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S6K1 (p70S6K) is a serine kinase downstream fromAkt in the
insulin signaling pathway that is involved in negative feedback
regulation of insulin action. S6K1 is also activated by TNF-�, a
pro-inflammatory cytokine. However, its role remains to be
characterized. In the current study, we elucidated a mechanism
for S6K1 tomediateTNF-�-induced insulin resistance in adipo-
cytes and hepatocytes. S6K1 was phosphorylated at Thr-389 in
response to TNF-�. This led to phosphorylation of IRS-1 by
S6K1 at multiple serine residues including Ser-270, Ser-307,
Ser-636, and Ser-1101 in human IRS-1 (Ser-265, Ser-302, Ser-
632, and Ser-1097, in rodent IRS-1). Direct phosphorylation of
these sites by S6K1was observed in an in vitro kinase assay using
purified IRS-1 and S6K1. Phosphorylation of all these serines
was increased in the adipose tissue of obese mice. RNAi knock-
down demonstrated an important role for S6K1 in mediating
TNF-�-induced IRS-1 inhibition that led to impaired insulin-
stimulated glucose uptake in adipocytes. A point mutant of
IRS-1 (S270A) impaired association of IRS-1 with S6K1 result-
ing in diminished phosphorylation of IRS-1 at three other S6K1
phosphorylation sites (Ser-307, Ser-636, and Ser-1101). Expres-
sion of a dominant negative S6K1 mutant prevented TNF-in-
duced Ser-270 phosphorylation and IRS-1 protein degradation.
Moreover, in IKK2 (but not IKK1)-null cells, TNF-� treatment
did not result in Thr-389 phosphorylation of S6K1. We present
a new mechanism for TNF-� to induce insulin resistance that
involves activation of S6K by an IKK2-dependent pathway. S6K
directly phosphorylates IRS-1 on multiple serine residues to
inhibit insulin signaling.

TNF-� is a pro-inflammatory cytokine implicated in devel-
opment of insulin resistance in obesity (1, 2). Several signaling
pathways may play important roles in tumor necrosis factor
(TNF)2-induced insulin resistance (3–7). Serine phosphoryla-

tion of IRS-1 at various residues by distinct kinases may be a
commonmechanism by which TNF-� impairs insulin-induced
glucose uptake. For example, JNK (5, 8), IKK (6), ERK (4, 5, 9,
10), PKC� (11–13), PKC� (14, 15), Akt (16, 17), GSK-3 (18–20),
IRAK (21), and mTOR (17, 22) may all participate in insulin
resistance by mediating serine phosphorylation of IRS-1. S6K1
(ribosomal protein S6 kinase 1, p70S6K, S6K in this study) was
reported to inhibit IRS-1 function through induction of IRS-1
degradation (22). Recent studies demonstrate that S6K medi-
ates mTOR signaling to phosphorylate IRS-1 at serine residues
(rodent/human) including Ser-302/307 (23), Ser-307/312 (24),
Ser-632/636 (17), and Ser-1097/Ser-1101 (25). S6K knock-out
mice are protected against diet-induced insulin resistance, and
this phenotype is associated with reduced phosphorylation of
IRS-1 Ser-636 (Ser-632 in rodent) (26). However, it remains
possible that S6K phosphorylates IRS-1 at additional sites.
Additionally, direct phosphorylation of IRS-1 by S6K has not
been previously demonstrated in a kinase assay.
S6K/IRS-1 interaction is involved in regulation of insulin

sensitivity by amino acids and insulin (27–30). However, the
role of S6K in TNF-induced insulin resistance is not clear.
Direct evidence supporting a mechanism for S6K1 to mediate
TNF-�-induced insulin resistance is lacking. In obese mice,
S6K activity is significantly elevated in liver, adipose tissue, and
skeletal muscle (30, 31) and this may contribute to insulin
resistance.However, themolecularmechanisms underlying the
elevated S6K activity are not clear in obesity. Two studies sug-
gest that S6K may be activated by TNF-� (7, 17). However, the
molecularmechanismbywhichTNF-� activatesmTOR/S6K is
controversial. In an initial study, Ozes et al. (17) reported that
the PI3K/Akt/mTOR pathway mediated the TNF-� signal. In a
more recent study, Lee et al. (32) demonstrated that S6K can be
activated by TNF-� through a PI3K-independent pathway. It
remains to be determined which pathway mediates the S6K
activation by TNF-�.
Given the potentially important role of S6K and TNF-� in

the control of insulin sensitivity, it is of interest to determine
if S6K mediates TNF signaling related to insulin resistance.
It is also important to determine the relationship between
S6K and other serine kinases that are activated by TNF-� for
insulin resistance. The association of IRS-1 Ser-636 phos-
phorylation with TNF-� treatment suggests a potential
mechanism for S6K tomediate TNF signals for insulin resist-
ance (7, 17).
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In the present study, we conducted a systematic analysis of
the role of S6K inmediating TNF-�-induced insulin resistance.
Our data suggest that TNF-� activates S6K through IKK2, and
that S6K directly phosphorylates IRS-1 at four serine residues
including Ser-265/270, Ser-302/307, Ser-632/636, and Ser-
1097/1101 in rodents/humans. The Ser-265/270 is required for
S6K to phosphorylate IRS-1 at other three serines.

