaction between raptor
and S6K1, inducing autophagy (11). Nevertheless, the mecha-
nisms that allow TAK1 to be regulated by so many different stim-
uli and tissue types and the kinetics of the regulatory response are
not completely understood. Here, we demonstrate that S6K1 is
negatively involved in the TLR2- or TLR4-mediated signaling
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pathway. In line with our in vitro results, we found that S6K1~/~
mice exhibit increased lethality after challenge with lipopolysac-
charide (LPS) in vivo.

MATERIALS AND METHODS

Animals. Mice lacking S6K1 were kindly provided by George Thomas
(University of Cincinnati). Age- and sex-matched S6K1 /'~ mice were
originally generated in a mixed 129/Sve] X C57BL/6 line. Male S6K-dko
and wild-type (wt) mice were housed in individual cages under a 12-h/
12-h light/dark cycle (7 a.m. lights on) with ad libitum access to standard
chow (6% kcal from fat; Harlan Teklad Laboratory Diets, Madison, WI),
fat-free diet (0% kcal from fat; Research Diets, Inc., New Brunswick, NJ),
or high-fat diet (60% kcal from fat [formulation D12492] and 45% kcal
from fat [formulation D12451]) (Research Diets, Inc.) and tap water. The
Sungkyunkwan University School of Medicine Institutional Animal Care
and Use Committee approved all animal protocols.

Cells. HEK293 cells (human embryonic kidney cells) were purchased
from the American Type Culture Collection (ATCC, Manassas, VA) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen
Corp., Carlsbad, CA) containing 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 unit/ml penicillin, 100 pg/ml streptomycin, and 5 X
107> M B-mercaptoethanol. THP-1 cells (human monocytic cells) were
purchased from ATCC and maintained in RPMI medium (Invitrogen)
containing 10% FBS, 2 mM Lr-glutamine, 100 units/ml penicillin, 100
pg/ml streptomycin, and 5 X 107> M B-mercaptoethanol. HEK293 cells
expressing human TLR2 (catalog number hkb-htlr2) and human TLR4
(catalog number hkb-htlr4) were purchased from InvivoGen (San Diego,
CA) and maintained according to the manufacturer’s protocol.

Production of S6K1 gene-containing lentivirus particles. The S6K1
gene was inserted into the pLVX-IRES-Puro (catalog number 632183;
Clontech) lentiviral vector according to the manufacturer’s protocol. pLVX-
Mock-Puro and pLVX-S6K1-Puro were transfected into HEK293T packag-
ing cells along with vesicular stomatitis virus (VSV) G protein and A8.2
vector by using Lipofectamine (Invitrogen). The supernatants were har-
vested at ~40 h posttransfection, and then lentivirus particles were col-
lected using ultracentrifugation. The collected lentivirus particles were
filtered with a 45-pm filter and transferred to a sterile storage tube, and
the viral particles were frozen at —80°C for long-term storage.

Control THP-1 and S6K1 knockdown THP-1 cells. Lentiviral parti-
cles containing small hairpin RNA (shRNA) targeting human S6K1 (sc-
36165-V) or control shRNA lentiviral particles (sc-108080) were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). THP-1
cells were cultured in a 24-well plate (2 X 10° cells/well) and infected with
each lentiviral particle according to the manufacturer’s protocol. Control
THP-1 cells generated by control shRNA lentiviral particles and S6K1
knockdown (KD) THP-1 cells generated by S6K1 shRNA lentiviral parti-
cles (S6K15¥P THP-1 cells) were cultured in puromycin-containing (4 to 8
pg/ml) medium for 2 weeks to select stable clones (12, 13). To generate
S6K1-overexpressing Raw 264.7 cells, Raw 264.7 cells (2 X 10*) were
infected with a mock (empty) vector (pLVX-Mock-Puro) or the lentivirus
containing the Flag-tagged S6K1 expression construct (pLVX-S6K1-
Puro) and incubated for 18 to 20 h at 37°C in a humidified CO, incubator,
and then the culture medium was removed from the wells and replaced
with fresh medium containing puromycin (4 to 8 wg/ml). The fresh me-
dium containing puromycin was replaced every 3 to 4 days until resistant
colonies were obtained. Puromycin-resistant colonies were picked, and
then the expression of Flag-tagged S6K1 was examined with anti-Flag
antibody by using Western blot analysis.

Luciferase reporter assay. HEK293, HEK293-TLR2, HEK293-TLR4,
control THP-1, or S6K1*" THP-1 cells grown on 12-well plates were
transiently transfected using the Neon transfection system (Invitrogen)
with either the NF-kB-dependent reporter construct pBIIx-luc or the AP-
1-dependent reporter construct AP-1-luc with Renilla luciferase vector
(Promega Corp., Madison, WI). Cells were treated with or without FSL-1
(synthetic diacylated lipoprotein, a TLR2 agonist; 10 wg/ml) or LPS
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(TLR4 agonist; 100 ng/ml) for 6 h, and luciferase activity was measured
using the dual-luciferase assay kit (Promega) (14). Mock-Raw 264.7 and
Flag-tagged S6K1-expressing Raw 264.7 cells grown on 12-well plates
were transiently transfected using the Neon transfection system (Invitro-
gen, Carlsbad, CA) with either the NF-kB-dependent reporter construct
pBIIx-luc or the AP-1-dependent reporter construct AP-1-luc with Re-
nilla luciferase vector (Promega Corporation, Madison, WI) according to
the respective manufacturer’s instructions. The total DNA concentration
in each experiment was maintained by adding the appropriate empty
vector to the DNA mixture. Typically at 24 h after transfection, cells were
lysed and luciferase activity was measured using the dual-luciferase assay
kit (Promega). HEK293-TLR4 cells were cotransfected with wt S6K1,
dominant-negative S6K1 (DN-S6K1), or constitutively active S6K1 (CA-
S6K1) vector, together with pBIIx-luc reporter and Renilla luciferase vec-
tor. Twenty-four hours after transfection, cells were treated with or with-
out LPS for 6 h and then analyzed for luciferase activity. DN-S6K1 and
CA-S6K1 constructs, originally provided by G. Tomas, were supplied by
J. W. Han (Sungkyunkwan University, Suwon, Republic of Korea).

