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AMP-activated protein kinase (AMPK) activation reportedly
suppresses transcriptional activity of the cAMP-responsive ele-
ment (CRE) in the phosphoenolpyruvate carboxykinase C
(PEPCK-C) promoter and reduces hepatic PEPCK-C expres-
sion. Although a previous study found TORC2 phosphorylation
to be involved in the suppression of AMPK-mediated CRE tran-
scriptional activity, we herein present evidence that glycogen
synthase kinase 38 (GSK3B) phosphorylation induced by
AMPK also plays an important role. We initially found that
injecting fasted mice with 5-aminoimidazole-4-carboxamide
ribonucleoside (AICAR) markedly increased Ser-9 phosphoryl-
ation of hepatic GSK3 within 15 min. Stimulation with AICAR
or the GSK3f inhibitor SB-415286 strongly inhibited CRE-con-
taining promoter activity in HepG2 cells. Using the Gal4-based
transactivation assay system, the transcriptional activity of
cAMP-response element-binding protein (CREB) was sup-
pressed by both AICAR and SB415286, whereas that of TORC2
was repressed significantly by AICAR but very slightly by
SB415286. These results show inactivation of GSK3 3 to directly
inhibit CREB but not TORC2. Importantly, the AICAR-induced
suppression of PEPCK-C expression was shown to be blunted by
overexpression of GSK3B(S9G) but not wild-type GSK3p. In
addition, AICAR stimulation decreased, whereas Compound C
(AMPK inhibitor) increased CREB phosphorylation (Ser-129)
in HepG2 cells. The time-courses of decreased CREB phospho-
rylation (Ser-129) and increased GSK3f phosphorylation were
very similar. Furthermore, AMPK-mediated GSK3f3 phospho-
rylation was inhibited by an Akt-specific inhibitor in HepG2
cells, suggesting involvement of the Akt pathway. In summary,
phosphorylation (Ser-9) of GSK3 is very likely to be critical for
AMPK-mediated PEPCK-C gene suppression. Reduced CREB
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phosphorylation (Ser-129) associated with inactivation of
GSK3f by Ser-9 phosphorylation may be the major mechanism
underlying PEPCK-C gene suppression by AMPK-activating
agents such as biguanide.

Hepatic PEPCK-C? expression plays a critical role in the
maintenance of glucose homeostasis, and activation of AMPK
in the livers of fasted mice has been shown to reduce glucose
production (1). The oral biguanide antidiabetic agent met-
formin and several factors including leptin and adiponectin
reportedly activate AMPK, improve insulin sensitivity, and
reduce gluconeogenesis in patients with type 2 diabetes melli-
tus (2—8). It was also reported that stimulation with the AMPK
activator 5-aminoimidazole-4-carboxamide ribonucleoside
(AICAR) suppresses hepatic PEPCK-C expression and the
transcriptional activity of the cAMP-responsive element (CRE),
which is present in the PEPCK-C promoter, actions similar to
those of insulin (9).

AMPK achieves its downstream effects by immediate direct
phosphorylation of enzyme substrates as well as long term
effects on gene expression. For example, AMPK phosphoryl-
ates and inactivates acetyl-CoA carboxylase, resulting in sup-
pression of the conversion of acetyl CoA to malonyl CoA (4).
This malonyl CoA reduction allows entry of fatty acids into
mitochondria and their subsequent oxidation (10, 11).
Recently, as a molecular mechanism underlying AMPK-medi-
ated PEPCK-C gene suppression, the phosphorylation of
TORC?2 (transducer of regulated CREB activity 2), a co-activa-
tor of cAMP-responsive element binding (CREB) protein, by
AMPK was reported (12-15). TORC2 phosphorylated by
AMPK or SIK binds to 14-3-3, and this complex is transported

2 The abbreviations used are: PEPCK-C, phosphoenolpyruvate carboxykinase
C; GSK3B, glycogen synthase kinase 33; AMPK, AMP-activated protein
kinase; AICAR, 5-aminoimidazole-4-carboxamide ribonucleoside; CREB,
CRE, cAMP-response element; CREB, CRE-binding protein; TORC2, trans-
ducer of regulated CREB activity 2; WT, wild type; GST, glutathione S-trans-
ferase; CBP, CREB-binding protein; UAS, upstream activating sequence;
ACC, acetyl-CoA carboxylase; SIK, salt-inducible kinase.
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from inside the nucleus to the cytoplasm (16, 17). Thus, by
reducing the association with TORC2 and CREB in the nucleus,
CRE transcriptional activity and PEPCK-C expression are
suppressed.