MATERIALS AND METHODS

Animals—Male C57BL/6J-Lepob, and C57BL/6J mice were
purchased from Jackson Laboratory (Bar Harbor, ME) at 5
weeks of age and used in the study according to an animal pro-
tocol approved by the institutional animal care and use com-
mittee. Mice were housed in a regular cage at 4 mice/cage with
free access to water and standard chow unless noted. Epididy-
mal fat from mice fasted overnight were collected, frozen in
liquid nitrogen, and stored at �70 °C until further analysis. All
procedures were performed in accordance with National Insti-
tutes of Health guidelines for the care and use of animals.
Cells and Reagents—Cell lines including mouse NIH-3T3

(CRL-1658) and human embryonic kidney (HEK) 293 (CRL-
1573) were purchased from theAmericanTypeCulture Collec-
tion (ATCC). IKKwild-type, IKK1, or IKK2 knock-out cell lines
were described in a previous study (6). TheH4IIE cell line stably
transfectedwith Flag-IRS1wild typewas a gift fromDr. Richard
A. Roth at Stanford University Medical School, Stanford, CA
94305-5174 (33). All cells were maintained in Dulbecco’s mod-
ified Eagle’s culture medium supplemented with 10% fetal calf
serum. Phospho-IRS-1 (Ser-312/307) antibody (07-247) was
from Upstate Biotechnology (Lake Placid, NY). Antibodies to
phospho-Ser-307/302 (2384) and phospho-Ser-1101/1097
(2385) in IRS-1, phospho-Thr-308 (9275) andphospho-Ser-473
(9271) in Akt, phospho-Thr-389 (9205) in p70S6were obtained
fromCell Signaling (Beverly, MA). Antibodies to phospho-Ser-
270 (sc-17192) in IRS-1, IRS-1 (sc-7200), and I�B� (sc-371)
were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
bodies to S6K (ab9366), phospho-Ser-636/632 of IRS-1
(ab47764) and�-actin (ab6276) were fromAbcam (Cambridge,
UK). Rapamycin (A-275), LY294002 (ST420), and SP600125
(EI-305) were acquired from Biomol (Plymouth Meeting, PA).
15-Deoxyprostaglandin J2 (15dPGJ2, 538927), PD98059
(513000), and SB203580 (203580) were purchased fromCalbio-
chem. Wortmannin (W-1628), Type II collagenase (C6885),
and TNF-� (T6674) were from Sigma. Purified p70S6 kinase
(T412E), active IKK2 (IKK�), and PKC� were obtained from
Upstate Biotechnology (Lake Placid, NY).
Generation of Adenovirus—Adenovirus carrying a dominant

negative S6K1 (S6K-DN) was constructed using ViraPower
Adenoviral Expression System (K4930-00), which was from
Invitrogen (Carlsbad, CA). Briefly, S6K1-DN cDNA with HA
tagwas inserted into TOPOpENTR vector (K2400-20) andwas
recombined into the adenovirus expression plasmid pAd/
CMV/V5-DEST. The pAd/CMV/V5-DEST plasmid with S6K1
cDNAwas digestedwith the PacI endonuclease and transfected
with 293A cells for production of adenovirus. The medium
supernatant containing adenovirus was collected 3 days later
and titrated according to the manufacturer’s instructions.

Immunoblotting—Adipose tissue was homogenized in cold
lysis buffer followed by sonication (6). Lysis buffer contains 1%
Nonidet P-40, 50 mM Hepes, pH 7.6, 250 mM NaCl, 10% glyc-
erol, 1 mM EDTA, 20 mM �-glycerophosphate, 1 mM sodium
orthovanadate, 1 mM sodiummetabisulfite, 1 mM benzamidine
hydrochloride, 10 �g/ml leupeptin, 20 �g/ml aprotinin, 1 mM
phenylmethylsulfonyl fluoride. Cultured cells were kept in
serum-free media overnight and treated with various reagents
as indicated. After treatment, whole cell lysates were made in
lysis buffer with sonication, and the supernatant was used for
immunoblotting after centrifugation at 10,000� g for 10min at
4 °C. Total protein (100 �g) in 50 �l of reducing sample buffer
was used for immunoblotting as described previously (34).
Immunoblots were quantified using a scanning densitometer in
conjunction with NIH ImageJ software. Signals were normal-
ized to loading controls.
Plasmids and Transfection—Expression vectors for HA-tagged

IRS-1 wild type and IRS-1 S270A mutant were constructed in
pCIS2 expression vector as described (11). Plasmids for
HA-S6K1 WT (8984) and HA-S6K1 dominant negative (8985)
were obtained from Addgene (Cambridge, MA) (35). The plas-
mids for HA-IKK2 WT, HA-IKK2 kinase dead mutant, and
GST-IRS-1 were described previously (6). Constructs were
expressed inHEK293 cells by transient transfection using Lipo-
fectamine. Purified GST-IRS-1 was described previously (6).
Immunoprecipitation—Immunoprecipitation was carried

out using whole cell lysates (400 �g of total protein), 2–4 �g of
antibody, and 20�l of protein A- or protein G-Sepharose beads
(AmershamBiosciences). After treatment, cell lysateswere pre-
pared by sonication in cell lysis buffer. IP was conducted by
incubating the whole cell lysate with antibody for 3–4 h at 4 °C.
The immune complex was washed five times in cell lysis buffer
before being used for immunoblotting or kinase assays.
Kinase Assay—For each in vitro kinase assay, purified GST-