Measurement of proinflammatory cytokines. Splenocytes were iso-
lated from wt or S6K1 /™ mice, and 5 X 10° cells were seeded into U-bot-
tom 96-well plates. The cells were treated with or without the TLR agonists
to TLR2 (FSL-1) or TLR4 (LPS) (InvivoGen). After 9 h, the levels of
mouse TNF-q, IL-1B, and IL-6 were measured in the supernatant accord-
ing to the manufacturer’s protocol (enzyme-linked immunosorbent assay
[ELISA] kit; R&D Systems, Minneapolis, MN). Wild-type THP-1 or
S6K1XP THP-1 cells were treated with or without TLR agonists for 9 h,
and then the supernatants were harvested. The levels of human TNF-q,
IL-1B, and IL-6 were measured in the supernatants according to the man-
ufacturer’s protocol (R&D Systems). Mock-Raw 264.7 and S6K1-Raw
264.7 cells were treated with or without TLR2 or TLR4 agonist (FSL-1 and
LPS, respectively) for 9 h, and then supernatants were harvested. The
levels of mouse IL-6 and mouse IL-1[3 were measured in the supernatants
according to the manufacturer’s protocol (R&D Systems, Minneapolis,
MN).

Survival analysis of S6K1~/~ mice. Six- to 8-week-old S6K1~/~ mice
(n = 12) and wild-type controls (n = 12) were intraperitoneally injected
with a lethal dose of LPS (40 mg/kg) and monitored for mortality. The
survival of the mice was analyzed using Kaplan-Meier survival curves, and
the difference in median survival times of S6K1 '~ and wild-type mice
was assessed by log rank tests.

Truncated mutant plasmids. G. Thomas kindly provided the wt S6K1
vector. The Flag-tagged S6K1 mutants Flag-S6K1 (66-333) (comprising
amino acids 66 to 333 of S6K1; the internal catalytic domain) and Flag-
S6K1 (333-502) (comprising amino acids 333 to 502 of S6K1; the regula-
tor domain) were generated by PCR, using Flag-S6K1 wt as a template,
and inserted into pcDNA3. Myc-tagged TAK1 mutants Myc-TAK1 (1-
500), Myc-TAK1 (1-400), Myc-TAKI (1-300), Myc-TAK1 (1-200), and
Myc-TAK1 (1-100) (each comprising the indicated N-terminal amino
acids of TAK1) were generated by PCR using wt Myc-TAK1 as the tem-
plate and inserted into pcDNA3 (13, 14).

Immunoprecipitation and Western blotting. HEK293 cells trans-
fected with appropriate expression vectors were lysed in a lysis buffer
containing 150 mM NaCl, 20 mM Tris-HCI, pH 7.5, 10 mM EDTA, 1%
Triton X-100, 1% deoxycholate, 1.5% aprotinin, and 1 mM phenylmeth-
ylsulfonyl fluoride. Cellular debris was removed by centrifugation. For
immunoprecipitation (IP) and Western blotting, we used anti-Myc and
anti-Flag antibodies (Sigma-Aldrich). The proteins were detected using
the enhanced chemiluminescence system (Amersham Pharmacia Biotech,
Amersham, United Kingdom). For endogenous immunoprecipitation,
THP-1 cells were treated with or without LPS (100 ng/ml) for 45 min.
Cells were extracted and immunoprecipitated with anti-S6K1 antibody.
The interaction was detected by Western blotting with anti-TAKI anti-
body. The same lysates were verified with anti-S6K1 antibody. For West-
ern blotting, wt and S6K1*” THP-1 cells were treated with or without
TLR4 and TLR2 agonists (LPS and FSL-1, respectively) for different times.
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FIG 1 S6K1 is negatively involved in the activation of NF-kB and AP-1 induced by TLR2 and TLR4. (a to d) HEK293-TLR2 cells (a and b) and HEK293-TLR4
cells (c and d) were cotransfected with a mock or Flag-S6K1 vector together with pBIIx-luc (a and c) or with AP-1-luc together with the Renilla luciferase vector
(band d). Twenty-four hours after transfection, cells were treated with or without FSL-1 (aand b) or LPS (cand d) for 6 h and then analyzed for luciferase activity.
Results are expressed as the fold induction in luciferase activity relative to that in untreated cells. (e) The mock or Flag-S6K1 lentivirus vector was used to infect
Raw 264.7 cells as described in Materials and Methods. The expression of Flag-S6K1 was examined with anti-Flag antibody by using Western blot assay.
Immunoblotting (IB) with anti-B-actin antibody was performed to generate a control for gel loading. (f) A total of 2 X 10° THP-1 cells were cultured in a 24-well
plate and infected with lentiviral particles containing shRNA targeting human S6K1 (S6K1%” THP-1) or control shRNA lentiviral particles (Control THP-1).
Cells were cultured in medium containing puromycin (4 to 8 pg/ml) for 2 weeks to select stable clones. The knockdown efficacy was examined with anti-S6K1
antibody using Western blotting. Immunoblotting with anti-GAPDH antibody was performed to generate a control for gel loading. (g and h) Mock-Raw 264.7
and S6K1-Raw 264.7 cells were cotransfected with pBIIx-luc (g) or AP1-luc (h) reporter together with Renilla luciferase vector. Twenty-four hours after
transfection, cells were treated with or without (WO) FSL-1 or LPS for 6 h and then analyzed for luciferase activity. Results are expressed as the fold induction
in luciferase activity relative to that in untreated cells. The data shown are the averages of a minimum of three independent experiments, with error bars denoting
standard deviations (£SD). (i and j) Mock-Raw 264.7 and S6K1-Raw 264.7 cells were treated with or without TLR2 or TLR4 agonist (FSL-1 and LPS, respectively)
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FIG 2 S6K1 deficiency increases proinflammatory cytokine production induced by TLR2 and TLR4. (a to c) Wild-type and S6K1¥° THP-1 cells were treated
with or without (WO) FLS-1 or LPS for 9 h. Human TNF-a (hTNF-a) (a), hIL-1P (b), and hIL-6 (c) production was analyzed by enzyme-linked immunosorbent
assay (ELISA). The data shown are the averages of a minimum of three independent experiments, with error bars denoting =SD. *, P < 0.01; **, P < 0.05. (d to
f) Splenocytes were isolated from wt or S6K1~/~ mice (n = 3 each). Cells were plated into 96-well plates (5 X 10° cells/well) and treated with or without TLR2
and TLR4 agonists (FSL-1 and LPS, respectively) for 24 h. Mouse TNF-a (mTNF-a) (d), mIL-1 (e), and mIL-6 (f) production was analyzed by ELISA. Data are
shown as the mean = SD. *, P < 0.01; **, P < 0.05. (g) Six- to 8-week-old S6K1~/~ mice and wild-type controls were intraperitoneally injected with a lethal dose
of LPS (40 mg/kg of body weight) and monitored for mortality. Survival of mice was analyzed using Kaplan-Meier survival curves, and the difference in median
survival times of S6K1™/~ and wild-type mice was assessed by log rank tests (P = 0.0064; hazard ratio, 2.55; 95% CI of ratio, 1.05 to 6.22).