On the other hand, it has been revealed that CRE transcrip-
tional activity is regulated not only by nuclear TORC2 but also
by the phosphorylation of CREB. For example, forskolin stim-
ulates cAMP production and enhances PEPCK-C gene expres-
sion by stimulating the protein kinase A-mediated phosphoryl-
ation of CREB at Ser-133 and by promoting subsequent
recruitment of the coactivator CREB-binding protein (CBP) to
the promoter (18, 19). Furthermore, CREB has been regarded as
one of the potential nuclear substrates of GSK3p, which were
identified by in vitro phosphorylation and overexpression stud-
ies (20—-22). Thus, it has been suggested that GSK38 phospho-
rylates CREB at Ser-129, leading to a stimulatory effect on
CREB activity, and that CREB is involved in the cAMP-medi-
ated activation of PEPCK-C expression (22-24). Because Akt/
protein kinase B phosphorylates and inactivates GSK3p, insu-
lin-induced suppression of CRE transcriptional activity is likely
to be mediated by Akt-induced GSK3f phosphorylation at Ser-
129. The phosphorylations of either CREB or TORC2 could,,
thus, regulate transcriptional activity and thereby the gene
expression of PEPCK-C.

In this study we observed that AMPK activation increases
GSK3p phosphorylation rapidly and markedly in the mouse
liver. Then, we performed experiments to determine whether
AMPK-induced PEPCK-C gene suppression is indeed medi-
ated by increased GSK3 phosphorylation. Herein, we present
evidence showing a critical role of GSK38 phosphorylation in
the AMPK-induced suppression of hepatic gluconeogenesis.

EXPERIMENTAL PROCEDURES

Reagents— AMPK inhibitor Compound C and Akt inhibitor
IV were purchased from Calbiochem. Phospho-ACC (Ser-79),
phospho-Akt (Thr-308), and phospho-GSK3(Ser-9) antibod-
ies were purchased from Cell Signaling Technology (Beverly,
MA). Anti-rabbit horseradish peroxidase antibodies conju-
gated to horseradish peroxidase were obtained from Amer-
sham Biosciences. Dulbecco’s modified Eagle’s medium and
fetal bovine serum were purchased from Invitrogen. All other
reagents were of analytical grade. A rabbit polyclonal antibody
was raised against a SIK(C) fragment (amino acid residues
1-343) or TORC2 peptide (563—699) in rabbits as described
previously (25).

Preparation of Tissue Extracts—After an overnight fast or
injection of AICAR (250 mg/kg), the animal was killed by cer-
vical dislocation before removal of the liver. One part of the
liver was homogenized in 10 volumes of ice-cold lysis buffer (20
mM Tris-HCI, pH 8.0, 1% Triton, 1 mm EDTA, 1 mm EGTA, 1
mM sodium orthovanadate, 1 mm dithiothreitol, 1 mm phenyl-
methylsulfonyl fluoride, and 2 ug/ml leupeptin). The solution
was then centrifuged at 10,000 X gat 4 °C. The supernatant was
collected, and the protein concentration was measured using a
Bio-Rad protein assay kit.

Cell Culture—Human hepatoma HepG?2 cells were obtained
from the American Type Culture Collection (Manassas, VA).
HepG2 cells were cultured in Dulbecco’s modified Eagle’s
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medium containing 10% fetal bovine serum, 100 units/ml pen-
icillin, 100 pg/ml streptomycin, and 5.5 mm D-glucose. The cells
were incubated in a humidified atmosphere of 5% CO, at 37 °C
and passaged every 3 days by trypsinization. Primary hepato-
cytes were isolated from male C57B6 mice by the collagenase
method. Cells were suspended in William’s E medium (Sigma)
containing 10% fetal bovine serum, 1 nM insulin, 75 mg/liter
penicillin, and 50 mg/liter streptomycin and then plated. After
12 h, serum was removed, and the cells were divided into con-
trol or dexamethasone (1 um) groups. The medium was the
same as that described above except that 0.1% bovine serum
albumin was added instead of fetal bovine serum.

Construction and Luciferase Assay—The following plasmids
were obtained from commercial sources: pTAL, pTAL-CRE
and pM from Clontech (Palo Alto, CA) and pGL4.10 and
pRL-TK from Promega (Madison, WI). The PEPCK-C pro-
moter (—450 to —1) was inserted into a pGL4.10 vector (Pro-
mega). HepG2 cells in a 12-well collagen-coated plate were
cotransfected with PEPCK-C-LUC vector (0.5 ug/well) with an
internal reporter, pRL-TK (0.03 ug). For the CREB or TORC2
reporter assay, cells were transformed with Gal4 DNA binding
domain-linked CREB expression vectors (pM-CREB,
pM-TORC?2, or pM, empty vector, 0.15 ug) and reporter vec-
tors (UAS-linked luciferase reporter (pTAL-5x UAS, 0.15 ug)
and an internal reporter, pRL-TK (0.03 ug)). pM was used to
express a fusion protein that possessed the GAL4 DNA binding
domain at the N terminus of a protein of interest. The fusion
protein was transported into the nucleus by the SV40 nuclear
localization sequence created in the GAL4 DNA binding
domain. The luciferase reporter construct containing five cop-
ies of the GAL4 DNA binding site (UAS) upstream from the
c-fos minimal promoter (FR-luc) was obtained from Stratagene.
Because luciferase activity derived from FR-luc was low, the
BamHI/Xbal fragment containing five copies of UAS elements
of FR-Luc was transferred to the BglIl/Nhel site of pTAL, and
the resultant reporter was named pTAL-5X UAS(26). After
48 h of transfection, cells were treated with or without forskolin
(10 um) or AICAR (2 mm) for 6 h and harvested to measure
luciferase activities by the Dual-luciferase Reporter Assay Sys-
tem (Promega Corp.). Specific promoter activities of PEPCK-C,
CRE, CREB, or TORC2 genes were expressed as -fold expres-
sion compared with the reporter activity of the empty vector.
Luciferase activities were measured and normalized by Renilla
luciferase activity.

