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Nutrient overload is associated with the development of obe-
sity, insulin resistance, and type II diabetes. High plasma con-
centrations of amino acids have been found to correlate with
insulin resistance. At the cellular level, excess amino acids
impair insulin signaling, the mechanisms of which are not fully
understood. Here, we report that STAT3 plays a key role in
amino acid dampening of insulin signaling in hepatic cells.
Excess amino acids inhibited insulin-stimulated Akt phosphor-
ylation and glycogen synthesis in mouse primary hepatocytes as
well as in human hepatocarcinoma HepG2 cells. STAT3 knock-
down protected insulin sensitivity from inhibition by amino
acids. Amino acids stimulated the phosphorylation of STAT3 at
Ser”?’, but not Tyr’°®. Replacement of the endogenous STAT3
with wild-type, but not S727A, recombinant STAT3 restored
the ability of amino acids to inhibit insulin signaling, suggesting
that Ser”>” phosphorylation was critical for STAT3-mediated
amino acid effect. Furthermore, overexpression of STAT3-
§$727D was sufficient to inhibit insulin signaling in the absence
of excess amino acids. Our results also indicated that mamma-
lian target of rapamycin was likely responsible for the phosphor-
ylation of STAT3 at Ser”®” in response to excess amino acids.
Finally, we found that STAT3 activity and the expression of its tar-
get gene socs3, known to be involved in insulin resistance, were
both stimulated by excess amino acids and inhibited by rapamycin.
In conclusion, our study reveals STAT3 as a novel mediator of
nutrient signals and identifies a Ser’>” phosphorylation-dependent
and Tyr’®® phosphorylation-independent STAT3 activation
mechanism in the modulation of insulin signaling.

Insulin resistance is a major risk factor and a principal defect
in type II diabetes. Nutrient overload in affluent societies has
been associated with increased occurrence of metabolic syn-
drome (1, 2). High protein diets are associated with altered glu-
cose metabolism and increased occurrence of type II diabetes
(3, 4). Elevated plasma concentrations of amino acids have long
been found in obesity and insulin-resistant states (5—8). Fur-
thermore, amino acid infusion induces insulin resistance in
healthy individuals (9). Most recently, it has been reported that
branched-chain amino acids in diet contribute to insulin resis-
tance in high fat diet-fed rats and that a similar consequence of

such a dietary pattern may exist in human (10). Currently, a role
of dietary proteins in the pathogenesis of insulin resistance has
been well recognized (11), but the underlying molecular mech-
anisms are not yet fully understood.

The signal transducer and activator of transcription (STAT)?
proteins are activated by a wide range of cytokines and growth
factors. STAT3, activated by the IL-6 family of cytokines among
others, is phosphorylated on two key residues, Tyr’®® and
Ser”*”. Tyr’®® phosphorylation, typically by the Janus kinase
kinases, is involved in STAT3 dimerization and activation (12),
whereas Ser’>” phosphorylation is believed to modulate STAT3
activity (13, 14). Several protein kinases have been reported to
phosphorylate STAT3 on Ser’ in response to various stimuli
under different cellular contexts (14); among them the mamma-
lian target of rapamycin (mTOR) has been shown to phosphor-
ylate STAT3 in neuronal cells (15, 16) and IL-6-stimulated hepa-
tocytes (17).

As anegative feedback control, STATs induce the expression
of SOCS proteins, which are characterized by their ability to
down-regulate cytokine signaling (18). SOCSs also play an
important role in the pathogenesis of insulin resistance by inte-
grating cytokine signaling with insulin signaling (19). Overex-
pression of SOCS3 inhibited insulin-induced glycogen synthase
activity in myotubes and glucose uptake in adipocytes (20),
whereas hepatocyte-specific socs3 deletion improved insulin
sensitivity in the liver (21). Mechanistically, SOCS proteins
inhibit insulin-induced signaling by directly interfering with IR
activation, blocking IRS activation or inducing IRS degradation
(22). A STAT3-SOCS3 pathway has been reported to be
responsible for IL-6-induced insulin resistance (17, 23, 24).