The lysates were examined by Western blot analysis with anti-phosphor-
ylated (anti-pho)-TAKI, anti-TAK]1, anti-pho-IKKa, anti-IKKaf3, anti-
pho-p38, and anti-p38 antibodies. Immunoblotting with anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) antibody was performed to
generate a control for gel loading. For the domain mapping of TAKI,
HEK293 cells were transfected with vectors for the expression of Flag-
S6K1, Myc-TAK1 wt, Myc-TAK1 (1-500), Myc-TAK1 (1-400), Myc-
TAK1 (1-300), Myc-TAKI (1-200), Myc-TAK1 (1-100), Flag-S6K1 and
Myc-TAK1 wt, Flag-S6K1 and Myc-TAK1 (1-500), Flag-S6K1 and Myc-
TAK1 (1-400), Flag-S6K1 and Myc-TAK1 (1-300), Flag-S6K1 and Myc-

TAK1 (1-200), or Flag-S6K1 and Myc-TAK1 (1-100), as indicated below.
At 36 h after transfection, transfected cells were extracted and immuno-
precipitated with anti-Myc antibody. The interaction was detected by
Western blotting with anti-Flag antibody. The presence of Flag-S6K1,
Myc-TAK1 wt, or Myc-TAK1 truncated mutants in the pre-IP lysates was
verified by Western blotting. For the domain mapping of S6K1, HEK293
cells were transfected with vectors for the expression of Myc-TAK1, Flag-
S6K1 wt, Flag-S6K1 (66-333), Flag-S6K1 (333-502), Myc-TAK1 and
Flag-S6K1 wt, Myc-TAK1 and Flag-S6K1 (66-333), or Myc-TAK1 and
Flag-S6K1 (333-502), as indicated below. At 36 h after transfection, trans-

for 9 h, and then supernatants were harvested. Levels of mouse IL-6 and mouse IL-1[3 were measured in the supernatants according to the assay manufacturer’s
protocol. (k and 1) Control THP-1 and S6K1%” THP-1 cells were transfected with the mock or Flag-S6K1 vector with pBIIx-luc (k) or AP1-luc (1) together with
Renilla luciferase vector. Twenty-four hours after transfection, cells were treated with or without FSL-1 or LPS for 6 h and then analyzed for luciferase activity.
Results are expressed as the fold induction in luciferase activity relative to that in untreated cells. The data shown are the averages of a minimum of three
independent experiments, with error bars denoting =SD. *P < 0.01, **P < 0.05.

February 2014 Volume 34 Number 3 mcb.asm.org 513


http://mcb.asm.org

Kim et al.

a C e
Myc-S6K1 - + - + ! 578 Mock + - - - - - - -
Flag-TAK1 - - + + WITAK1 N C Myc-TAKT - + - - - + + +
1 500 Flag-S6K1 - - + - - + - -
1B: Myc = = ST Akt (1500 N Flag-S6K1 (66-333) - - - + - - + -
IP:Flag| .- 1 400 Flag-S6K1 (333-502) - - - - + - - +
TAK1(1-400) N -C
. 1 300
IB: Flag .‘ BNS—— " . —Myc-TAK1
& — cMyc | 4 e o —IgH
_ B:Myc = : 200 ans
re- TAK1(1:200) N C :
IB: Flag e S 100 IP: Flag
12 3 4 TAK1(1-100) Ni-C - ® —Flag-86K1
IB: Flag &
- - | —Flag-S6K1 (66-333)
b (59» d 166 333 502 - —Flag-S6K1 (333-502)
° .
s ° 3
o a a 66 333
- [ «—Flag-S6K1
LPS - + - + - + S6K1 (66-333): NC Pre-IP ; = £
o IB: Flag
1B: S6K1 | 70kD —== == .. —SoKi -
i el 333 502 o= — —Flag-S6K1 (66-333)
9 &= . Flag-S6K1 (333-502)
S6K1(333-502) : [\ Regulatory &
1B: TAK1 | S5O — . - TAKA 12 345 67 8
12 3456 h
1 578
Flag-S6K1 - + - - - - - - + 4+ + o+ o+ 3 )
My?:-TAK1 TIE SRS L T LTI <= interaction domain
Myc-TAK1 (1-500) - - - + - - - - - e - A &y Kioeinboy N
Myc-TAK1 (1-400) - - - - + - - - - - P Myc-TAK1(1~100) " N " N _ 6Kt
Myc-TAK1 (1-300) - - - - - - .- + - - Myc-TAK1(1~200) 205 eee 9
Myc-TAK1 (1-200) - - - - - - R & = Flag-S6K1 (66~333) - - *+ + +
Myc-TAK1 (1-100) - - - - - - - BEE BE E +
- o
1B: Flag @b — — — —Flag-S6K1
" —lgH 1B : Myc - - —Myc-TAK1 (1~200)
—lgL
yel | * ey SHYETAR (am Myc-TAK1 (1~100)
1B: Myc 8 & —~Myc-TAK1 (1-300) IP: Myc
- —Myc-TAK1 (1-200) L
S o i et N, 1B : Flag —Flag-S6K1 (66~333)
1 «~IgL
B: Flagl - . S g5kt
- 1B : Flag —Flag-S6K1 (66~333)
. 1 | o
* Ny Y, et o
1B:hyc - g EMYETARIE00) Pre-IP - - —Myc-TAKT (1~200)
— «—Myc-TAK1 (1-200) IB: MyC . .
s —Myc-TAK1 (1~100)
= = —Myc-TAK1 (1-100)
12345678 91011121314 12345