Site-directed Mutagenesis and Generation of Recombinant
Adenovirus—Ser-9 of the wild-type GSK3B construct was
mutated to a glycine to generate the GSK38-S9G mutant con-
struct using site-directed mutagenesis. Template DNA (5 ng)
was mixed with 20 pmol of each primer (GSK33-S9G: forward
primer, 5'-ACCACCGCCTTTGGCGAGAGCTG-3'; GSK38-
S9G reverse primer, 5'-CAGCTCTCGCCAAAGGCGGT-
GGT-3'), and the PCR was run (94 °C, 30 s; 55 °C, 1 min; 68 °C,
5 min; 12 cycles). The product was transformed into DH5«
competent Escherichia coli. Recombinant adenoviruses used to
express wild-type GSK3B(WT) and constitutive active
GSK3B(S9G) were constructed by homologous recombination
of the expression cosmid cassettes containing the correspond-
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ing cDNAs and the parental virus genome, as described previ-
ously (27).

Adenoviral Gene Transfer—Recombinant adenovirus ex-
pressing wild-type and dominant negative mutant forms of
AMPKe, wild-type GSK3B(WT), SIK1 and constitutive active
GSK3B(S9G) were generated, purified, and concentrated using
cesium chloride ultracentrifugation as reported previously (27).
Adenovirus encoding LacZ served as a control, and the adeno-
viral gene transfer was performed as reported previously (27).

Western Blot Analysis—Western blot analysis was carried
out as described previously (27). In brief, HepG2 cells were
lysed in lysis buffer as shown above. Cell debris was removed by
centrifugation at 12,000 X gfor 15 min at4 °C, and the resulting
supernatant (cell lysate) was used for Western blotting and lipid
content analysis. For Western blotting, 10 ug of protein were
separated by 12% SDS-PAGE and electrophoretically trans-
ferred to polyvinylidene difluoride membranes in a transfer
buffer consisting of 20 mm Tris-HCI, 150 mm glycine, and 20%
methanol. The membranes were blocked with 5% nonfat dry
milk in Tris-buffered saline with 0.1% Tween 20 and incubated
with specific antibodies followed by incubation with horserad-
ish peroxidase-conjugated secondary antibodies. The antigen-
antibody interactions were visualized by incubation with ECL
chemiluminescence reagent (Amersham Biosciences).

Immunoprecipitations—For the immunoprecipitation experi-
ments, HepG2 cells were transfected with 1 ug of GST-tagged
CREB. Whole-cell extracts were prepared from HepG2 cells in
lysis buffer, as described above. Cell extracts were incubated for
4 h at 4 °C with anti-GST antibody (5 ng) and then for 1 h with
30 ul of protein G-Sepharose beads. The pellets were washed 5
times with 1 ml of lysis buffer, then resuspended in Laemmli
sample buffer, boiled for 3 min, and analyzed on SDS/8% poly-
acrylamide gels.

RESULTS

AICAR Stimulation Increases the Phosphorylations of GSK33
and ACC in Mouse Liver—AICAR was intraperitoneally
injected into fasted mice, and the Ser-9 phosphorylation level of
hepatic GSK33 was monitored at the indicated times (Fig. 1).
As reported previously, AICAR stimulation increased ACC
phosphorylation (lowest panel of Fig. 1). Interestingly, GSK3/3
phosphorylation was also markedly increased by AICAR injec-
tion, whereas the level of GSK3B protein expression was
unchanged in the livers of fasted mice. This increase took place
within 15 min of injecting AICAR, peaked at 30 min, and per-
sisted for 2 h. Thus, AICAR stimulation was revealed to
enhance not only ACC but also GSK3p, probably more mark-
edly than ACC.

