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Background: Salt-inducible kinases (SIKs) are capable of suppressing gluconeogenic gene expression in hepatocytes when
they are overexpressed.
Results: However, enhanced gluconeogenic programs are observed only in SIK3-defective hepatocytes.
Conclusion: SIK3 is the major kinase that down-regulates gluconeogenesis.
Significance: The present study proposes that SIK3 could be a new target of diabetic care.

Salt-inducible kinases (SIKs), members of the 5�-AMP-acti-
vated protein kinase (AMPK) family, are proposed to be impor-
tant suppressors of gluconeogenic programs in the liver via the
phosphorylation-dependent inactivation of the CREB-specific
coactivator CRTC2. Although a dramatic phenotype for glucose
metabolism has been found in SIK3-KO mice, additional com-
plex phenotypes, dysregulation of bile acids, cholesterol, and fat
homeostasis can render it difficult to discuss the hepatic func-
tions of SIK3. The aim of this study was to examine the cell
autonomous actions of SIK3 in hepatocytes. To eliminate sys-
temic effects, we prepared primary hepatocytes and screened
the small compounds suppressing SIK3 signaling cascades.
SIK3-KO primary hepatocytes produced glucose more quickly
after treatment with the cAMP agonist forskolin than the WT
hepatocytes, which was accompanied by enhanced gluconeo-
genic gene expression and CRTC2 dephosphorylation. Report-
er-based screening identified pterosin B as a SIK3 signaling-
specific inhibitor. Pterosin B suppressed SIK3 downstream
cascades by up-regulating the phosphorylation levels in the
SIK3 C-terminal regulatory domain. When pterosin B pro-
moted glucose production by up-regulating gluconeogenic gene
expression in mouse hepatoma AML-12 cells, it decreased the
glycogen content and stimulated an association between the gly-
cogen phosphorylase kinase gamma subunit (PHKG2) and SIK3.
PHKG2 phosphorylated the peptides with sequences of the
C-terminal domain of SIK3. Here we found that the levels of
active AMPK were higher both in the SIK3-KO hepatocytes and

in pterosin B-treated AML-12 cells than in their controls. These
results suggest that SIK3, rather than SIK1, SIK2, or AMPKs,
acts as the predominant suppressor in gluconeogenic gene
expression in the hepatocytes.

Salt-inducible kinase (SIK)2 is a member of the 5�-AMP-ac-
tivated protein kinase (AMPK)-related kinase family, and the
SIK subfamily is composed of three isoforms (1). We isolated
SIK1 from the adrenals of rats fed with a high Na� or K� diet (2)
and identified SIK2 by its sequence similarity (3). SIK3 was
characterized by another group in a wide range analysis (4).
Although multiple SIK substrates have been identified based on
information from the SIK phosphorylation motifs, LX(R/K)(S/
T)XpSXXXL (5), only two types of substrates, CRTC (a coacti-
vator for the cAMP response element (CRE)-binding protein
(CREB)) and class IIa histone deacetylase (HDAC) (6), have
been confirmed by independent research groups. Phosphory-
lation of these two substrates by SIKs results in a loss of their
transcriptional regulatory activities by inducing nuclear export
(5, 7).

The other important aspect of SIK is as a feedback regulator
in PKA signaling (8). When PKA activates CREB by phosphor-
ylation, it also counters SIK actions by phosphorylating the
C-terminal regulatory domain of SIK, which in turn promotes
the dephosphorylation rate of CRTC, enhances nuclear accu-
mulation of this coactivator, and increases CREB-dependent
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gene expression (5, 7, 9). Conversely, when PKA activity wanes,
the reactivated SIK terminates CREB activity by inactivating
CRTC (5, 9). This is also the case for class IIa-HDAC (6). PKA-
dependent inactivation SIK facilitates the activation of class
IIa-HDAC. Because class IIa-HDAC is the major suppressor of
myocyte enhancer factor 2 (MEF2) (10), the MEF2-dependent
transcription is suppressed by PKA and reactivated by SIK (6).