IRS-1 or HA-IRS-1 protein was used as substrate. The proteins
were diluted in kinase assay buffer (20mMHepes, pH7.6, 20mM
MgCl2, 20 mM glycerophosphate, 1 mM dithiothreitol, 10 �M
ATP, 1 mM EDTA, 1 mM sodium orthovanadate, 0.4 mM phen-
ylmethylsulfonyl fluoride, 20 mM creatine phosphate). The
kinase assaywas conducted at 37 °C for 30min in 20�l of kinase
assay buffer and 0.2 �g (2 �l) of kinase, such as S6K1, IKK2
(IKK�), or PKC�. The product was resolved by 8% SDS-PAGE
and immunoblotted with phosphospecific IRS-1 antibodies.
RNA Interference—Mouse S6K-specific shRNA was expressed

in retroviral silencing plasmids. The shRNA plasmids were
made under a contract service agreement with Origene (Rock-
ville, MD). Expression vectors for four independent shRNA
were cotransfected into NIH-3T3 cells using Lipofectamine
2000 (Invitrogen). Empty vector was used as a negative control.
60 h after transfection, cells were kept in serum-free medium
overnight and then stimulated without or with TNF-� or insu-
lin for 30 min.
Primary Adipocytes—Preadipocytes were isolated from epi-

didymal fat pads of C57BL/6J mice as described elsewhere (36).
The tissue was digested with Type II collagenase, and single
cells were plated in a 100-mm flask in normal culture medium.
After 24 h, cells attached to the flask were used as preadipo-
cytes. The preadipocytes were plated into a 6-well plates and
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differentiated into adipocytes in standard adipogenic mixture
(5 �g/ml insulin, 0.5 mM isobutylmethylxanthine, and 10 �M
dexamethasone). Mature adipocytes were used at day 9 of
differentiation.
Insulin-induced Glucose Uptake—3T3-L1 preadipocytes

(5 � 105/well) were differentiated into adipocytes in a 12-well
plate, and used in the glucose uptake assay as described else-
where (15). In experiments using dominant negative mutant of
S6K, the differentiated 3T3-L1 cells were infected by the
S6K-DN adenovirus for 24 h and glucose uptake was examined
after an additional 24 h.
Statistical Analysis—All experiments were repeated inde-

pendently at least three times with consistent results. For most
figures with immunoblots, a representative blot is shown for
each experiment along with a bar graph representing the
mean � S.E. of multiple independent experiments determined
by densitometric analysis normalized to appropriate controls.
Student’s t test or one-way analysis of variance was used as
appropriate in statistical analyses of the data. p� 0.05 was con-
sidered to indicate statistical significance.

RESULTS

Association between Increased S6K Phosphorylation and Ser-
ine Phosphorylation of IRS-1 in ob/ob Mice—We hypothesized
that S6K1 participates in the TNF-�-induced insulin resistance
of obesity. Therefore, we first examined the relationship
between S6K1 phosphorylation at Thr-389 (a proxy for S6K1
activity) and serine phosphorylation of IRS-1 in adipose tissue
fromob/obmice (Fig. 1). As expected, phosphorylation of S6K1

was significantly elevated in adipose
tissue from ob/ob mice when com-
pared with samples from lean con-
trol mice (Fig. 1, A and B). Expres-
sion levels for S6K1 protein were
comparable between lean and ob/ob
mice. However, expression of IRS-1
protein was decreased in adipose
tissue from ob/ob mice (Fig. 1, A
and B).

In several independent studies,
S6K is reported to be involved with
phosphorylation of IRS-1 at multi-
ple serine residues including Ser-
302/307, Ser-632/636, Ser-1097/
1101, and Ser-307/312 in the
mouse/human IRS-1 proteins (17,
23–26). Each abbreviation for serines
stands for the two corresponding
serines in rodent (Ser-302) and
human (Ser-307) IRS-1. The abbrevi-
ations are used in the same way in
rest of our study unless specified.
These previously published studies
did not compare all of these sites in
the same experimental preparation.
Therefore, using phosphospecific
antibodies, we demonstrated that
serine phosphorylation at all of

these sites was elevated in IRS-1 in adipose tissue from ob/ob
micewhen comparedwith samples from lean controlmice (Fig.
1,C andD). In addition, we evaluated serine phosphorylation of
Ser-265/270 (Fig. 1, C andD) because the amino acid sequence
surrounding this site is homologous to known S6K phosphoryl-
ation sites (Fig. 3A). Interestingly, Ser-265/270 phosphoryla-
tion was also increased in the samples from ob/ob mice. Thus,
increased S6K phosphorylation in adipose tissue from ob/ob
mice is associated with increased phosphorylation of IRS-1 at
multiple serine residues as well as diminished protein expres-
sion of IRS-1. This raises the possibility that S6Kmaybe directly
phosphorylating IRS-1 at these 5 serine residues resulting in
accelerated degradation of IRS-1.
Role of S6K in Mediating TNF-induced Insulin Resistance—