AMPK Activation Reduces Transcriptional Activities of
PEPCK-C Gene Promoter and CRE—PEPCK-C regulation in
vivo occurs mainly at the level of gene expression (28-32).
Expression of the luciferase gene located downstream from the
PEPCK-C gene promoter was markedly increased by forskolin
in HepG2 cells, and this increase was suppressed by AICAR or
insulin stimulation (Fig. 24). Because the domain responsible
for the forskolin-induced PEPCK-C up-regulation is reportedly
that of CRE, we subsequently performed a luciferase assay using
a plasmid containing the CRE domain upstream from the lucif-
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FIGURE 1. AICAR induced GSK3 8 phosphorylation in livers of fasted mice.
Ten-week-old C57BL6 mice were fasted overnight, then given an intraperito-
neal injection of AICAR (250 mg/kg) before sacrifice followed by excision of
the liver. Ser-9 phosphorylation (P-) of GSK33 was assessed by Western blot-
ting. The phospho-GSK3 was quantified densitometrically, and the results
are presented in the lower panel. The results are presented as the mean = S.E.
of three independent experiments.

erase gene (Fig. 2B). Forskolin markedly enhanced CRE tran-
scriptional activity, whereas AICAR almost completely abol-
ished it, and the AMPK inhibitor Compound C had no effect.
Interestingly, the GSK3p inhibitor SB415286 also very strongly
inhibited the forskolin-induced increase in CRE activity (Fig.
2B). Furthermore, to confirm that the effect of AICAR is medi-
ated by increased AMPK activity, the wild-type and dominant
negative mutant of AMPK were overexpressed, employing ade-
novirus-mediated gene transfer. The overexpressed proteins
were detected by immunoblotting (upper blot in the right panel
of Fig. 2C). As predicted, AMPK overexpression increased ACC
phosphorylation, whereas a dominant negative form sup-
pressed it (lower blot in the right panel of Fig. 2C). Under these
conditions, AMPK was revealed to suppress forskolin-induced
CRE transcriptional activity (left panel of Fig. 2C).
Contribution of CREB and TORC?2 in the AMPK-, SIKI-, and
GSK3B-mediated Suppression of CRE Activity—Because both
AICAR and SB415286 repressed CRE-dependent reporter
activity (Fig. 2B), we performed the experiments to determine
which of these molecules (CREB or TORC?2) is involved in the
AICAR- and SB415286-induced suppression of the CRE tran-
scriptional activity, using a GAL4-based transactivation assay
system in HepG2 cells. Expression vectors encoding the DNA
binding domain of the yeast transcription factor GAL4 fused to
CREB were co-transfected with a GAL4-binding site (UAS)-
driven luciferase reporter gene. To eliminate the interaction
between the bZIP domain of CREB and the N-terminal coiled-
coil region of TORC2, the transactivation domains of CREB
and TORC2 were separated from the bZIP domain and the
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FIGURE 2. Inhibition of PEPCK-C reporter by AICAR in HepG2 cells in the
presence and the absence of forskolin. AICAR or the GSK3p inhibitor
SB-415286 has the potential to down-regulate CRE-dependent transcription
in the presence and in the absence of 10 um forskolin. HepG2 cells were
transfected with the PEPCK-C promoter fused to the luciferase reporter plas-
mid (pGL4.10-PEPCK-C: 0.5 ng) with an internal reporter, pRL-TK (0.03 ug).
HepGz2 cells were serum-starved overnight before incubation with AICAR (2
mm) or insulin (10 nm) with or without 10 um forskolin. After a 6-h incubation,
cells were harvested for the reporter assay. A, the PEPCK-C-dependent
reporter activities that had been normalized with internal reporter activities
were expressed as -fold activities of the empty reporter (pGL4.10). B, HepG2
cells were transfected with the CRE-reporter plasmid (pTAL-CRE: 0.25 ug)
with the internal reporter pRL-TK (0.03 ng). HepG2 cells were serum-starved
overnight before incubation with AICAR (2 mm), insulin (10 nm), the selective
AMPK inhibitor Compound C (20 uMm), GSK3 inhibitor, or SB-415286 (30 um)
with or without 10 um forskolin. After a 6-h incubation, cells were harvested
for the reporter assay. C, AMPK (WT, DN) was overexpressed by adenoviral
(Ad) gene transfer, and expressions were detected by anti-AMPK antibody
(upper blot in the right panel). AMPK activity was monitored by antiphospho-
Ser79-ACC (lower blot in the right panel). The cells were transfected with the
CRE-reporter plasmid (pTAL-CRE, 0.25 ug) with the internal reporter pRL-TK
(0.03 ng), and the reporter assay was performed.

N-terminal coiled-coil region, respectively (upper diagram of
Fig. 3, A and B). This allowed investigation of the transactiva-
tion potential of the transcription factor, independently of its
DNA binding and endogenous background.

As shown in Fig. 34, the transcriptional activity of CREB was
inhibited by both AICAR and SB415286, whereas that of
TORC2 was repressed by AICAR significantly and by SB415286
slightly. These results suggested that AMPK might inhibit the
activities of both CREB and TORC2, whereas GSK-33 might
up-regulate the activity of only CREB. The zero effect of
SB415286 on the level of phosphorylation of TORC2 (Fig. 4)
might also support this hypothesis.