A major intracellular signaling pathway sensing the availabil-
ity of amino acids at the cellular level involves the Ser/Thr
kinase mTOR. Two functionally distinct protein complexes,
mTORC1 and mTORC?2, are characterized by mTOR asso-
ciation with Raptor and Rictor, which mediate the rapamycin-
sensitive and rapamycin-insensitive signaling of mTOR,
respectively (25). mTORC1 transduces both mitogen and
amino acid sufficiency signals. One of the best characterized
target of mTORCI is ribosomal S6 kinase 1, a regulator of pro-
tein synthesis (26). mTORCI signaling has emerged as an
important modulator of insulin sensitivity. In vivo, amino acid
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intake has been correlated with increased mTORCI activity
and dampened insulin sensitivity (27, 28). In vitro, amino acids
activate mTORCI signaling (29, 30) and concurrently inhibit
insulin signaling in adipocytes, hepatocytes, and skeletal mus-
cle cells (31-34). Several other conditions known to activate
mTORCI1 have also been shown to lead to inhibition of insulin
signaling, including hyperinsulinemia, acute and chronic insu-
lin stimulation, deletion of the tumor suppressor TSC1/2, and
exposure to the proinflammatory cytokine IL-6 (2, 17). In all
cases, the specific inhibitor of mTORC], rapamycin, rescues
insulin signaling. With the exception of IL-6 suppression of
insulin signaling, which is mediated by an mTOR-STAT3-
SOCS3 pathway (17), the current model for the role of mTOR
in insulin sensitivity is a negative feedback loop where activated
S6 kinase 1 phosphorylates IRS-1 on serine residues, which
results in degradation of IRS-1, leading to impaired phospho-
inositide 3-kinase stimulation (2).

A connection between STAT3 and amino acid signals has
never been reported. In this study, we uncover an unexpected
role of STAT3 in amino acid modulation of insulin sensitivity in
hepatic cells. We further show that Ser”>” phosphorylation in
response to excess amino acids is essential for STAT3 function
in suppressing insulin signaling and that mTOR is the kinase for
Ser”?” in this context.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HepG2 human hepatocarci-
noma cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 1 g/liter glucose containing 10% fetal
bovine serum at 37 °C with 5% CO.,. For amino acid and insulin
stimulation, cells were incubated in serum-free DMEM over-
night followed by incubation in amino acid-free DMEM
(Hyclone) for 1 h prior to various treatments described in the
text or figure legends. For transient transfections, cells grown
on 12-well plates at 60 —70% confluence were transfected with 1
ng of each plasmid (wild-type or mutant STAT3) using
FuGENE 6 (Roche Applied Science).

Freshly isolated primary hepatocytes were plated in Wil-
liam’s medium with 10% fetal bovine serum and incubated
for several hours at 37 °C with 5% CO,. The cells were then
incubated in serum-free Williams’ medium overnight fol-
lowed by 1-h amino acid deprivation, and then they were
subjected to various treatments and assays as described in
the text.

Animals and Primary Hepatocyte Isolation—Mouse primary
hepatocytes were isolated from 10-14-week-old mice as
described previously (17). All handling of animals was in
accordance with IACUC regulations at the University of
linois.