FIG 3 The TAKI N terminus interacts with the catalytic domain of S6K1. (a) HEK293 cells were transfected with Myc-S6K1, Flag-TAK1, or Myc-S6K1 and
Flag-TAKI1 vector. At 36 h after transfection, cells were extracted and immunoprecipitated (IP) with anti-Flag antibody. The interaction was detected by Western
blotting with anti-Myc antibody. The presence of Myc-S6K1 and Flag-TAK1 in the pre-IP lysates was verified by Western blotting. (b) HEK293 cells were treated
with or without LPS (100 ng/ml) for 45 min. Cells were extracted and immunoprecipitated with anti-S6K1 or control IgG antibody. The endogenous interaction
was detected by Western blotting with anti-TAK1 antibody. (c) Five different Myc-tagged truncated mutants of TAK1 were generated from the control TAK1
vector as described in Materials and Methods. (d) Two different Flag-tagged truncated mutants of S6K1 were generated from the control S6K1 vector as described
in Materials and Methods. (e) HEK293 cells were transfected with combinations of proteins as indicated above the lanes. At 36 h after transfection, transfected
cells were extracted and immunoprecipitated with anti-Flag antibody. The interaction was detected by Western blotting with anti-Myc antibody. The presence
of proteins in the pre-IP lysates was verified by Western blotting as indicated to the right. (f) HEK293 cells were transfected with combinations of proteins as
indicated above the lanes. At 36 h after transfection, transfected cells were extracted and immunoprecipitated with anti-Myc antibody. The interaction was
detected by Western blotting with anti-Flag antibody. The presence of proteins in the pre-IP lysates was verified by Western blotting as indicated to the right. (g)
HEK293 cells were transfected with combinations of proteins as indicated above the lanes. At 36 h after transfection, transfected cells were extracted and
immunoprecipitated with anti-Myc antibody. The interaction was detected by Western blotting with anti-Flag antibody. The presence of the proteins in the
pre-IP lysates was verified by Western blotting. (h) A model of the interaction between the N terminus of TAK1 and catalytic domain of S6K1.

fected cells were extracted and immunoprecipitated with anti-Flag anti-  (Invitrogen) and purified using RNeasy columns (Qiagen, Valencia, CA)
body. The interaction was detected by Western blotting with anti-Myc  according to the manufacturer’s protocol. After DNase digestion process-
antibody. The presence of Myc-TAKI, Flag-S6K1, or Flag-S6K1 truncated  ingand cleanup procedures, RNA samples were quantified, aliquoted, and
mutants in the pre-IP lysates was verified by Western blotting (12-14). stored at —80°C until use. For quality control, RNA purity and integrity

In vitro kinase assay for TAK1. Control (wt) THP-1 and S6K1¥P  were evaluated by denaturing gel electrophoresis, using a 260-nm/
THP-1 cells were treated with or without LPS (100 ng/ml) or FSL-1 (10  280-nm optical density ratio, and analyzed using an Agilent 2100 Bioana-
pg/ml) for different times. The kinase assay for TAK1 was performed  lyzer (Agilent Technologies, Palo Alto, CA). Total RNA was amplified and
using the c-TAKI1 kinase assay kit (U-TRF number 17; PerkinElmer, purified using the Ambion Illumina RNA amplification kit (Ambion,
Branchburg, NJ) in accordance with the manufacturer’s protocol. Austin, TX) to yield biotinylated cRNA according to the manufacturer’s

Microarray analysis. For microarray analysis, control THP-1 and  instructions. Briefly, 550 ng of total RNA was reverse transcribed to cDNA
S6K1¥P THP-1 cells were treated with or without LPS (100 ng/ml) and  using a T7 oligo(dT) primer. Second-strand cDNA was synthesized, in
FSL-1 (10 pg/ml) for 3 or 9 h. Total RNA was extracted using TRIzol  vitro transcribed, and labeled with biotin-nucleoside triphosphate. After
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FIG 4 S6K1 competitively interferes with the binding of TAB1 to TAK1, which inhibits TAK1 kinase activity. (a) HEK293 cells were transfected with Myc-TAK1
and different concentrations of Flag-S6K1. At 36 h after transfection, cells were treated with or without LPS (100 ng/ml) for 45 min, extracted, and Western
blotting was performed with the antibodies indicated to the left. The band intensity of pho-TAK1 was analyzed with Image J (bottom). Data shown are the
averages from a minimum of three independent experiments (£SD). *, P < 0.05. (b) HEK293-TLR4 cells were cotransfected with wt S6K1, DN-S6K1, or
CA-S6K1 vector, together with pBIIx-luc reporter and Renilla luciferase vector. Twenty-four hours after transfection, cells were treated with or without (WO)
LPS for 6 h and then analyzed for luciferase activity. Results are expressed as the fold induction in luciferase activity relative to that in untreated cells. The data
shown are the averages of a minimum of three independent experiments, with error bars denoting =SD. (c) Wild-type and S6K1*” THP-1 cells were treated with
or without LPS for different times, and then Western blotting was performed as described in Materials and Methods. (d) HEK293 cells were transfected with
Myc-TAKI, Flag-S6K1, and different concentrations of Flag-TABI as indicated. At 36 h after transfection, cells were extracted and immunoprecipitated
with anti-Myc antibody. Interaction was detected by Western blotting with anti-Flag antibody. The presence of Myc-TAK1, Flag-S6K1, and Flag-TAB1 in the
pre-IP lysates was verified by Western blotting. The band intensity of Flag-S6K1 was analyzed with Image J (bottom). The data shown are the averages of a
minimum of three independent experiments (£SD). *, P < 0.05. (e) HEK293 cells were transfected with Myc-TAK1, Flag-TABI, and different concentrations
of Flag-S6K1 (66-333) as indicated. At 36 h after transfection, cells were extracted and immunoprecipitated with anti-Myc antibody. The interaction was detected
by Western blotting with anti-Flag antibody. The presence of Myc-TAKI, Flag-TABI, and Flag-S6K1 (66-333) in the pre-IP lysates was verified by Western
blotting. (fand g) Wild type and S6K1%"” THP-1 cells were treated with or without LPS (f) or FSL-1 (g) for different times as indicated. The kinase assay for TAK1
was performed using a c-TAK1 kinase assay kit in accordance with the manufacturer’s protocol. The data shown are the averages of a minimum of three
independent experiments (+SD). ¥, P < 0.05; **, P < 0.01. (h) A model for the negative regulation of TAKI. The C terminus of TABI interacts with the N
terminus of TAKI, and the TAB1 association to TAK1 positively regulates TAK1 activity via the recruitment of p38 and induction of catalytic activity (top). In
contrast, the interaction between the internal catalytic domain of S6K1 and the N terminus of TAK1 inhibits the TAB1 interaction with TAK1, which results in
the inhibition of TAK1 catalytic activity.