On the other hand, TORC?2 is known to be highly phospho-
rylated and inactivated by SIK1, a member of the AMPK family
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FIGURE 3. Contributions of CREB and TORC2 to AMPK-, SIK1-, and GSK3 8-
mediated suppressions of CRE activity. HepG2 cells were cotransfected
with the expression plasmids for GAL4-truncated CREB (bZIP domain) (0.25
1g) or GAL4-truncated TORC2 (coiled coil region) (0.25 ng) and a pTAL-5X
UAS reporter plasmid (0.25 pg) with the internal reporter pRL-TK (0.03 n.g) (A
and B). HepG2 cells were serum-starved overnight before incubation with
AICAR (2 mm), insulin (10 nm), and GSK3g inhibitor or SB-415286 (30 um) with
or without 10 um forskolin. Adenovirus (Ad)-mediated overexpressions of
SIK1 proteins were detected using an anti-SIKT immunoblot (lower panel). The
specific transactivation activities of TORCs were expressed as the -fold activa-
tion of the empty Gal4 vector, pM. Means and S.D. are indicated (n = 3). %,
p < 0.05.

of Ser/Thr kinases. SIK1 phosphorylates TORC2 and blocks its
nuclear accumulation (16). Indeed, when SIK1 was overex-
pressed, the forskolin-induced increase in GAL4-TORC2
activity was completely abolished (Fig. 3B). In addition,
TORC2 was strongly phosphorylated in adenovirus-express-
ing SIK1 (Ad-SIK1) cells (Fig. 4B). Thus, as shown with the
GAL4-system and phosphorylation-dependent mobility
shift of TORC2, CREB appears to be crucial for exerting the
effects of SB415286 and AICAR, whereas TORC2 appears to
be crucial for manifestation of the effects of AICAR stimu-
lation and SIK overexpression.

Phosphorylation of TORC2 and ACC by AMPK and SIK1—
AMPK and SIK1 reportedly phosphorylate TORC2 (Ser-171), and
phosphorylated TORC?2 is transported from within the nucleus to
the cytoplasm (12). As shown in Fig. 4, endogenous hepatic
TORC2 was markedly dephosphorylated upon stimulation with
forskolin (lanes I and 2 of Fig. 4, A and B). Stimulation of hepa-
tocytes with AICAR resulted in a slight shift in the mobility of
TORC2, indicating phosphorylation (lanes 1 and 5 or lanes 2
and 6 of Fig. 44 and lanes 1 and 3 or lanes 2 and 4 of Fig. 4B),
whereas stimulation with a GSK3B specific inhibitor,
SB415286, did not produce a shift in response to the presence or
absence of forskolin (lanes 3 and 4 of Fig. 44). On the other
hand, TORC2 was strongly phosphorylated in adenovirus-ex-
pressing SIK1 (Ad-SIK1) cells (bottom panel of Fig. 4B), i.e.
more than with AICAR stimulation (lanes 5 and 6 of Fig. 4B).
These results suggest that whereas AICAR stimulation induces
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FIGURE 4. Effect of GSK3p inhibitor SB-415286-, AICAR-, or adenovirus-
expressed SIK1 (Ad-SIK1) on P-TORC2 levels in primary hepatocytes in
the presence and the absence of forskolin. A, stimulation of hepatocytes
with GSK38 inhibitor, SB415286, did not shift the mobility of TORC2 in
response to the presence or absence of forskolin. Primary hepatocytes were
serum-starved overnight before a 2-h incubation with 30 um SB-415286
(lanes 3 and 4) or 2 mm AICAR (lanes 5 and 6) with or without 10 um forskolin.
TORC2 phosphorylation was detected by Western blotting as a phosphoryl-
ation-dependent mobility shift (TORC2, dephosphorylated; P-TORC2, phos-
phorylated) in primary hepatocytes. AMPK activity was monitored by
antiphospho-Ser-79-ACC (lower panel). B, TORC2 was strongly phosphoryla-
ted in adenovirus-expressing SIK1. Primary hepatocytes were stimulated with
2 mm AICAR (lanes 3 and 4) and adenovirus-mediated overexpressions of
SIK1(lanes 5 and 6) with or without 10 um forskolin. AMPK activity was moni-
tored by antiphospho-Ser-79-ACC (middle panel). SIK1 proteins were
detected using an anti-SIK1 immunoblot (lower panel). Data are representa-
tive of at least three independent experiments.

TORC?2 phosphorylation, SIK1 is likely to phosphorylate more
serine residues than AMPK. In contrast, ACC was phosphoryl-
ated by AICAR but not by SIK1 (middle panel of Fig. 4B).