To evaluate the potential role of S6K in mediating TNF-�-in-
duced insulin resistance, we first examined the ability of TNF-�
to stimulate phosphorylation of S6K at Thr-389 and IRS-1 at
Ser-265/270 (Fig. 2A). In both primary adipocytes and 3T3-L1
adipocytes, TNF-� stimulated a time-dependent increase in
phosphorylation of S6K at Thr-389 and IRS-1 at Ser-265/270.
Similarly in rat hepatoma cells (H4IIE), S6K1 phosphorylation
was induced by TNF-� as early as 10 min (Fig. 2B). Akt phos-
phorylation at Thr-308 and Ser-473 was also increased in
response to TNF-� in a time-dependent manner that seemed
some 20–60 min later than the S6K phosphorylation. This dif-
ference in time course between S6K1 and Akt activation in
response to TNF-� suggests that S6K1 activation may be
independent of Akt. However, it should be noted that the
sensitivity of the phospho-antibodies used against different

FIGURE 1. Obesity is associated with increased phosphorylation of S6K at Thr-389 and IRS-1 at Ser-270.
A, S6K phosphorylation is increased in adipose tissue of ob/ob mice. Lean control mice and ob/ob mice were
fasted overnight before being sacrificed (n � 3 for each group). Whole cell lysates were made from epididymal
fat and used for immunoblotting experiments. Samples were immunoblotted with antibodies against S6K,
phospho-S6K (pThr-389), IRS-1, and actin. B, quantification of S6K phosphorylation and IRS-1 protein level in
adipose tissue of lean and obese mice. C, IRS-1 serine phosphorylation in adipose tissue. IRS-1 protein was
immunoprecipitated (IP) from whole cell lysates using anti-IRS-1 antibody. Samples were immunoblotted with
phosphospecific IRS-1 antibodies to pSer-265/270, pSer-302/307, pSer-307/312, pSer-632/636, pSer-1097/
1101 in the rodent/human IRS-1 protein. Each abbreviation for serines stands for the two corresponding
serines in rodent (Ser-265) and human (Ser-270) IRS-1. The abbreviations are used in the same way in rest of
study unless specified. D, quantification of IRS-1 phosphorylation in adipose tissue of lean and obese mice. The
phosphosignal at each serine site was normalized using the non-phosphosignal. The mean signal of three mice
was obtained for the lean mice. The signal in the obese mice was obtained in the same way. An average was
obtained from three experiments. The signal from lean mice was used as a basic unit to determine the fold-
change in the obese group. All experiments presented in this figure were repeated independently three times
with consistent results. Each data point represents mean � S.E. of three independent experiments (n � 3). *,
p � 0.05. **, p � 0.001.
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proteins may not be similar. Thus, firm conclusions regard-
ing relative time courses of phosphorylation for different
proteins are not warranted based on these data alone. In
these experiments, we also assessed IkB� degradation as a
control for TNF-� activity (Fig. 2B).
We next evaluated insulin-stimulated glucose uptake in

3T3-L1 adipocytes without or with pretreatment with TNF-�
in the absence or presence of expression of a dominant negative
mutant of S6K (S6K-DN) (Fig. 2C). As expected, insulin-stim-
ulated glucose uptake was significantly impaired when cells
were pretreated with TNF-�. Importantly, the effect of TNF-�
to cause this insulin resistancewas substantially blunted in cells
expressing S6K-DN. Moreover, insulin-stimulated phospho-

rylation of Akt (Thr-308), a key
mediator of insulin-stimulated glu-
cose uptake (37), was also signifi-
cantly diminished by TNF-� pre-
treatment (p� 0.001) and this effect
of TNF-� was significantly abro-
gated by expression of S6K-DN (p�
0.02) (Fig. 2D). Taken together,
these results suggest that S6K plays
a key role in mediating impairment
in metabolic insulin signaling
caused by TNF-� that contributes
to insulin resistance.
Identification of IRS-1 Ser-265/

270 as a Novel Phosphorylation Site
for S6K1—To identify novel serine
phosphorylation sites on IRS-1 for
S6K1, we compared an amino acid
motif surrounding the phosphoryl-
ation site on S6, an authentic sub-
strate of S6K1, with the whole IRS-1
amino acid sequence (Fig. 3A). The
S6 motif is characterized by the se-
quence RXRXXS, in which the distal
serine residue is the kinase target.
We identified similar motifs in four
of the IRS-1 phosphoserine sites
evaluated in our present study (Ser-

265/270, Ser-302/307, Ser-632/636, and Ser-1097/1101). This
motif was not present for Ser-307/312 (Fig. 3A).
We next evaluated the ability of S6K1 to directly phospho-

rylate IRS-1 by conducting in vitro kinase assays with purified
S6K1 and recombinant HA-tagged IRS-1 (human IRS-1)
immunoprecipitated from transfected 293 cells (Fig. 3B). Phos-
phorylation of IRS-1 was detected with phosphospecific anti-
bodies as in Fig. 1B. Using this method, we found that S6K1
directly phosphorylated Ser-265/270, Ser-302/307, Ser-632/
636, and Ser-1097/1101 in IRS-1. Interestingly, specific phos-
phorylation of IRS-1 at Ser-307/312 by S6K1 was not observed.
These results are consistent with our sequence analysis (Fig.
3A) and support the specificity of our in vitro kinase assay.
Thus, we have identified Ser-265/270 as a novel S6K1 target in
the IRS-1 protein. Our observations are unlikely to result from
nonspecific interaction between S6K1 and IRS-1 since Ser-307/
312 phosphorylation was not induced by S6K under identical
assay conditions.
Regulatory Role for Phosphorylation of IRS-1 at Ser-265/270

by S6K1—Serine phosphorylation of IRS-1 at multiple sites has
been implicated in inhibition of insulin signaling. It is possible
that phosphorylation of IRS-1 at one serine residue may regu-
late the ability of S6K1 to phosphorylate other sites on IRS-1.
To evaluate this possibility, we substituted Ser-270with alanine
in the human IRS-1 protein (S270A mutant). This serine site
was selected for further investigation because it represents a
novel phosphorylation target for S6K that has not previously
been investigated. The HA-tagged IRS-1 mutant (S270A) was
expressed inHEK293 cells (Fig. 4). In control cells, thewild type
HA-IRS-1 was expressed. TNF-� induced association between