purification, the cRNA was quantified using an ND-1000 spectrophotom-
eter (NanoDrop, Wilmington, NC). Typically, 750-ng amounts of labeled
cRNA samples were hybridized to each human HT-12 expression bead
array, version 4, for 16 to 18 h at 58°C, according to the manufacturer’s
instructions (Illumina, Inc., San Diego, CA). Detection of the array signal
was carried out using Amersham FluoroLink streptavidin-Cy3 (GE
Healthcare Bio-Sciences, Little Chalfont, United Kingdom) following the
directions in the bead array manual. Arrays were scanned using an Illu-
mina bead array reader confocal scanner according to the manufacturer’s
instructions.

For raw data preparation and statistical analysis, the quality of hybrid-
ization and overall chip performance were monitored by visual inspection
of both internal quality control checks and the raw scanned data. Raw data
were extracted using the software provided by the manufacturer (Illumina
GenomeStudio version 2009.2 [Gene Expression Module version 1.5.4]).
Array data were filtered by detection of a P value of <0.05 (similar to the
signal-to-noise ratio) in at least 50% of samples (we applied a filtering
criterion for data analysis; a higher signal value was required to obtain a
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detection P value of <0.05). Selected gene signal values were transformed
by logarithm and normalized by the quantile method. A comparative
analysis between the test and control samples was carried out using fold
change as the measure. Hierarchical cluster analysis was performed using
complete linkage and Euclidean distance as a measure of similarity.
GO ontology analysis for the significant probe list was performed with
PANTHER (http://www.pantherdb.org/panther/ontologies.jsp), using
text files containing the Gene ID list and the accession number of the
[lumina probe ID. Gene set enrichment analysis (GSEA) was performed
to check whether the a priori defined set of genes showed a differential
pattern in both the biological process and the molecular function state. A
one-tail Fisher’s exact test was adopted to measure the gene enrichment in
annotation terms. All the data analysis and visualization of differentially
expressed genes was conducted using R 2.4.1 (www.r-project.org). For
analysis of NF-kB-dependent upregulated and downregulated genes,
genes that contained a kB-binding site were sorted (see Table SI in the
supplemental material) and analyzed in different combinations as fol-
lows: 1, control THP-1 cells treated with LPS or FSL-1 for 3 h versus
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control THP-1 cells; 2, control THP-1 cells treated with LPS or FSL-1 for
9 h versus control THP-1 cells; 3, S6K1XP THP-1 cells treated with LPS or
FSL-1 for 3 h versus S6K1XP THP-1 cells; 4, S6K1¥P THP-1 cells treated
with LPS or FSL-1 for 9 h versus S6K1¥° THP-1 cells; 5, S6K1*” THP-1
cells versus control THP-1 cells; 6, S6K1XP THP-1 cells treated with LPS
or FSL-1 for 3 h versus control THP-1 cells treated with LPS or FSL-1 for
3 h; and 7, S6K1XP THP-1 cells treated with LPS or FSL-1 for 9 h versus
control THP-1 cells treated with LPS or FSL-1 for 9 h.

Gene expression analysis by qRT-PCR. Control THP-1 and S6K1P
THP-1 cells were treated with or without LPS (100 ng/ml) and FSL-1 (10
pg/ml) for different times. Isolation of total RNA and cDNA synthesis
were performed following the protocols provided along with the kit (Qia-
gen). For quantitative real-time PCR (qRT-PCR) analysis, the following
qPCR primers were purchased from Qiagen: IL-8 (PPH 00568A), IRF7
(PPH02014E), CD44 (PPH 00114A), NF-kB2 (PPH 00782E), IER3 (PPH
10008E), BCL3 (PPH 02009C), and IL-1B (PPH 00171C). The qRT-PCR
analysis was performed using Rotor-Gene Q (Qiagen) according to the
manufacturer’s protocol (13).

Statistical analysis. Data are presented as the mean value = standard
deviation (SD) as indicated below and analyzed using Student’s two-tailed
t tests. P values of <0.05, <0.01, and <0.001 were considered statistically
significant.

RESULTS

S6K1 is negatively involved in the TLR2- or TLR4-mediated sig-
naling pathway. To examine whether S6K1 is involved in TLR-
mediated signaling, TLR2- or TLR4-expressing HEK293 cells were
utilized. The Flag-tagged S6K1 vector was transiently cotrans-
fected into TLR2-expressing or TLR4-expressing HEK293 cells
along with a NF-kB or AP-1 reporter vector, and their activities in
the presence or absence of a synthetic diacylated lipoprotein
(FSL-1, a TLR2 agonist) (15) or lipopolysaccharide (LPS, a TLR4
agonist) were measured. Both NF-kB and AP-1 activities were
significantly elevated in mock-transfected TLR2-expressing
HEK293 cells (Fig. 1a and b, open bars), whereas S6K1 expression
induced marked suppression of NF-kB and AP-1 activities in
TLR2-expressing HEK293 cells (Fig. 1a and b, closed bars). Simi-
larly, overexpression of S6K1 suppressed TLR4-induced NF-kB
and AP-1 activities (Fig. 1c and d, closed bars) compared with
those seen with mock transfection (Fig. 1c and d, open bars). To
further verify these results, SOK1-overexpressing Raw 264.7 cells
were generated by transduction with lentivirus containing the
Flag-S6K1 expression construct (Fig. 1e) and S6K1 knockdown
THP-1 cells were generated by transduction with lentivirus con-
taining sShRNA targeting S6K1 (Fig. 1f). Accordingly, both TLR4
and TLR2 agonist-induced NF-kB and AP-1 activities were signif-
icantly lower in the S6K1-expressing Raw 264.7 cells than in
mock-transfected Raw 264.7 cells (Fig. 1g and h). Moreover, the
production of mouse IL-6 (mIL-6) or mIL-1p was significantly
attenuated in S6K1-expressing Raw 264.7 cells (Fig. 1i and j). In
contrast, TLR2 and TLR4 agonist-induced NF-kB and AP-1 activ-
ities were significantly higher in S6K1¥° THP-1 cells than in con-