Active Mutant of GSK3B Inhibits AICAR-induced Suppres-
sion of Transcriptional Activity of PEPCK-C Promoter—Phos-
phorylation of GSK3f on Ser-9 inhibits its catalytic activity. In
examining whether AICAR-induced suppression of the
PEPCK-C gene occurs via GSK3 phosphorylation, we created
non-phosphorylatable, constitutively active mutants of the
GSK3B(S9G) and GSK3B(WT) adenoviruses. Western blots of
total extracts from infected cells treated for 48 h revealed
marked overexpressions of GSK3B(S9G) and GSK3B(WT)
compared with endogenously expressed GSK3f (upper panel
of Fig. 5A). Furthermore, GSK3B(WT) was detected by anti-
phospho-Ser-9 GSK3B antibody, whereas GSK3B(S9G) was
not (lower panel of Fig. 5A). HepG2 cells were incubated with
1.4 X 10°® plaque-forming units/well (12-well plate) of adenovi-
rus particles in Dulbecco’s modified Eagle’s medium. Infection
of HepG2 cells with an adenovirus-expressing GSK38 pro-
duced a 10-20-fold increase.
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In control-LacZ-overexpressing HepG2 cells, forskolin
enhances PEPCK-C promotor transcriptional activity, and co-
stimulation with AICAR blunted this forskolin-induced
increase (bars 1-4 of Fig. 5B). In wild-type GSK3B-overex-
pressing cells, although basal PEPCK-C transcriptional activity
was increased as compared with that in LacZ-cells (bars I and 5
of Fig. 5B), responses to forskolin and AICAR were quite similar
(bars 5-8 of Fig. 5B). However, in active mutant of
GSK3B(S9G)-overexpressing cells, PEPCK-C promotor tran-
scriptional activities under basal and AICAR-stimulated condi-
tions were both significantly increased (bars 9—12 of Fig. 5B), as
compared with that in wild-type GSK3B-overexpressing
cells. In addition, it should be noted that AICAR-induced sup-
pression of PEPCK-C promotor transcriptional activity was
observed in wild-type GSK3pB-overexpressing cells, but this
effect was nearly abolished in the GSK3B(S9G)-overexpressing
cells (bars 9and 10 of Fig. 5B). Thus, it was revealed that expres-
sion of constitutively active GSK3B(S9G) enhanced PEPCK-C
transcription in HepG2 cells, which suggests phosphorylation
of Ser-9 of GSK3p is involved in the mechanism underlying
AMPK or AICAR-induced PEPCK-C gene suppression.

AMPK Increases GSK3P(Ser-9) Phosphorylation but Decreases
CREB Phosphorylation (Ser-129) in HepG2 Cells—To test
whether activators of AMPK have a regulatory influence on
GSK3p, HepG2 cells were treated with the AMPK activator
AICAR, and phosphorylations of CREB and GSK3 were meas-
ured using immunoblot analyses with the corresponding phos-
pho-specific antibodies. When cells were treated with 2 mm
AICAR for 1 h, phosphorylation of GSK38 was significantly
increased, whereas CREB phosphorylation was reduced (Fig.
6A). In contrast, when the cells were treated with the selective
AMPK inhibitor Compound C, phosphorylation of GSK3f at
Ser-9 was reduced, and that of CREB at Ser-129 was slightly
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shown). The data suggest GSK3p
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FIGURE 7. Western blot analysis in AICAR-treated HepG2 cells in the
absence or the presence of Akt inhibitor. The Ser-9 phosphorylation (P-)
levels of GSK33 were detected by Western blotting using an anti-P-Ser-9-
GSk3B antibody (upper panel). HepG2 cells were detected by treatment with
AICAR (2 mwm) for 1 h or insulin (1 um) for 15 min after pretreatment with or
without 10 um Akt inhibitor IV. Pretreatment with 10 um Akt inhibitor IV inhib-
ited AICAR-induced GSK3B phosphorylation (P). The lower panel shows the
results of densitometric analysis of phospho-GSK3 (Ser-9) as the mean =+ S.E.
of three samples. *, p < 0.05.
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Time after AICAR stimulation

FIGURE 6. AMPK activation increased phosphorylation of GSK3 in HepGz2 cells. HepG2 cells were treated
with AICAR (2 mwm) or the selective AMPK inhibitor Compound C (20 um). A, immunoblot analyses were per-
formed with HepG2 cell extracts prepared using anti-GSK3 3, anti-phospho (P-)-GSK3 (Ser-9), anti-CREB, anti-
phospho-CREB (Ser-129), or anti-phospho-ACC (Ser-79) antibody as indicated. B, Western blot analyses of
time-dependent effects were performed with HepG2 cell extracts prepared using anti-GSK3, anti-phospho-
GSK3p (Ser-9), anti-CREB, anti-phospho-CREB (Ser-129), anti-phospho-Akt (Thr-308), or anti-phospho-ACC
(Ser-79) antibody. Panels C and D, show the results of densitometric analysis of phospho-GSK3p (Ser-9) and

to promote CREB Ser-129 phospho-
rylation. We also did these experi-
ments in primary hepatocytes (sup-
plemental Fig. 1). With only AICAR
treatment, ie. no activation of
AMPK, there was neither phospho-
rylation of GSK38 nor dephospho-
rylation of CREB. However, in
the presence of dibutyryl-cAMP, AICAR treatment induced
phosphorylation of Ser-9-GSK3 and reduced that of Ser-129-
CREB. These results demonstrate that AICAR triggers phos-
phorylation of GSK3p in the presence of dibutyryl-cAMP-in-
creased protein kinase A activation and suggest that AICAR
regulates the phosphorylations of GSK38 in parallel with its
effects on gluconeogenesis.