FIGURE 2. Role of S6K to mediate TNF-�-induced insulin resistance. A, TNF-� treatment (10 ng/ml) causes
time-dependent increase in phosphorylation of S6K (Thr-389) and IRS-1 (Ser-265/270) in primary and 3T3-
L1adipocytes. B, time course of S6K phosphorylation in response to TNF-� treatment in rat hepatoma cells
(H4IIE). Cells were serum-starved overnight and then treated with TNF-� (10 ng/ml) for the indicated times. S6K
phosphorylation at Thr-389 was determined by immunoblotting with a phosphospecific antibody. Immuno-
blotting with antibodies against IkBa and phospho-Akt (T308, S473) were used as positive controls for TNF-�
activity. C, insulin-stimulated glucose uptake was examined in 3T3-L1 adipocytes. 3T3-L1 adipocytes were
infected by S6K-DN adenovirus. In control cells, 3T3-L1 adipocytes were infected with GFP adenovirus. The
glucose uptake assay was performed after TNF-� pretreatment for 4 h. Each bar represents mean � S.E. of three
independent experiments. *, p � 0.05 and **, p � 0.001. D, S6K-DN blocked TNF-inhibition of insulin-stimulated
phosphorylation of Akt (Thr-308) in 3T3-L1 cells. The cells were pretreated with TNF-� for 4 h before addition for
insulin (100 nM for 15 min). Results from three independent experiments were quantified by scanning densi-
tometry and plotted as mean � S.E. in the bar graph underneath the immunoblot.

FIGURE 3. S6K1 directly phosphorylates IRS-1 at multiple serine sites in
vitro. A, putative S6K phosphorylation sites in IRS-1. Amino acid sequence of
S6K phosphorylation site in the 40S ribosomal protein S6 was used to gener-
ate a consensus S6K-specific sequence template for analysis of IRS-1. We iden-
tified four candidate S6K-specific phosphorylation motifs in IRS-1. Conserved
arginine and serine are shown in bold, and putative serine phosphorylation
sites for S6K are shown in gray box. B, in vitro kinase assay used purified S6K1
kinase and HA-IRS-1 as a substrate. HA-IRS-1 (human IRS-1) was expressed in
HEK293 cells and isolated by immunoprecipitation with anti-HA antibody.
Samples were resolved using SDS-PAGE and immunoblotted with phos-
phospecific antibodies against IRS-1.
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S6K1 andwild-type IRS-1 in the control cells (as determined by
co-immunoprecipitation). By contrast, this association was sig-
nificantly reduced by the S270A mutation in IRS-1 although it
was still detectable. Moreover, the TNF-�-stimulated increase
in phosphorylation of HA-IRS-1 at Ser-270 and the other three
S6K serine phosphorylation sites (Ser-302/307, Ser-632/636,
and Ser-1097/1101)was also significantly reduced in IRS-1with
the S270A mutation (Fig. 4, A and B). These data suggest that
phosphorylation of IRS-1 at Ser-265/270 is critical for regulat-
ing the interaction of IRS-1 with S6K1 in response to TNF-�
and for phosphorylation of other serine residues in IRS-1 by
S6K1.
S6K1 Is Required for TNF-�-mediated Phosphorylation of

IRS-1 at Ser-265/270—To determine the role of S6K in the
TNF-� signaling pathway related to IRS-1 phosphorylation, we
blocked S6K1 function in cells using two distinct strategies:
RNAi-mediated gene knockdown of S6K1 and expression of a
dominant negative mutant of S6K1. In cells expressing RNAi
targeting S6K1, the S6K1 protein was reduced by 90% (Fig. 5A).

Under these conditions, IRS-1 phosphorylation at Ser-265/270
in response to TNF-� or insulin treatment was significantly
reduced when compared with control cells infected with
scrambled RNAi (p � 0.001) (Fig. 5A). Similarly, when S6K1
dominant negative mutant was expressed, TNF-�-stimulated
phosphorylation of IRS-1 at Ser-265/270 was significantly
inhibited (when compared with control cells overexpressing
wild-type S6K1) (p � 0.001) (Fig. 5B). In these experiments,
phosphorylation of S6 (classical substrate of S6K1) was used as
a control for S6K activity to demonstrate that the dominant
negative mutant of S6K was inhibiting endogenous S6K1 func-
tion. Taken together, these data suggest that S6K1 is required
for the TNF-induced IRS-1 phosphorylation at Ser-265/270.
Role of S6K1 in IRS-1 Degradation in Response to TNF-�

Treatment—Serine phosphorylation leads to degradation of
IRS-1 protein. To investigate potential mechanisms underlying
the reduction in IRS-1 in adipose tissue of ob/obmice (Fig. 1A),
we examined the role of S6K1 in IRS-1 degradation in cells. We
reasoned that S6K1-mediaetd serine phosphorylationmay pro-
mote IRS-1 protein degradation. To test this possibility, IRS-1
degradation was examined in cells where S6K1 activity was
inhibited by expression of S6K-DN inHEK293 cells (Fig. 6A). In
control cells transfected with empty vector, IRS-1 protein was
significantly reduced by �40% after TNF-� treatment. A simi-
lar reduction was observed in cells overexpressing wild-type
S6K1. This reduction was further increased by TNF-treatment
resulting in �70% loss in total IRS-1 protein (Fig. 6B). By con-
trast, in cells expressing S6K-DN, TNF-� treatment did not
result in any significant reduction in IRS-1 expression. More-

FIGURE 4. Phosphorylation of Ser-270 regulates ability of S6K to interac-
tive with IRS-1 and phosphorylate other phosphorylation sites on IRS-1.
A, HEK293 cells were transfected with either HA-tagged wild-type IRS-1, or
IRS-1 S270A mutant. After overnight serum-starvation, transfected cells were
treated without or with TNF-� (10 ng/ml, 30 min) to induce S6K activation.
After immunoprecipitation (IP) with anti-HA antibody, IRS-1/S6K association
was determined by immunoblotting with S6K antibody. Phosphorylation of
HA-IRS-1 wild-type and S270A mutant was determined by immunoblotting
with phosphospecific antibodies against pSer-270, pSer-307, pSer-636, and
pSer-1101 in the human IRS-1. B, quantification of immunoblots. Each bar
represents the mean � S.E. of three independent experiments. *, p � 0.05 and
**, p � 0.001.

FIGURE 5. S6K1 is required for TNF-�-stimulated phosphorylation of
IRS-1 at Ser-270. A, IRS-1 phosphorylation at Ser-265/270 in response to
TNF-� or insulin with S6K knockdown. NIH3T3 cells were infected with
retrovirus vector expressing RNAi to knockdown S6K or control scrambled
RNAi. After serum-starvation, the NIH3T3 cells were stimulated with TNF-�
or insulin (100 nM) for 30 min and Ser-265 (Ser-270) phosphorylation was
examined in IRS-1. B, HEK293 cells were transiently transfected with wild-
type S6K (S6K-WT) or dominant genitive S6K (S6K-DN). Ser-265 (Ser-270)
phosphorylation was examined in IRS-1 after TNF-� treatment. For both A
and B, results from at least three independent experiments were quanti-
fied by scanning densitometry and plotted as mean � S.E. in the bar graph
underneath the immunoblots.

FIGURE 6. S6K1 plays a role in TNF-induced IRS-1 degradation. A, HEK293
cells were transiently transfected with expression vectors for wild type S6K
(S6K-WT) or its dominant negative mutant (S6K-DN). After serum starvation,
cells were treated without or with TNF-� (10 ng/ml) for 12 h. Protein level of
IRS-1, and S6K1 were assessed by immunoblotting. B, quantification of immu-
noblots in A. Each bar represents mean � S.E. of three independent experi-
ments. *, p � 0.05. **, p � 0.001. C, proteasome inhibitor MG132 blocked
TNF-�-induced degradation of IRS-1. After serum starvation, HEK293 cells
were pretreated with MG132 (15 �M) for 30 min, and then stimulated with
TNF-� (10 ng/ml) for 12 h. D, HEK 293 cells were transiently transfected with
expression vector for S6K. After 36 h, cells were treated with MG132 (15 �M)
for 12 h. For both C and D, results from three independent experiments were
quantified by scanning densitometry and plotted as mean � S.E. in the bar
graph underneath the immunoblots.
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over, IRS-1 degradation induced by TNF-� or S6K overexpres-
sion was substantially blocked in the presence of the protea-
some inhibitor MG132 (Fig. 6, C and D). Taken together, these
data strongly suggest that S6K is required for TNF-induced
IRS-1 degradation.
Activation of S6K by TNF-� Requires IKK2—Themechanism

regulating S6K1 activation byTNF-� is controversial.One early
study (17) suggests a role for PI3K. More recently, the IKK2
pathway has been implicated (32). Both of these prior studies
agree on the requirement of mTOR for S6K1 activation. To
examine these pathways in our experimental system, we evalu-
ated S6K1 phosphorylation in response to TNF-� treatment
without or with inhibition of PI3K or IKK2 using chemical
inhibitors (Fig. 7). TNF-induced S6K1 phosphorylationwas not
substantially influenced by pretreatment of cells with Wort-
mannin (PI3K inhibitor). However, 15dPGJ2 (IKK2 inhibitor)
and rapamycin (mTOR inhibitor) both markedly inhibited the
effect of TNF-� to stimulate phosphorylation of S6K (Fig. 7A).
To further evaluate the role of IKK2, we examined S6K1

phosphorylation in IKK2-null (IKK2�/�)MEF cells (Fig. 7B). In
the control cells (wild type or IKK1-null (IKK1�/�)MEFs), S6K
phosphorylation was significantly induced by TNF-� (p �
0.001 and 0.05, respectively). By contrast, in IKK2�/� cells,
TNF-� was unable to induce phosphorylation of S6K1. Inter-
estingly, basal phosphorylation of S6K1 in IKK2-null cells was
higher than that in control cells. This basal increasemay be due
to signaling unrelated to TNF-�. S6K protein was expressed at
comparable levels in all three lines of MEFs (Fig. 7B). Taken
together, our results suggest that IKK2 is required for S6K acti-
vation by TNF-�.
Role of IKK2 in IRS-1 Phosphorylation—Because IKK2 is

required for TNF-� to induce S6K1 phosphorylation, we next
tested whether IKK2 is necessary for IRS-1 phosphorylation at
the S6K1 serine phosphorylation site Ser-265/270 (Fig. 7C). In
the control cells (wild type, and IKK1�/� MEFs), TNF-� signif-
icantly induced IRS-1 phosphorylation at Ser-265/270 (p �
0.001 and p � 0.02, respectively). By contrast, no increase in
IRS-1 phosphorylation at Ser-265/270 was observed in the
IKK2-null cells in response to TNF-� treatment. Thus, in the

absence of IKK2, TNF-� is not able
to enhance phosphorylation of
IRS-1 Ser-265/270 (most likely
because of an inability to activate
S6K1).