Negative Regulation by S6K1 in TLR Signaling

trol THP-1 cells, whereas the activities were significantly reduced
by the reexpression of Flag-S6K1 in S6K1” THP-1 cells, up to the
levels in control THP-1 cells treated with FSL-1 or LPS (Fig. 1k
and 1). To further investigate whether the negative regulation of
NF-kB activity by S6K1 is able to affect the production of proin-
flammatory cytokines like TNF-a, IL-18, and IL-6, the levels were
measured in S6KI1¥P THP-1 cells and S6K1 '~ splenocytes
treated with or without LPS or FSL-1. Interestingly, marked in-
creases in TNF-q, IL-1B, and IL-6 levels could be detected in both
S6K1¥P cells (Fig. 2a, b, and c) and S6K1~/~ splenocytes (Fig. 2d,
e, and f) compared with the levels in control THP-1 cells and
splenocytes. Interestingly, according to in vivo challenge with a
lethal dose of LPS, S6K1~/~ mice showed a statistically significant
(P = 0.0064; hazard ratio 2.55; 95% confidence interval [95% CI|]
of ratio, 1.05 to 6.22) decrease of survival, with a median survival
time of 16.0 h (95% CI, 15.0 to 18.0) compared to the wild-type
mouse median survival time of 21.0 h (95% CI, 18.0 to 23.0) (Fig.
2g). Together, these results suggest that S6K1 is negatively in-
volved in the NF-kB and AP-1 activation induced by TLR stimu-
lation and thereby attenuates the production of proinflammatory
cytokines induced by TLR stimulation and affects survival in re-
sponse to LPS challenge.

The N terminus of TAK1 interacts with the internal catalytic
domain of S6K1. Having shown that S6K1 has an inhibitory effect
on TLR2- or TLR4-mediated signaling and the production of pro-
inflammatory cytokines, we next explored the molecular mecha-
nism of this phenomenon. It has recently been shown that TAK1
interacts with S6K1 and that this interaction inhibits S6K1 activa-
tion (11). We therefore hypothesized that S6K1 is able to nega-
tively regulate TAK1 activity. Consistent with previous results,
S6K1 coprecipitated with TAK1 (Fig. 3a, lanes 4). In addition, the
interaction between TAK1 and S6K1 was confirmed by an endog-
enous immunoprecipitation assay (Fig. 3b). Based on these re-
sults, we further tried to identify the domains involved in the
interaction. For this purpose, five different truncation mutants
were generated for TAK1 and two different truncated mutants
were generated for S6K1 (Fig. 3¢ and d). As shown in Fig. 3e,
Flag-tagged wild-type S6K1 and the Flag-S6K1 (66—333) mutant
coprecipitated with Myc-tagged TAK1, whereas no significant in-
teraction of Flag-S6K1 (333-502) with Myc-TAKI could be seen,
indicating that TAK1 interacts with the internal catalytic domain
of S6K1. In the case of TAKI truncation mutants, Flag-S6K1 sig-
nificantly coprecipitated with all truncation mutants of TAK1, but
two N-terminal TAK1 truncation mutants, Myc-TAK1 (1-100)
and TAKI1 (1-200), interacted weakly with TAK1 (Fig. 3f). To
verify the interaction between TAK1 and S6K1, two Myc-tagged
N-terminal mutants of TAK1, Myc-TAK1 (1-100) and Myc-
TAKI (1-200), and a Flag-S6K1 (66—333) mutant were expressed
and an IP assay was performed with anti-Myc antibodies. Inter-
estingly, the Flag-S6K1 (66—333) mutant coprecipitated strongly

FIG 5 S6K1 knockdown THP-1 cells exhibit a marked induction in NF-kB-dependent gene expression in response to stimulation of TLR4. (a) Control THP-1
cells were treated with or without TLR4 agonist LPS (100 ng/ml) for 3 h or 9 h. Microarray analysis was performed as described in Materials and Methods. (b)
S6K1%P THP-1 cells were treated with or without LPS for 3 h or 9 h. Microarray analysis was performed as described in Materials and Methods. (c) Comparison
of microarray data between control THP-1 and S6K1P THP-1 cells treated with LPS for 3 h or 9 h. Highly upregulated genes in S6K1%” THP-1 cells treated with
LPS are indicated with dashed blue boxes. (d) Microarray analysis of the NF-kB-dependent upregulated and downregulated genes is shown. The experimental
conditions are indicated above the columns. (e) Control THP-1 and S6K1¥P THP-1 cells were treated with or without LPS (100 ng/ml) for different times as
indicated. Total RNAs were isolated from each sample, and quantitative RT-PCR analysis was performed with specific primers targeted to the genes indicated on
the y axes. Data represent the averages of data from two independent experiments, each done with triplicates. Error bars represent the means = SD based on these

six samples. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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with Myc-TAKI (1-200) but weakly with Myc-TAK1 (1-100)
(Fig. 3g), indicating that the N terminus of TAKI, presumably
through the region comprising amino acids 1 to 200, interacts
with the internal catalytic domain of S6K1, as depicted in Fig. 3h.