Phosphatidylinositol 3-Kinase/Akt Pathway Is Necessary
for AMPK-induced GSK3B Phosphorylation—To examine
whether phosphatidylinositol 3-kinase and Akt activations are
necessary for AMPK-mediated GSK38 phosphorylation,
HepG2 cells were stimulated with AICAR with or without pre-
treatment with 10 um Akt inhibitor IV ((Fig. 7). Both insulin-
induced and AICAR-induced GSK3p phosphorylations were
inhibited by preincubation with Akt inhibitor IV. Akt phospho-
rylation on Thr-308 was increased in a time-dependent manner
(Fig. 6B). Thus, AMPK-induced GSK3p phosphorylation is
likely to be mediated by the Akt pathway.

AICAR Suppresses CREB-CBP Interactions—Protein kinase
A reportedly phosphorylates CREB at Ser-133, and phosphoryl-
ation of CREB increases its affinity for CREs. Ser-129, a consen-
sus GSK3B phospho-accepter site, has been proposed to regu-
late CREB activity in conjunction with Ser-133 after cAMP
induction. Because the CREB transcriptional coactivator,
CREB-binding protein (CBP/P300), is a nuclear protein that
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FIGURE 8. AICAR stimulation inhibited CREB-CBP/P300 interaction.
Amounts of CBP associated with CREB were determined by immunoprecipi-
tation with extracts obtained from transfected HepG2 cells. HepG2 cells trans-
fected with GST-tagged CREB were serum-starved overnight before incuba-
tion with AICAR (2 mm) with or without 10 um forskolin for 1 h. HepG2 cells
transfected with GST-tagged CREB were extracted and subjected to immuno-
precipitation using GST-specific antibody. Shown is a Western blot of GST-
tagged CREB-transfected HepG2 cell lysates with a CBP/P300-specific anti-
body showing immunoprecipitation of exogenously expressed GST-tagged
CREB with endogenous CBP/P300 (upper lanes, immunoprecipitation of
endogenous CBP/P300 from GST-tagged CREB transfected cells with the CBP/
P300-specific antibody; lower lane, immunoprecipitation (/P) of GST-tagged
CREB with the anti-CREB antibody). The results are presented as the mean =
S.E. of three independent experiments.
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binds specifically to the protein kinase A-phosphorylated form
of CREB and can activate transcription (33), we examined how
the forskolin-promoted CREB-CBP interaction was regulated
via AICAR stimulation.

Forskolin treatment increased the interaction between
endogenous CBP/P300 and transfected GST-CREB in HepG2
cells as previously reported (Fig. 8). It was revealed that AICAR
treatment markedly decreased this interaction (Fig. 8). This
result suggested that the affinity of CREB for CBP/P300 was
negatively regulated by suppression of CREB Ser-129 phospho-
rylation in response to AICAR stimulation.

DISCUSSION

Hepatic gluconeogenesis is strictly regulated to maintain
whole-body glucose homeostasis, and several hormones such
as insulin and glucagons are involved in this regulation.
PEPCK-C has been regarded as the key enzyme determining
the rate of hepatic gluconeogenesis, but recent studies on
PEPCK-C gene knock-out mice suggest that PEPCK-C func-
tions as an integrator of hepatic energy metabolism, including
those of lipid and glycogen (34 —36). The promoter region of the
PEPCK-C gene contains the CRE domain, which was shown to
play an important role in PEPCK-C gene expression (30, 31,
37-39). Glucagon and forskolin, via increased cAMP, report-
edly increase PEPCK-C gene expression by stimulating protein
kinase A-mediated phosphorylation of CREB at Ser-133 (40—
43). Recently, the coactivator of CREB termed TORC2 was
reported to be important for the regulation of CRE transcrip-
tional activity and PEPCK-C gene expression (12). TORC2 is
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reportedly phosphorylated by AMPK and SIK, and phosphoryl-
ated TORC2 binds to 14-3-3 protein and is thereby removed
from the nucleus to the cytoplasm (16). Depletion of nuclear
TORC2 led to the suppression of CRE transcriptional activity
(44). Thus, AMPK-induced PEPCK-C gene suppression is likely
to be mediated by TORC2 phosphorylation. However, in this
study we demonstrated another mechanism to underlie
AMPK-induced PEPCK-C gene suppression. This novel mech-
anism involves GSK33 phosphorylation and subsequent CREB
dephosphorylation.