DISCUSSION

Data from our study suggest that
S6K represents a signal integration
point for TNF-� and insulin. S6K is
activated downstream from IRS-1/
PI3K/Akt/mTOR in the insulin sig-
naling pathway to regulate protein
synthesis (38). It also mediates
mTOR signaling in the negative
feedback regulation of the insulin
signal transduction pathway by
phosphorylation of IRS-1 that is
upstream of PI3K (27, 39–41). The

S6K-IRS1 interaction represents a molecular mechanism by
which insulin, other hormones, and amino acids induce
insulin resistance (30, 42). In the current study, we demon-
strated an important role for S6K to mediate TNF-� signal-
ing in the induction of insulin resistance. This role is sup-
ported by data from RNAi-mediated S6K knockdown, and
S6K inhibition by expression of a dominant negative mutant.
In these experiments, TNF-� was unable to inhibit insulin-
induced glucose uptake or Akt activation (indicated by Thr-
308 phosphorylation).
In our experimental system, TNF-� induces S6K activation

via an Akt-independent mechanism that requires IKK2. In
TNF-treated cells, S6K phosphorylation occurred somewhat
earlier than Akt phosphorylation. However, it should be noted
that the sensitivity of the phospho-antibodies used against dif-
ferent proteins may not be similar. Thus, firm conclusions
regarding relative time courses of phosphorylation for different
proteins are not warranted based on these data alone. Inhibi-
tion of PI3K byWortmannin did not block the ability of TNF-�
to induce S6K phosphorylation. Importantly, using IKK2-null
cells, we showed that IKK2 was required for TNF-� activation
of S6K and subsequent inhibition of IRS-1 function. Recently,
IKK2 was reported to activatemTOR by inhibition of TSC1 (an
inhibitor of the mTOR complex) (32, 43). This suggests that
IKK2-mTOR interaction is important in the regulation of
tumor angiogenesis. Our study establishes the role of this path-
way in regulation of energymetabolism.We demonstrated that
the IKK2-S6K pathwaymediatedTNF-� signaling to negatively
regulate insulin action. Themolecularmechanism involves S6K
phosphorylation of IRS-1 at four serines residues: Ser-265/270,
Ser-302/307, Ser-632/636, and Ser-1097/1101 (rodent/hu-
man). This modification of IRS-1 leads to degradation of IRS-1
protein and insulin resistance. These conclusions are sup-
ported by our experiments using the proteasome inhibitor
MG132 (Fig. 6, C and D).
It was previously reported that PI3K/AKT/mTOR signaling

is required for TNF-� inhibition of IRS-1 function (17). In that
study, TNF-� is used at 250 ng/ml (10 nM) to activate the PI3K/
AKT pathway (17). LY 294002 was used to block PI3K activity

FIGURE 7. Role of IKK2 in S6K phosphorylation in response to TNF-� treatment. A, role of mTOR and IKK in
S6K activation by TNF-�. H4IIE cells were pretreated with PI3K inhibitor Wortmannin (Wort, 100 nM), mTOR
inhibitor Rapamycin (Rap, 200 nM) or IKK inhibitor 15dPGJ2 (15d, 5 �M) and then treated with TNF-�. Cell lysates
were immunoblotted with antibodies against I�B� or pS6K1 (Thr-389). B, role of IKK2 in activation of S6K by
TNF-�. Embryonic fibroblasts from IKK wild type, IKK2�/� and IKK1�/� mice were used to determine the role of
IKK in S6K phosphorylation in response to TNF-�. Phosphorylation of S6K was determined after TNF treatment
for 30 min. The signal was quantified and normalized with non-phospho-S6K. C, IRS-1 phosphorylation at
Ser-265/270 was examined in IKK-null MEFs without or with treatment with TNF-� (10 ng/ml, 30 min). The
signal was quantified and normalized with non-phospho-IRS-1. For both B and C, results from at least three
independent experiments were quantified by scanning densitometry and plotted as mean � S.E. in the bar
graph underneath the immunoblots.
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while kinase dead Akt was used to block Akt activity to suggest
that activation PI3K/Akt is required formTORactivation in the
TNF-� signaling pathway. Our current study is consistent with
this early report in that we found mTOR is required for TNF-
�-induced insulin resistance. However, our data also suggest
that PI3K/Akt is not required for TNF-�-mediated activation
of mTOR/S6K. Instead, IKK2 is required for mTOR/S6K acti-
vation. This discrepancymay be related to differences in exper-
imental systems, including dosage of TNF-� (10 ng/ml in our
study), choice of PI3K inhibitor, and choice of cell models. In
the current study, Wortmannin was used to inhibit PI3K. It is
known that LY 294002 inhibits PI3K as well as IKK/NF-�B
activity (44). In the current study, IKK2 knock-out cells were
used to strongly support the role of IKK2 in the S6K activation.
It was previously reported that S6Kmay be involved in phos-