Reagents and Plasmids—Human recombinant insulin was
purchased from Sigma-Aldrich. Rapamycin and genistein were
from Calbiochem. The Luciferase Assay System was from Pro-
mega. Antibodies against STAT3, a-tubulin, and FLAG (M2)
were from Santa Cruz Biotechnology, Abcam, and Sigma,
respectively. The following antibodies were from Cell Signaling
Technology: phospho-Akt (Ser®”®), Akt, phospho-mTOR
(Ser**®"), mTOR, Raptor, Rictor, phosphor-STAT3 (Tyr’?)
and phosphor-STAT3 (Ser”?”). All secondary antibodies were
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obtained from Jackson ImmunoResearch Laboratories. The
S§727D STAT3 mutant was created by site-directed mutagene-
sis using the QuikChange kit (Stratagene). All other plasmids
were described previously (17).

shRNA—AIl shRNAs used in this study were constructed in
the lentiviral vector pLKO.1-puro. Lentivirus packaging and
infection were performed as described previously (17). The
infected cells were subjected to puromycin selection (2 mg/ml)
for 3 days prior to various treatments described in figure leg-
ends. shRNA sequences for human STAT3, mTOR, Raptor,
Rictor, and a negative control (Scramble) were all reported pre-
viously (17, 35).

Western Blot Analysis—Cells were lysed in 1X SDS sample
buffer and briefly sonicated to shear the DNA. Boiled lysates
were run on SDS-PAGE followed by transferring to polyvi-
nylidene difluoride membranes. Antibody incubations were
performed following the manufacturers’ recommendations.
Horseradish peroxidase-conjugated secondary antibodies and
enhanced chemiluminescence reagent (Western Lightning®,
PerkinElmer Life Sciences) were used to develop images on
x-ray films. Quantification of Western band intensities was
performed by densitometry of x-ray images using the soft-
ware Image].

Glycogen Synthesis Assay—Mouse primary hepatocytes or
HepG2 cells seeded in 6-well plates were serum-starved
overnight and amino acid-starved for 1 h and then incubated
in a 2-fold increase in amino acid concentrations (2 XAA) for
1 h with or without pretreatment by 100 nm rapamycin for 30
min, followed by incubation in 1.5 mCi of p-[**C]glucose and
100 nm insulin for 3 h. The cells were then processed for
measurement of radiolabeled glycogen as described previ-
ously (17).

Luciferase Assays—HepG2 cells grown on 12-well plates
at 60-70% confluence were co-transfected with 1 ug of
3XLy6E reporter (17) and 1 ug of wild-type STAT3 plasmid.
After various treatments, the cells were lysed in 200 ul/well
passive lysis buffer (Promega). Luciferase activity was mea-
sured using the Luciferase Assay System following the man-
ufacturer’s protocol.

Quantitative Reverse Transcription-PCR—Total RNA was
extracted from HepG2 cells by using the RNeasy mini kit
(Qiagen), according to the manufacturer’s instructions.
c¢DNA was synthesized from 2 ug of total RNA with Super-
script II reverse transcriptase (Invitrogen) using oligo(dT)
primer (Invitrogen). Quantitative reverse transcription-PCR
was performed to determine relative levels of socs3 mRNA
on an iCycler system (Bio-Rad Laboratories) using SYBR
Green chemistry in a MicroAmp 96-well reaction plate fol-
lowing the manufacturer’s protocols. B-Actin was used as a
reference to obtain the relative fold change for target sam-
ples using the comparative C; method. Sequences of the
primers were reported previously (17).

Statistical Analysis—Each experiment was repeated three or
four times. All quantitative data are shown as mean * S.D.
Paired ¢ tests or one-sample ¢ tests were performed to compare
the data as indicated in the figure legends.
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FIGURE 1. Excess amino acids suppress insulin signaling in hepatic cells. A, mouse primary hepatocytes
were serum-starved overnight and amino acid-starved for 1 h and then stimulated with 100 nm insulin for 10
min, with or without pretreatment by 2XAA for 1 h. Cell lysates were subjected to Western blot analyses for
phospho-Akt (Ser*’3) (pSer473-Akt) and total Akt. Three independent experiments were quantified to yield
the ratio between phospho- and total Akt as described under “Experimental Procedures.” Representative blots
are shown. *, p < 0.05, compared with insulin treatment alone by one-sample t test. B, primary hepatocytes
were serum-starved overnight and amino acid-starved for 1 h and then stimulated with 100 nm insulin for 3 h
in the presence of p-["*Clglucose with or without 2XAA followed by glycogen synthesis assays. Relative gly-
cogen synthesis rates are shown as the average of four independent experiments with error bars representing

S.D. The p value of the paired t test is shown above the graph.