S6K1 interacts competitively with TAB1, inhibiting TAK1 ki-
nase activity. We next examined whether the interaction of S6K1
with TAKT alters the activation of TAK1 induced by TLR stimu-
lation. Increases in Flag-S6K1 significantly decreased TAK1 phos-
phorylation in a dose-dependent manner (Fig. 4a). Moreover, no
significant changes in the NF-kB activation induced by TLR4 were
observed with the overexpression of wt S6K1, dominant-negative
S6K1 (DN-S6K1), or constitutively active S6K1 (CA-S6K1) pro-
tein (Fig. 4b), indicating a kinase-independent inhibition. In con-
trast, upon stimulation of TLR4, S6K1¥” THP-1 cells exhibited a
marked increase in TAK1 phosphorylation, with subsequent acti-
vation of molecules downstream from TAK1, such as IKKs, p38,
and JNK (Fig. 4¢c). This indicates that S6K1 functions to inhibit the
TAK]1 activation induced by stimulation of TLR4. Previous re-
ports showed that the N terminus of TAK1 interacts with the C
terminus of TAB1 (16, 17) and that this interaction plays a crucial
role in TAK1 signaling. As shown by the results in Fig. 2, S6K1
interacts with the N terminus of TAK1. Based on these results, we
thought it possible that the interaction of S6K1 and TAK1 affected
the interaction between TAB1 and TAK1. As expected, increased
TABI expression resulted in a decrease in the interaction between
TAK1 and S6K1 (Fig. 4d). Inversely, an increase in the expression
of Flag-S6K1 (66-333) decreased the interaction between TAK1
and TABI1 (Fig. 4e), strongly suggesting that S6K1 might be capa-
ble of inhibiting the interaction between TAK1 and TABIL. We
further asked whether S6K1 deficiency could enhance the induc-
tion of TAKI kinase activity by TLR stimulation. TAK1 kinase
activity was significantly enhanced in control (wt) THP-1 cells
(Fig. 4f and g, open bars). Interestingly, the kinase activities were
markedly increased in S6K1¥” THP-1 cells treated with LPS and
FSL-1 compared with those in control (wt) THP-1 cells (Fig. 4f
and g, closed bars). These results suggest that S6K1 negatively
regulates the TAK1 kinase activity induced by TLR2 or TLR4 stim-
ulation by interrupting the molecular interaction between TAK1
and TABI, as depicted in Fig. 4h.

S6K1 knockdown THP-1 cells exhibit enhanced NF-kB-de-
pendent gene expression induced by TLR2 and TLR4. Since it is
well known that TAK1 activation results in the expression of NF-
kB-dependent genes through the activation of downstream sig-
naling molecules like IKKs and NF-«B (4, 18), we examined the
effects of S6K1 on the expression of NF-kB-dependent genes in-
duced by stimulation of TLR2 or TLR4. Control and S6K1¥"
THP-1 cells were treated with LPS or FSL-1 for different exposure
times, and then gene expression profiles were analyzed by mi-
croarray assay. As expected, stimulation of TLR4 or TLR2 induced
marked changes in the total gene expression in both control and

Negative Regulation by S6K1 in TLR Signaling

S6K1%P THP-1 cells (Fig. 5a and b and 6a and b). Compared to
control THP-1 cells treated with LPS or FSL-1 for 3 h, many genes
were highly upregulated in S6K1*” THP-1 cells under the same
treatment conditions (Fig. 5¢ and 6¢). Furthermore, the upregu-
lation of these genes was greatly magnified after treatment with
LPS for 9 h (Fig. 5¢ and 6c¢, blue dashed boxes). To further assess
NE-kB-dependent gene expression, the expression of genes con-
taining specific NF-kB-binding DNA sequences was further ana-
lyzed (see Tables S1 and S2 in the supplemental material). Upon
stimulation with LPS, NF-kB-dependent gene expression was
markedly enhanced in both control and S6K1*” THP-1 cells in a
time-dependent manner (Fig. 5d, columns 1 to 4). Their expres-
sion was significantly higher in S6K1¥" than in control THP-1
cells (Fig. 5d, columns 5 to 7). To verify the microarray data, we
selected 7 different genes, IRF7, BCL3, IER3, CD44, NF-kB2, IL-
1B, and IL-8, which were upregulated in S6K1¥P THP-1 cells
treated with LPS (see Table S2), and their expression was con-
firmed by quantitative real-time PCR (qRT-PCR) analysis with
specific primers targeted to each gene. As expected, these genes
were upregulated in LPS-treated S6K1” THP-1 cells in a time-
dependent manner (Fig. 5e). Stimulation of TLR2 similarly re-
sulted in enhanced NF-kB-dependent gene expression in S6K1*"
THP-1 cells (Fig. 6d, columns 1 to 4). The expression of these
genes was significantly higher in S6K1¥” THP-1 cells (Fig. 6d,
column 5), and that difference was magnified with FSL-1 stimu-
lation (Fig. 6d, columns 6 and 7). These microarray results were
confirmed by qRT-PCR analysis with specific primers targeted to
IRF7, BCL3, 1IER3, CD44, NF-«kB2, IL-1B3, and IL-8 (Fig. 6e).
These results suggest that S6K1 negatively regulates the expression
of NF-kB-dependent genes induced by stimulation of TLR2 or
TLR4.

DISCUSSION

TLR signaling pathways are initiated when cytoplasmic Toll/IL-1
receptor (TIR) domains of TLRs recruit binding of TIR-contain-
ing adaptor proteins, such as MyD88, TIR domain-containing
adaptor protein (TIRAP)/MyD88-adaptor-like (Mal), and TIR
domain-containing adaptor-inducing IFN-B (TRIF)/TIR do-
main-containing adaptor molecule-1 (TICAM-1) (19-21). TLR
signaling pathways can be classified as MyD88-dependent path-
ways that are common to all TLRs or as MyD88-independent
pathways that are particular to signaling by TLR3 and TLR4 (19).
In MyD88-dependent pathways, MyD88 further recruits IL-1 re-
ceptor-associated kinase (IRAK) to the TLRs, and then activated
IRAK associates with TRAF6, eventually leading to the activation
of two distinct transcriptional factors, NF-kB and AP-1. TRAF6
plays a key role in TLR signaling pathways through the formation
of a signaling complex containing TAK1, TAB1, and TAB2, which
induces the activation of IKKs, leading to the activation of NF-kB,
MAPK pathways, and AP-1 (4, 22-24).