The first physiological relevance of SIKs in vivo was found in
the mouse liver as a suppression of gluconeogeneic programs
(11). CREB is one of the key transcription factors that up-regu-
late gluconeogenic gene expression (12) by binding to their
gene promoters, such as phosphoenolpyruvate carboxykinase
(Pepck), glucose-6-phosphatase catalytic subunit (G6pc), and
peroxisome proliferator-activated receptor gamma coactivator
1� (Pgc1a; formal gene name is Ppargc1a). The knockdown of
SIK1 protein in the mouse liver by RNAi-adenovirus vectors
results in an increase in blood glucose levels, which is accom-
panied by the dephospho-form of CRTC2 and enhanced levels
of gluconenogenic gene expression (11). However, the effects of
SIK1 knock-out (KO) on glucose metabolism have not been
elucidated (13). SIK2 also may play an important role in glucose
metabolism (3, 14 –17).

Obvious abnormalities in glucose homeostasis have been
found in SIK3-KO mice (18). SIK3-KO mice display a lean phe-
notype, resistance to a high fat diet, and excessive hypoglyce-
mia. Although a response to insulin and lactate-induced gluco-
neogenesis in SIK3-KO mice appeared to be normal under
fasting conditions, gluconeogenic gene expression was ex-
tremely higher in the SIK3-KO liver than in WT mice (18). In
addition to the lean phenotype (small amount of energy stor-
age), impaired bile acid, cholesterol, and retinoid homeostasis
with skeletal abnormalities in SIK3-KO mice (19) can make it
difficult to determine whether enhanced gluconeogenic pro-
grams in the SIK3-KO mice liver were the results of a cell auton-
omous action or systemic effects.

In addition to the issue of SIKs in gluconeogenesis, the role of
AMPK in the regulation of CREB/CRTC-mediated gluconeo-
genic programs remains unclear (20 –22). A recent excessive
study using mice that simultaneously lost the Ampk�1/�2 and
Sik2 genes in the liver and a kinase inhibitor that inhibited all
SIKs suggested that a loss of activity of all SIKs resulted in
enhanced gluconeogenic programs, whereas the triple loss of
AMPK�1/�2 and SIK2 left flawlessly managed gluconeogenic
programs (23). Here, using cultured hepatocytes and a small
compound, we have tried to discuss the important or indispens-
able role of SIK3 in the regulation of gluconeogenic programs in
the liver.

Experimental Procedures

Reagents and Mice—Forskolin (Fsk), dexamethasone, glu-
cose oxidase, 4-aminoantipyrine, N-ethyl-N-(2-hydroxy-3-sul-
fopropyl)-3-methylaniline, sodium salt, and horseradish perox-
idase were purchased from WAKO Pure Chemicals (Osaka,
Japan). HG9-91-01 was obtained from MedChem Express
(Monmouth Junction, NJ). Halo tag expression plasmids for
phosphorylase kinase gamma 2 (PHKG2) and other kinases and
phosphatases were purchased from Promega (Madison, WI).

The anti-AMPK, anti-phospho-AMPK, and anti-phospho
antibodies were from Cell Signaling (Boston, MA), the anti-
CREB antibody was from GenScript Corp. (Piscataway, NJ), the
anti-GAPDH antibody was from WAKO (Tokyo, Japan), and
anti-PHKG2 antibody was obtained from Santa Cruz Biotech-
nology, Inc. (Dallas, TX). Anti-pSIK3 (Thr(P)-163) was created
against the keyhole limpet hemocyanin-conjugated peptide
(CSNLFTPGQLLK(pT)W) in rabbits and purified with the
same peptide. CRTC2 protein was separated on an 8% linear
polyacrylamide gel, and other proteins were on 4 –20% gradient
gels. AML-12 (alpha mouse liver-12) cells from American Type
Culture Collection were cultured in DMEM-Ham’s F-12
medium supplemented with 10% FBS and an insulin, transfer-
rin, and selenium supplement (Thermo Fisher, Carlsbad, CA).