RESULTS

STAT3 Mediates the Effect of Amino Acids on Suppressing
Insulin Signaling—The effect of amino acids on insulin signal-
ing was examined in mouse primary hepatocytes. Acute insulin
stimulation activated Akt phosphorylation at Ser*”® (a com-
monly used measurement of insulin signaling) in the absence of
amino acids (Fig. 14) or in the presence of normal concentra-
tions of amino acids typically found in DMEM (data not
shown). A 2-fold increase in amino acid concentrations
(2XAA) markedly inhibited insulin-stimulated Akt phosphor-
ylation (Fig. 1A4). This is consistent with previously reported
observations in Fao hepatoma cells (33). As one of the meta-
bolic end points of insulin action in the liver, glycogen synthesis
was examined in primary hepatocytes and was found to mirror
the activity of insulin signaling faithfully: insulin stimulated gly-
cogen synthesis to a degree consistent with that reported by
others (36), and 2XAA abolished this rate increase (Fig. 1B).
Similar effects of 2X AA on insulin-stimulated Akt phosphory-
lation and glycogen synthesis were found in the human hepa-
tocarcinoma HepG2 cells (data not shown), a commonly used
cell type for studies of insulin sensitivity in vitro.

STAT3 was known to be involved in IL-6 induced insulin
resistance (17, 37), but its connection to amino acids had never
been reported. To examine the involvement of STAT3 in the
modulation of insulin signaling by excess amino acids, we
knocked down STAT3 in HepG2 cells. Two independent shRNAs,
for the purpose of excluding off-target effects, were delivered to
the cells via lentiviral infection. Each shRNA resulted in drastic
reduction of STAT protein, with a scrambled sequence in the
hairpin as negative control (Fig. 24, STAT3 blots). The Scram-
ble virus-infected cells responded to insulin and 2XAA as
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expected. In both cases where
STAT3 was knocked down, insulin-
stimulated phosphorylation of Akt
became completely resistant to
excess amino acids (Fig. 2A4). Thus,
depletion of STAT3 abolished the
negative effect of amino acids on
insulin signaling.

We also examined the effect of
STAT3 knockdown on glycogen
synthesis rate. A modest, but statis-
tically significant, decrease was
observed in both basal and insulin-
stimulated glycogen synthesis when
STAT3 was knocked down (Fig. 2B).
This is consistent with a reported
positive role of STAT3 in glycogen
synthesis via suppressing glycogen
synthase kinase-3[3 expression (38).
More important, however, in
STATS3 knockdown cells 2XAA no
longer inhibited insulin-stimulated
glycogen synthesis, indicating that
depletion of STAT3 protected insu-
lin sensitivity from inhibition by
excess amino acids. Leucine, a
branched-chain amino acid, at a
concentration 10 times of that in DMEM, exerted an effect
similar to that of 2X AA on insulin-stimulated glycogen synthe-
sis and was also rendered ineffective by STAT3 knockdown
(data not shown). Taken together, our observations suggest
that STATS3 is an indispensable mediator of the effect of amino
acids on insulin signaling and insulin action in liver cells. The
dual roles of STAT3 in both suppressing and promoting insulin
actions will be discussed later.

Ser”” Phosphorylation Is Critical for STAT3 Modulation of
Insulin Signaling in Response to Excess Amino Acids—The
phosphorylation of Tyr” leads to dimerization and activation
of STAT3, and Ser”*” phosphorylation is believed to confer
maximum activity of STAT3. To probe into the mechanism by
which STAT3 mediates the effect of amino acids, we examined
those two phosphorylation sites. As shown in Fig. 34, amino
acids at 2-fold or 4-fold of normal concentrations (2XAA or
4X AA, respectively) markedly stimulated Ser”>” phosphoryla-
tion in HepG2 cells. A similar observation was also made in
mouse primary hepatocytes stimulated with 2XAA (see Fig.
5A). Meanwhile, Tyr’®> phosphorylation was not detected
under any of the conditions above (data not shown).