phorylation of four serine sites in IRS-1. These are Ser-302/307
(23), Ser-307/312 (24), Ser-632/636 (17), Ser-1097/1101 (25) in
rodent/human IRS-1 protein. However, evidence that S6K
directly phosphorylates these residues was missing because the
kinase/substrate relationship was not tested using in vitro
kinase assays previously. In the current study, three of the four
sites (except Ser-307/312) were confirmed in our in vitro kinase
assay. Moreover, we identified Ser-265/270 as a novel S6K tar-
get. Ser-307/312 of IRS-1 was suggested as a S6K target serine
(24). This is not supported by our data from the kinases assay. In
kinase assay, we confirmed that this site is directly phosphoryl-
ated by IKK2 or PKC�, not by S6K (Fig. S1). This result is in line
with observations about IKK2 and PKCs in the regulation of
IRS-1 phosphorylation (6, 45–48). Ser-1097/1101 site was pre-
viously reported as a PKC� substrate (14). In a recent study, this
site was suggested to be an S6K target (25). This was confirmed
in the kinase assays for S6K in the current study. The fact that
we observed phosphorylation of Ser-307/312 in intact cells (Fig.
1C) but not in our in vitro kinase assay (Fig. 3B) may be
explained by the fact that Ser-307/312 is phosphorylated by
IKK2 or JNK1 in intact cells whereas, IKK2 and JNK1 are not
present in our in vitro kinase assays.
We identified a novel interaction among phospho-serine

sites in the control of IRS-1 function. It is generally believed that
phosphorylation of multiple serine sites in IRS-1 are required
for substantial inhibition of IRS-1 function (49). Human IRS-1
has more than 50 serine/threonine residues that are potential
targets for post-translational modification by phosphorylation
(50).We hypothesized that there may be a regulatory hierarchy
among the serine residues in IRS-1 protein. Previously, there
was no direct evidence addressing this possibility. The S6K-
IRS1 interaction provides an excellent model to test this possi-
bility. There are four S6K target serines in IRS-1. To determine
if one serine influences the other three serines in IRS-1 phos-
phorylation by S6K, we employed a S270A mutant of human
IRS-1. Ser-270 in IRS-1was first reported as a potential target of
Akt in 1999 (16). Here, using in vitro kinase assay, we demon-
strate, for the first time, that this Ser-270 is directly phospho-
rylated by S6K. To investigate the role of this novel S6K target
site on IRS-1 in more depth, we constructed a point mutant
with substitution of alanine for serine at position 270 in human
IRS-1. The other three S6K target sites that we found were
previously identified and reported by others in the literature.

Thus, we did not investigate further these phosphorylation sites
as we preferred to focus on our novel findings in more depth.
Interestingly, it turned out that Ser-270 appeared to regulate
phosphorylation at the other 3 sites by S6K. That is, thismutant
had reduced of phosphorylation at the other three serines (Ser-
302/307, Ser-632/636, and Ser-1097/1101 in rodent/human
IRS-1). This is likely due to reduced association between S6K-
IRS1 as indicated by the substantially reduced S6K in the IP
product of the S270Amutant IRS-1. Thus, our data suggest that
among the four S6K target serines we identified in IRS-1, Ser-
270/267 is required for S6K-IRS1 interaction and phosphoryl-
ation of the other three S6K-specific serine phosphorylation
sites.
Our data suggest that IKK2 may inhibit IRS-1 function

through both direct and indirect mechanisms. In an earlier
study, IKK2 was shown to phosphorylate IRS-1 directly at Ser-
307/312 in mouse/human IRS-1 protein (6). This mechanism
was supported by data froman in vitro kinase assay in the earlier
study (6), and was confirmed in the current study. In addition,
we now provide evidence for an indirect mechanism by which
IKK2 inhibits IRS-1 function. In this novel mechanism, IKK2
acts through activation of the mTOR/S6K1 pathway to pro-
mote IRS-1 phosphorylation at four additional serine sites,
which are themselves not directly phosphorylated by IKK2.
Thus, the current study extends our knowledge aboutmolec-
ular mechanisms of IKK2 action in the regulation of insulin
signaling.
In summary, we demonstrated that S6K may link TNF-� to

the negative feedback loop of insulin signaling that inhibits
insulin action. In this new mechanism, IKK2 mediates the
action of TNF-� to activate mTOR/S6K. S6K then directly
phosphorylates IRS-1 at four serine residues. IKK2 may pro-
mote IRS-1 serine phosphorylation directly at Ser-307/312, and
indirectly at Ser-265/270, Ser-302/307, Ser-632/636, and Ser-
1097/1101 through S6K. All of the kinase-specific serine phos-
phorylation sites in IRS-1 identified in our study were demon-
strated directly with in vitro kinase assays. We conclude that
Ser-265/270 is a novel S6K target that is required for substantial
interaction between S6K and IRS-1. This interaction is required
for S6K phosphorylation of the other three S6K-specific serine
phosphorylation sites in IRS-1.Our study provides new insights
into the molecular mechanism of insulin resistance induced by
pro-inflammatory cytokines such as TNF-� that may be rele-
vant to obesity and other metabolic diseases.
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