Information about the KO mice, SIK1-KO, SIK2-KO, and
SIK3-KO are described in (13, 15, 18), respectively. SIK1-KO
mice were mated with C57BL/6J for six generations. The exper-
imental mouse protocols were approved by the ethics commit-
tee of the National Institute of Biomedical Innovation (assigned
nos. DS20 –77, DS23–37, and DS25–54). The animals were
maintained under standard conditions of light (on at 08:00 and
off at 20:00) and temperature (23 °C, 60% humidity). The kinase
inhibitor (�90 compounds) libraries were from Enzo Life Sci-
ence (Farmingdale, NY), and the unannotated compounds
(�2000) in the Molport libraries were purchased from Namiki
Shouji (Tokyo, Japan). Flavonoids (�50) and other natural
compounds (�150) are described in Refs. 24 and 25.

Pterosin B was extracted from Pteridium aquilinum (total
100 kg, wet) after soaking in 0.1% sodium bicarbonate at 70 °C
overnight. The ingredients in the P. aquilinum chloroform/
hexane (1:4) extract were separated by silica gel and charcoal
column chromatography, and pterosin B was crystallized in
chloroform by increasing the hexane content. Finally, we got 3 g
of pterosin B whose purity was confirmed by nuclear magnetic
resonance. Synthetic pterosin B (racemic) was obtained from
Intelium Crop. (Tokyo, Japan).

Primary Hepatocytes—Hepatocytes were isolated from mice
as described previously (23). Briefly, under isoflurane anesthe-
sia, the mouse livers were perfused with Hanks’ balanced salt
solution, which contained 0.5 mM EGTA, followed by perfusion
with liver digest medium (Thermo Fisher). Isolated hepatocytes
were cultured in DMEM supplemented with 10% FBS, 100 nM

insulin, and 1 �M dexamethasone (1� hepatocyte medium).
Before the treatments, the hepatocytes were incubated with
DMEM supplemented with 1% FBS, 10 nM insulin, and 0.1 �M

dexamethasone (0.1� hepatocyte medium) for 12 h.
DNA Constructs and Site-directed Mutagenesis—pM-MEF2C

(26), pM-CRTC2 (27), GFP-CRTC2 (7), GFP-HDAC5 (26), pTar-
get-SIK3 (27), and pEBG-SIK3 (27) had been previously con-
structed. The SIK3 mutants (S493A, T411A, and the double Ala
mutant (DA)) were constructed by site-directed mutagenesis
using pTarget-hSIK3 plasmids and the following primers: for
S493A (5�-CCCTTGGCCGGAGGGCTGCAGATGGAGG-
AGCCAAC/5�-GTTGGCTCCTCCATCTGCAGCCCTCCG-
GCCAAGGG), and for T411A (5�-TTGTCAATGAGGA-
GGCATGCCGTGGGTGTGGCTGACCCA/5�-TGGGTCAG-
CCACACCCACGGCATGCCTCCTCATTGACAA). The SIK3
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DA mutant was constructed by using pTarget-hSIK3 S493A as the
template with the primers for T411A.

To prepare an adenovirus vector for SIK3 (WT, DA), the
SIK3 cDNA fragments were amplified by PCR with the attB
primers. The amplified products were then constructed into
pDONR221 vectors by using BP clonase enzyme mix (Thermo
Fisher). The resultant cDNAs were finally cloned into pAd/
DMV/V5-DEST Gateway vectors using LR clonase enzyme mix
(Thermo Fisher).

To screen the SIK3 inhibitory compounds, we constructed
the LexA reporter assay system. A DNA fragment containing
3� LexA elements was prepared by annealing the oligonucleo-
tides (5�-GATCTACTGTATATATATACAGTAGAGTA-
CTGTATATATATACAGTACACTACTGTATATATAT-
ACAGTA/5�-AATTTACTGTATATATATACAGTAGTGT-
ACTGTATATATATACAGTACTCTACTGTATATATATA-
CAGTA), and the fragment was ligated into the BglII/EcoRI site
of the Renilla-Luc internal reporter vector (pRL-TK). To pre-
pare the LEXA-CRTC2 expression vector, a DNA fragment for
LEXA DNA-binding domain was amplified by PCR with prim-
ers (5�-GCAAAAAGCTAGATCATGAAAGCGTTAACG-
GCCAGGCAA/5�-ACCATAATGAGAGTCCAGCCAGTCGC-
CGTTGCGAA) and Escherichia coli genome DNA. An In-Fusion
HD cloning kit (Clontech) was used to replace the DNA fragment
for the GAL4 DNA-binding domain in the pM-CRTC2 vector
with the LEXA fragments in pM-CRTC2. The HEK293 cells were
placed into 96-well white-bottomed plates and transfected with
the SIK3 expression vectors (WT or its empty vector; 5 ng), DNA-
binding domain-linked expression vectors (pM-MEF2C and
pMLexA-CRTC2; 5 ng), pTAL-GAL4 (20 ng), and pRL-LexA (20
ng) per well, using Lipofectamine 2000 (Thermo Fisher). To mea-
sure the reporter activity, we used the Dual-Luciferase reporter
assay system (Promega). The cells were lysed with 10 �l of passive
lysis buffer, and all of the lysate was used for the assay.