To assess the functional role of STAT3 Ser”*” phosphoryla-
tion in the modulation of insulin signaling, we utilized a protein
replacement strategy, in which recombinant STAT3 proteins
were expressed in cells with endogenous STAT3 knocked
down. Knockdown occurred selectively to the endogenous pro-
tein and not the recombinant protein because the shRNA was
designed to target the human mRNA whereas the recombinant
protein was encoded by the mouse cDNA. STAT3 knockdown
eliminated the inhibitory effect of 2X AA on insulin signaling
(Akt phosphorylation) as shown earlier, and expression of the
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FIGURE 2. Knockdown of STAT3 ameliorates amino acid suppression of insulin signaling. A, HepG2 cells infected with lentiviruses expressing two
independent shRNAs against human STAT3 (shSTAT3-1 and -2) or a negative control hairpin (Neg) were selected with puromycin for 3 days followed by serum
starvation overnight and amino acid starvation for 1 h. The cells were then stimulated with 100 nm insulin for 10 min, with or without pretreatment by 2XAA
for 1 h followed by Western blot analyses. Three independent experiments were quantified as described in the Fig. 1 legend. Representative blots are shown.
*, p < 0.05 compared with insulin treatment alone by one-sample t test. B, HepG2 cells were infected with lentiviruses and puromycin-selected as described
above and then serum-starved overnight and amino acid-starved for 1 h followed by stimulation with 100 nm insulin for 3 h in the presence of b-['*Clglucose
with or without 2 XAA. Glycogen synthesis assays were performed in three independent experiments and quantified as described in Fig. 1. Average results are
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shown with error bars representing S.D. Paired t tests were performed as indicated in the graph. *, p < 0.05.
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FIGURE 3. Ser’?” phosphorylation is essential for STAT3-mediated
amino acids inhibition of insulin signaling. A, HepG2 cells were serum-
starved overnight and amino acid-starved for 1 h followed by stimulation
for 30 min with various concentrations of amino acids (AA) as indicated.
The cell lysates were analyzed by Western blotting. B, HepG2 cells were
infected with the lentivirus expressing shSTAT3-1 (see Fig. 2), puromycin-
selected for 2 days, and then transfected with wild-type (WT) or S727A
STAT3 cDNA for 1 day. The cells were then serum-starved overnight and
amino acid-starved for 1 h followed by stimulation with 100 nm insulin for
10 min with or without 1-h pretreatment by 2XAA. The cell lysates were
analyzed by Western blotting. Three independent experiments were
quantified to yield the ratio between Ser*”(P)-Akt and total Akt. Average
results are shown with error bars representing S.D. Recombinant STAT3 is
shown by anti-FLAG Western blotting. *, p < 0.05 compared with insulin
treatment alone by one-sample t test.
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wild-type recombinant STAT3 fully restored the effect of
2XAA (Fig. 3B, left). Interestingly, the S727A mutation
impaired the ability of recombinant STAT3 to restore the effect
of 2X AA (Fig. 3B, right). These data suggest that Ser’” is essen-
tial for the function of STAT3 in mediating the amino acid
effect on insulin signaling.