FIG 6 S6K1 knockdown THP-1 cells exhibit a marked induction in NF-kB-dependent gene expression in response to stimulation of TLR2. (a) Control THP-1
cells were treated with or without FSL-1 (10 wg/ml) for 3 h or 9 h. Microarray analysis was performed as described in Materials and Methods. (b) S6K1” THP-1
cells were treated with or without FSL-1 for 3 h or 9 h. Microarray analysis was performed as described in Materials and Methods. (¢) Comparison of microarray
data between control THP-1 and S6K1P THP-1 cells treated with FSL-1 for 3 h or 9 h. The highly upregulated genes in S6K1¥” THP-1 treated with FSL-1 are
indicated with dashed blue boxes. (d) Microarray analysis of the NF-kB-dependent upregulated and downregulated genes. The experimental conditions are
indicated above the columns. (e) Control THP-1 and S6K1P THP-1 cells were treated with or without FSL-1 (100 ng/ml) for different times as indicated. Total
RNAs were isolated from each sample, and quantitative RT-PCR analysis was performed with specific primers targeted to the genes indicated on the y axes. Data
represent the averages of data from two independent experiments, each done with triplicates. Error bars represent the means * SD based on these six samples.

*, P <0.05; %%, P <0.01; ***, P <0.001.

February 2014 Volume 34 Number 3

mcb.asm.org 519


http://mcb.asm.org

Kim et al.

The data presented here show that S6K1 negatively regulates
TLR2- or TLR4-mediated signaling. Through biochemical and
molecular studies, we found that S6K1 overexpression suppressed
NF-kB activity and the production of proinflammatory cytokines,
such as TNF-a, IL-6, and IL-13. By introducing shRNA targeting
S6K1 by lentivirus transfection, we were able to confirm that S6K1
is a negative regulator of TLR2- and TLR4-mediated signaling.
S6K1 deficiency resulted in increased TAKI kinase activity and
increased activation of TAK1-downstream molecules, including
IKKs and p38. This results in increased production of proinflam-
matory cytokines, such as TNF-a, IL-6, and IL-1B. S6K1 interacts
with the N terminus of TAK1, which has been defined as a TAB1
binding region. Interestingly, we found that the TAK1-TABI in-
teraction or TAK1-S6K1 interaction was markedly attenuated in
the presence of S6K1 or TABI, respectively. These results strongly
suggest that S6K1 interacts with the N terminus of TAK1 and that
this interaction negatively regulates the activation of TAKI1
through competition with the TAK1-TAB1 interaction. Microar-
ray analysis revealed that S6K1 deficiency enhanced the expression
of NF-kB-dependent genes in response to stimulation of TLR2 or
TLR4. Furthermore, upon LPS challenge, the survival of S6K1 -/
mice was significantly decreased, and this decrease in survival cor-
related with increases in the expression of proinflammatory cyto-
kines.

Taken together, the results of our study demonstrate that S6K1
acts as a negative regulator of TLR signaling by interrupting the
interaction between TAK1 and TAB1 (Fig. 7). Interruption of the
TAKI1-TABI interaction may also attenuate the MAPK pathway
that activates AP-1, as TAB1 is responsible for recruiting the p38
molecule into the TAK1 complex (17, 25). Therefore, the interac-
tion between S6K1 and TAK1 might be critical for TAK1 signaling
for both NF-kB activation via the activation of IKKs and AP-1
activation via the p38/JNK pathway. Based on our current results,
we speculate that this mechanism may contribute to the bacterial
and viral infection susceptibility seen in patients with type 2 dia-
betes. Clinical reports have demonstrated that type 2 diabetic pa-
tients have a high risk for infection (26-28). Recent reports have
shown that type 2 insulin resistance is tightly linked with S6K1
activity via a negative feedback loop involving S6K1 that sup-
presses insulin signaling under conditions of nutrient overload
(29). Moreover, increasing evidence has shown that cross talk be-
tween inflammatory macrophages and adipocytes is involved in
insulin resistance (30), suggesting a pivotal role for macrophages
in the pathogenesis of type 2 diabetes. In line with these results,
previous evidence suggested an intimate association of reduced
monocyte insulin receptor activity with systemic insulin resis-
tance in humans (31). Since macrophages are pivotal effector cells
capable of mounting an innate immune response against viral and
bacterial infections (32) and also are able to express insulin signal-
ing molecules capable of inducing the insulin receptor/IRS2/
PI3K/AKT signaling cascade (30, 33), these results provide a
framework for understanding how S6K1 might be involved in
both insulin receptor signaling and TLR signaling in macrophages
in the setting of type 2 diabetes. As shown in Fig. 7, we propose that
in macrophages derived from type 2 diabetics, S6K1 leads to an
insulin resistance response through a negative feedback loop un-
der conditions of nutrient overload. Simultaneously, S6K1 is able
to interact with TAB1, leading to the suppression of TLR signaling
through inhibition of TAK1 activity, which might eventually be
implicated in the impairment of innate immune responses against
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FIG 7 A schematic model for how S6K1 inhibits TLR2- or TLR4-mediated
signaling pathways. Upon stimulation of TLR2 or TLR4 receptors, MyD88
binds to the cytoplasmic portion of the TLRs through interactions between
individual TIR domains. IRAKs, such as IRAK-4 and IRAK-1, and TRAF®6 are
recruited to the receptor, and then phosphorylated IRAK-1 (by IRAK-4) dis-
sociates from the receptor together with TRAF6. TRAF6 further interacts with
TAK1, TABI, and TAB2. TABI also interacts with p38a through its p38a-
binding domain. TAB1 plays several roles in the regulation of the TAK1 com-
plex, such as the recruitment of p38a MAPK to the TAK1 complex for the
phosphorylation of TABI and induction of TAK1 catalytic activity. The acti-
vated TAK1 eventually induces the activation of NF-kB and AP-1 transcrip-
tion factors through activation of the IKK complex and MAP kinases, respec-
tively. In this study, we speculate on the inhibitory role of S6K1 in type 2
diabetes, inducing insulin resistance under conditions of nutrient overload.
Under high-nutrient conditions, S6K1 acts as a negative regulator in insulin
signaling. Simultaneously, S6K1 interacts with TAK1, which results in the
inhibition of the association of TABI and p38a to TAK1. The inhibitory effect
eventually induces the inhibition of NF-kB and AP-1 activation by the sup-
pression of IKKs and p38/JNK activation, respectively.

infections. We believe that this model provides a novel mecha-
nism by which type 2 diabetic patients are sensitive to microbial
and viral infections.
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