Quantitative Real Time PCR Analysis and Reporter Assay—
The total RNA was extracted using an EZ1 RNA universal tis-
sue kit (Qiagen), and the cDNA was synthesized using a Rever-
Tra Ace qPCR RT Master Mix (TOYOBO, Kyoto, Japan).
PCR amplification was performed using an EXPRESS SYBR
GreenER (Thermo Fisher). Primers used in this study were
Pgc1a (5�-GCGAACCTTAAGTGTGGAAC/5�-CACCACGG-
TCTTGCAAGAGG), Pepck (5�-AGAACAAGGAGTGGAG-
ACCG/5�-GCTTCATAGACAAGGGGGAC), G6pc (5�-CGC-
AGCAGGTGTATACTATG/5�-CCCAGAATCCCAACCAC-
AAG), and Tbp (5�-GAGCTCTGGAATTGTACCGC/5�-
TGTGCACACCATTTTTCCAG).

Levels of Gluconenogenic mRNA Were Normalized by Tbp
mRNA—HEK293 and AML-12 cells were transfected with the
SIK3 expression vectors (pTarget hSIK3 WT, T411A, S493A,
T411A/S493A (DA), or its empty vector; 50 ng), GAL4 DNA-
binding domain-linked expression vectors (pM-MEF2C, pM-
CRTC2, or its empty vector; 50 ng), pTAL-GAL4 (150 ng) (8),
and the Renilla-Luc internal reporter (pRL-(Int-)TK, 50 ng)
using Lipofectamine 2000 reagent (Thermo Fisher). To mea-
sure reporter activity, we used the Dual-Luciferase reporter
assay system (Promega). The cells were lysed with 100 �l of
passive lysis buffer, and 10 �l was used for the assay. The activ-
ities of firefly luciferase were normalized by those of Renilla

luciferase. The reporter activity measurement was performed
as described above. The cells were lysed with 100 �l of passive
lysis buffer, and 10 �l was used for the assay. The activities of
firefly luciferase were normalized by those of Renilla luciferase.

To construct vectors for miRNA(s) against PHKG2, double-
stranded oligonucleotides (oligonucleotide 1: 5�-TGCTGAGA-
ATGTGCATCTCTCGCCGTGTTTTGGCCACTGACTGA-
CACGGCGAGATGCACATTCT/5�-CCTGAGAATGTGC-
ATCTCGCCGTGTCAGTCAGTGGCCAAAACACGGCGA-
GAGATGCACATTCTC and oligonucleotide 2: 5�-TGCT-
GTCCAGTAGAGACCTCATGATGGTTTTGGCCACTGA-
CTGACCATCATGATCTCTACTGGA/5�-CCTGTCCAGT-
AGAGATCATGATGGTCAGTCAGTGGCCAAAACCATC-
ATGAGGTCTCTACTGGAC) were introduced into the
pcDNA6.2-GW/EmGFP-miR vector (Life Technologies), and
adenoviruses were prepared by the Gateway system. Knock-
down of PHKG2 protein in AML-12 cells was achieved by infec-
tion/transformation two times with a 2-day interval.