Overexpression of STAT3 Inhibits Insulin Signaling in a Ser
dependent Manner—W e went on to ask whether active STAT3
alone would be sufficient to suppress insulin signaling in the
absence of excess amino acids or any other signal. As shown in
Fig. 4, overexpression of STAT3, either wild type or S727D, in
HepG2 cells dampened insulin-induced Akt phosphorylation.
On the other hand, overexpression of the S727A mutant did not
have a significant effect on insulin signaling. Remarkably, over-
expression of Y705F-STAT3 also suppressed insulin activation
of Akt, indicating that Tyr”® phosphorylation is dispensable
for the negative effect of STAT3 on insulin signaling. Taken
together, these observations support a central role that STAT3
plays to modulate insulin signaling negatively, and they reveal
a Ser”*’-dependent and Tyr’°*-independent mechanism of
STATS3 activation.

mTOR Phosphorylates STAT3 on Ser”” in Response to Excess
Amino Acids—We next asked what might be the kinase respon-
sible for amino acid-stimulated Ser”>” phosphorylation of
STAT3. mTOR appeared to be a top candidate because it was
known to mediate amino acid signals and it had been
reported to phosphorylate Ser”?”-STAT3 under certain con-
ditions, including IL-6-stimulated hepatocytes (17). Indeed,
the mTOR-specific inhibitor rapamycin abolished 2XAA-
stimulated Ser”*” phosphorylation in mouse primary hepato-
cytes (Fig. 5A4). Consistent with mTOR being responsible for
STAT3 phosphorylation, the catalytic activity of mTOR, as

727
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reflected by its autophosphorylation at Ser®*#! (39), was stimu-

lated by 2X AA (data not shown). A previously reported shRNA
(17, 35) was used to knock down mTOR, which led to decreased
Ser”?” phosphorylation (Fig. 5B), confirming the requirement
of mTOR for this phosphorylation. Therefore, mTOR is likely
the kinase for Ser”?’-STAT3 in response to excess amino acids
in liver cells. Interestingly, neither Raptor knockdown nor Ric-
tor knockdown affected Ser”>” phosphorylation (data not
shown), implying a biochemical nature of mTOR distinct from
the well characterized mTORC1 and mTORC2 complexes
in the regulation of STATS3.

To confirm the involvement of mTOR in amino acid inhibi-
tion of insulin signaling, we examined the effect of rapamycin.
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FIGURE 4. Overexpression of STAT3 inhibits insulin signaling. HepG2 cells
were transfected with plasmids expressing STAT3 (wild-type (WT), S727A,
S727D, and Y705F) for 1 day, serum-starved overnight, and then stimulated
with 100 nminsulin for 10 min. Cell lysates were analyzed by Western blotting.
Three independent experiments were quantified to yield the ratio between
Ser?’3(P)-Akt and total Akt. Average results are shown with error bars repre-
senting S.D. Representative blots are shown. *, p < 0.05; **, p < 0.01 com-
pared with insulin treatment alone by one-sample t test.
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Indeed, rapamycin treatment fully rescued insulin-stimulated
Akt phosphorylation in mouse primary hepatocytes from the
inhibition by 2X AA (Fig. 6A). Furthermore, glycogen synthesis
was also recovered from amino acid inhibition upon rapamycin
treatment (Fig. 6B) from the inhibition by 2X AA. These obser-
vations are consistent with a functional role for rapamycin-
sensitive mTOR in amino acid suppression of insulin signaling
in liver cells.

Excess Amino Acids Activate STAT3 Transcriptional Activity—
Collectively, the observations described above revealed a novel
role of STAT3 in mediating amino acids signals through a
mechanism that was dependent on Ser”>” phosphorylation and
independent of Tyr’®® phosphorylation. To investigate whether
this noncanonical function was associated with the transcrip-
tional activity of STAT3, we examined STAT?3 activity utilizing
a luciferase reporter for STAT (13) together with recombinant
STATS3 expression. As shown in Fig. 74, 2XAA modestly, but
nevertheless significantly, stimulated the reporter activity, and
rapamycin treatment blocked this activation. Although STAT3
can be activated by some growth factors through receptor tyro-
sine kinases, insulin did not activate STAT3 reporter in HepG2
cells (Fig. 7A, far right bar). Furthermore, 2XAA-stimulated
STATS3 reporter activation was completely insensitive to the
pan-tyrosine kinase inhibitor genistein (Fig. 7A), indicating that
tyrosine phosphorylation was not involved in the activation of
STATS3 in response to amino acids. This is consistent with our
observation that Tyr’®® phosphorylation is dispensable for
STAT3 function in mediating amino acid inhibition of insulin
signaling.