We demonstrated for the first time that AMPK activation
increases GSK3B phosphorylation in not only cultured cells
such as HepG2 but also in the mouse liver. This phosphoryla-
tion in the liver was rapidly induced (within 15 min of AICAR
stimulation) and persisted for at least 2 h, indicating physiolog-
ical significance. In addition, suppression of AMPK with the
selective inhibitor Compound C blocked GSK33 phosphoryla-
tion induced by AICAR. Because the Akt inhibitor attenuated
AICAR-induced GSK3f phosphorylation, it seems unlikely
that AMPK directly phosphorylates GSK38. Indeed, AICAR
stimulation does not activate phosphatidylinositol 3-kinase
(data not shown) but does increase Akt phosphorylation. Thus,
although the exact molecular mechanism cannot be identified
from our data, several possibilities can be considered. For
example, AMPK activation may affect the activity of PDK1 or
the mTOR-Rictor complex (45, 46). Another possibility is that
the dephosphorylation of Akt or GSK3B is suppressed by
AMPK activation. Indeed, a recent study also found Akt to be
dephosphorylated after AICAR treatment in differentiated hip-
pocampal neurons (47). Alternatively, inhibition of other
kinases might be involved in the effects of AICAR because it was
recently reported that AICAR inhibits the Ser-9 phosphoryla-
tion of GSK3p induced by co-treatment with a phorbol ester
activator of protein kinase C plus the calcium ionophore iono-
mycin. Further studies are necessary to clarify this issue.

Phosphorylation of GSK3 at an NH,-terminal serine residue
(Ser-21 and Ser-9 in GSK-3«a and -3f3, respectively) renders it
inactive. Administration of specific inhibitors of GSK38 such as
L803-mts reportedly not only increases hepatic glycogen syn-
thesis but also decreases glucose production with decreased
levels of PEPCK-C mRNA in fa/fa rats (48) and ob/ob mice (49).
However, the molecular events underlying the regulation of
PEPCK-C gene expression by GSK3 remain unclear. Because
a previous study showed that GSK3f phosphorylates CREB at
Ser-129 (20), we considered the possibility that GSK3 phos-
phorylation contributes to AMPK-induced PEPCK-C gene
suppression. AICAR stimulation induced GSK3 phosphoryl-
ation and CREB dephosphorylation in HepG2 cells with very
similar time-courses (Fig. 6). In addition, AMPK stimulation
reduced PEPCK-C promoter activity in HepG2 cells, and the
GSK3p inhibitor SB-415286 and AICAR both strongly sup-
pressed CRE activity. Importantly, AICAR-induced suppres-
sion of PEPCK-C promoter activity was significantly attenuated
by overexpressing the constitutively active mutant of
GSK3B(S9G). These findings strongly suggest that inactivation
of GSK3p is necessary for AMPK-induced PEPCK-C promoter
and CRE activity suppressions. We also performed reporter
assays using Gal4-CREB and Gal4-TORC?2 reporter systems.
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FIGURE 9. A model of the role of the AMPK-GSK3 3-CREB signaling path-
way in gluconeogenesis. PKA, protein kinase A.

SB-415286 suppressed CREB reporter activities while only
slightly affecting those of TORC2 (Fig. 3, A and B). Stimulation
of hepatocytes with SB415286 did not shift the mobility of
TORC?2 according to the presence or absence of forskolin (Fig.
4A). These results showed GSK3p inactivation to directly
inhibit CREB.

The importance of Ser-133 phosphorylation in stimulating
CREB activity has been recognized (50, 51). Phosphorylation of
CREB at Ser-133 also creates a consensus site for phosphoryla-
tion by GSK3p at Ser-129 (21). Substitution of Ser-129 by Ala
strongly impaired forskolin-induced CREB-dependent tran-
scription in PC12 cells (21). We observed the suppression of
Ser-129 phosphorylation by AICAR stimulation to decrease
CREB-CBP interactions. These results showed double-phos-
phorylated CREB (Ser-129 and -133) to promote the TORC2-
CBP interaction. GSK38 may also play a physiological role in
cAMP signaling, as cAMP-induced stimulation of CREB activ-
ity depended on the phosphorylation of Ser-129 (Fig. 9).

Taken together, our findings indicate that pathways acti-
vated in parallel by this agent then concomitantly activate
AMPK and phosphorylate Akt and, consequently, GSK3p.
These results indicate that actions ascribed to AMPK after
AICAR treatment may be influenced by the concomitant mod-
ulatory actions of this drug on Akt and GSK33. AMPK and Akt
generally have opposing roles in cellular metabolism. AMPK is
activated when AMP levels increase in conjunction with
decreased ATP levels, and activated AMPK inhibits anabolic
processes and promotes catabolism to minimize ATP utiliza-
tion while promoting ATP production. On the other hand, Akt
generally promotes anabolic cellular functions that utilize ATP,
such as proliferation and cell growth, although Akt may share
with AMPK the ability to promote ATP synthesis by different
mechanisms. Thus, the combined effects of AICAR on AMPK
and Akt may enhance the outcomes that have been ascribed to
their activating effects on AMPK.

In conclusion, AMPK activation increases GSK3 phospho-
rylation in vivo. Reduced CREB phosphorylation (Ser-129)
associated with inactivation of GSK3f by Ser-9 phosphoryla-
tion may be the major mechanism underlying PEPCK-C gene
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suppression by AMPK-activating agents such as biguanide, lep-
tin, and adiponectin. Thus, it is very likely that two mechanisms
independently mediate the AMPK-induced suppression of
PEPCK-C expression. We agree that TORC2 phosphorylation
by AMPK is important, but the GSK33-mediated pathway plays
an additional, possibly critical, role in PEPCK-C gene
suppression.
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