One of the transcriptional targets of STAT3 is socs3, which is
known to exert negative effects on insulin signaling through
several distinct mechanisms (22). We found that socs3 expres-
sion was indeed up-regulated by 2XAA and, furthermore,
inhibited by rapamycin (Fig. 7B). This raises the possibility that
STAT3 may transduce amino acid signals through SOCS3 to
impair insulin signaling, although it cannot be ruled out that
STAT3 has a yet-to-be-identified effector responsible for its
function in suppressing insulin signaling.

DISCUSSION

High-protein diets are associated with the development of
insulin resistance, the mechanisms of which are of important
relevance to public health and med-

icine. Our study reported here
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FIGURE 5. STAT3 Ser’?” phosphorylation is dependent on mTOR. A, mouse primary hepatocytes were
serum-starved overnight and amino acid-starved for 1 h and then stimulated with 2XAA with or without 100
nm rapamycin (Rap) added 30 min prior to 2XAA followed by Western blot analysis. B, HepG2 cells were
infected by viruses expressing an mTOR shRNA. After puromycin selection for 3 days, serum starvation over-
night, and amino acid starvation for 1 h, the cells were stimulated with 2XAA for 1 h. The cell lysates were
subjected to Western blot analysis. Three independent experiments were quantified to yield the ratio between
Ser’?’(P)-STAT3 and total STAT3; the average results with S.D. are indicated below the blots.

monly known as a signal transducer
for cytokines and growth factors,
STAT3 now joins a small group of
signaling molecules known to re-
spond to amino acid signals.

The essential role of STAT3 in
mediating amino acid effect on
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FIGURE 6. Rapamycin (Rap) ameliorates amino acid suppression of insulin signaling. A, mouse primary hepatocytes were serum-starved overnight and
amino acid-starved for 1 h and then stimulated with 100 nm insulin for 10 min with or without pretreatment by 2XAA for 1 h. When applicable, 100 nm
rapamycin was added 30 min before 2 X AA addition. Cell lysates were subjected to Western analyses. Three independent experiments were quantified to yield
the ratio between Ser*’3(P)-Akt and total Akt. Average results are shown with error bars representing S.D. *, p < 0.05 compared with insulin treatment alone by
one-sample t test. B, primary hepatocytes were serum-starved overnight and amino acid-starved for 1 h and then stimulated with 100 nm insulin for 3 h in the
presence of D-['*Clglucose with or without 2 X AA followed by glycogen synthesis assays. When applicable, 100 nv rapamycin was added 30 min before the
2XAA addition. Relative glycogen synthesis rates are shown as the average of four independent experiments with error bars representing S.D. p values of
paired t-tests are shown above the graph.
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FIGURE 7. STAT3 is activated by amino acids in a rapamycin-sensitive and tyrosine phosphorylation-
independent manner. A, HepG2 cells were co-transfected with the 3XLy6E luciferase reporter and STAT3
cDNA, serum-starved overnight and amino acid-starved for 1 h, and then stimulated by 2XAA or 100 nminsulin
for3 h.When applicable, 100 nm rapamycin or 10 um genistein was added 30 min prior to amino acid treatment.
Cell lysates were subjected to luciferase assays (A) or extraction of RNA and quantitative RT-PCR for SOCS3
mRNA (B). Relative luciferase activities and relative levels of SOCS3 are shown as the average results of three
independent experiments with error bars representing S.D. *, p < 0.05 compared with control (no stimulation)
by one-sample t test.

under a variety of conditions.
Previously, we have reported that
IL-6 suppression of insulin signaling
is mediated by mTOR phosphoryla-
tion of STAT3 at Ser”?” (17). mTOR
has also been known as a kinase for
STATS3 Ser’?” in neuronal cells (15,

insulin signaling may not be limited to liver cells because we
have also observed that STAT3 knockdown restores insulin
sensitivity to muscle cells and adipocytes exposed to excess
amino acids (data not shown). This indispensable function of
STAT3 in transducing amino acid signals came as a surprise
because serine phosphorylation of IRS by the nutrient-sensing
mTORCI1 signaling, mostly through S6 kinase 1, had been
widely speculated as a major mechanism behind amino acids-
induced insulin resistance. Recently, a new IRS site (Ser''®')
phosphorylation by S6 kinase 1 has been proposed to mediate
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16). In all those cases, a canonical
cytokine-Janus kinase-STAT3 signaling pathway has been
shown, or speculated, to contribute to the activation of STAT3
through tyrosine phosphorylation in addition to serine phos-
phorylation. It is generally believed that serine phosphorylation
of STAT3 modulates its maximum activity, perhaps by affect-
ing the recruitment of co-factors (14, 40), whereas Tyr”°® phos-
phorylation is required for the activation. However, recent
studies have suggested that STAT3 can be activated through
Ser”?” phosphorylation in the absence of Tyr’®® phosphoryla-
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tion, involving, for instance, Notch signaling in neuronal stem
cells (41) or constitutive activation of STAT3 in macrophages
(42). Most recently, Ser”*”-phosphorylated and Tyr”°>-dephos-
phorylated STAT3 is shown to promote prostate tumorigenesis
(43). Our observations reported here strongly suggest that
amino acids activate STAT3 through this noncanonical mech-
anism. Notably, amino acids activate a reporter for STAT3
transcriptional activity only to a modest degree perhaps be-
cause of the lack of key tyrosine phosphorylation. It remains to
be determined whether this low activity alone, which leads to a
modest increase of socs3 levels, is sufficient to reach a threshold
to impact insulin signaling. It cannot be ruled out that another
factor(s) is needed to bridge STAT3 and insulin signaling in
response to amino acid signals.

In the liver and hepatocytes a negative role of STAT3 in mod-
ulating insulin signaling is established, based on previous
reports (17, 23) as well as our findings here. Paradoxically, mice
with liver-specific stat3 knockout display insulin resistance
associated with increased expression of gluconeogenic genes
(44), suggesting a positive role of STAT3 in insulin signaling. It
has been further shown that this insulin-sensitizing function of
STAT3 is dependent on hepatic expression of IL-6, which is
elevated in response to insulin action in the brain (45). Most
recently, STATS3 is reported to suppress the expression of gly-
cogen synthase kinase-3 (38), a negative regulator of glycogen
synthesis downstream of insulin signaling. Hence, STATS3 plays
dual roles in insulin signaling and action. Cellular contexts and
environmental cues are likely contributing factors in determin-
ing the specific function of STAT3. Of particular relevance,
circulating IL-6 (especially that derived from adipose tissues) at
chronically elevated concentrations is known to induce insulin
resistance in the liver (23, 37); yet, as mentioned above, hepatic
expression of IL-6 in response to insulin action in the brain
sensitizes hepatic insulin actions (45). Interestingly, STAT3 is
central to both of these IL-6 signaling events (17, 23, 37, 45).
Therefore, we propose that during a normal insulin response,
STATS3 primarily plays a positive role, whereas activation of
STAT3 under pathological conditions (such as excess amino
acids, overexpression of STAT3, or chronically elevated circu-
lating IL-6) impairs insulin signaling. Our observations that
knockdown of STATS3 slightly dampens normal insulin re-
sponse (Fig. 2B) whereas overexpression of STAT3 also inhibits
insulin signaling (Fig. 4) are consistent with such dual roles of
STATS3. In vivo studies are still needed to validate the negative
function of STAT3 upon aberrant activation. What molecular
mechanisms are involved in ensuring the activation of a specific
STATS3 function also presents an intriguing question for future
investigations.
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