Glucose Production and cAMP Measurement—Primary
hepatocytes were seeded on a 24-well plate (1.0 � 106) and
incubated in 1� hepatocyte medium for 3 h and then in 0.1�
hepatocyte medium for 12 h. The AML-12 cells were plated in
24-well plate (1.0 � 106) and incubated in DMEM/F-12
medium for 72 h (with medium change every 24 h) to increase
the cellular lipid droplets. After the medium replacement with
0.1� hepatocyte medium, the cells were further cultured for
12 h. The glucose production assay was performed as described
(22). Briefly, the cells were washed with phosphate-buffered
saline followed by adding 300 �l of assay medium (DMEM
without glucose or glutamate containing 1 mM sodium pyru-
vate, 10 mM lactate, and 100 nM dexamethasone) containing the
compounds (Fsk, etc.) per well. After �0 – 8 h of incubation, the
assay medium was harvested and centrifuged at 12,000 rpm for
10 min. Then 20 �l of the supernatant was used for the assay. To
measure the glucose levels, 180 �l of reaction buffer (50 mM

sodium phosphate, pH 7.0, 1 units/ml glucose oxidase, 0.1
units/ml horse radish peroxidase, 50 �M 10-acetyl-3,7-dihy-
droxyphenoxazine) was added to each well of a 96-well black
plate and incubated at room temperature for 30 min. The fluo-
rescence at 590 nm was measured with excitation at 535 nm.

The AML-12 cells were placed into a 96-well plate at a den-
sity of 2.0 � 104. The pGloSensor-22F cAMP Plasmids (Pro-
mega) were transfected into the cells using Lipofectamine 2000.
The cAMP levels were detected with chemiluminescence using
GloSensor cAMP reagent (Promega).

Purification of SIK3 and in Vitro Kinase Activity—The
pEBG-hSIK3 WT vector was transfected into the HEK293
cells. After 36 h of transfection, the cells were lysed with IP
lysis buffer (50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 5 mM

EGTA, 2 mM DTT, 50 mM glycerol 3-phosphate, 50 mM NaF,
1 mM NaVO4, 0.5% Triton X-100, 1 mM phenylmethylsulfo-
nyl fluoride, 10 �g/ml leupeptin, and 14 �g/ml aprotinin)
and incubated with glutathione-Sepharose 4B (GE Health-
care) at 4 °C for 15 min. The protein complexes were washed
with IP lysis buffer and eluted with 10 mM of glutathione.
Aliquots of purified SIK3 were subjected to an in vitro kinase
assay and Western blot analyses.
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Adenoviruses of hSIK3 WT and DA was transfected to
AML-12 cells. After the stimulation with pterosin B and Fsk,
the cells were lysed with 1 ml of IP lysis buffer and incubated
with protein G-Sepharose (GE Healthcare) containing anti-
SIK3 antibody at 4 °C for 1 h. Purified SIK3 was eluted with
100 �l of 3� SDS and detected by Western blot analyses.

The purified SIK3 enzyme was incubated with coumarin-
labeled CRTC2 peptides and compounds in 40 �l of reaction
buffer (5 mM Tris-HCl, pH 7.4, 1 mM ATP, 1 mM DTT, 5 mM

MgCl2). The reactions were performed at 25 °C for 1 h and were
stopped by the addition of 40 �l of 3� SDS sample buffer. The
phosphorylated peptide was separated by electrophoresis on a
1.5% agarose gel in 50 mM Tris borate buffer (pH 8.5) and visu-
alized by ultraviolet light (28).

The PHKG2 enzyme was also prepared by the same methods
as for SIK3 and incubated with coumarin-labeled SIK3 T411
peptide (KKLSMRRHTVGVADP) or S493 peptide (KKPL-
GRRASDGGANI) in 40 �l of the reaction buffer (5 mM Tris-
HCl, pH 6.8, 1 mM ATP, 1 mM DTT, 5 mM MgCl2). The phos-
phorylated peptide was separated on the agarose gel in 50 mM

Tris acetate buffer (pH 3.5).
Glycogen Measurement—AML-12 cells were lysed in 0.1 M

sodium citrate buffer (pH 4.2) supplemented with 60 mM NaF,
and the supernatants were recovered by centrifugation at
14,000 � g for 5 min. The concentration of glycogen was mea-
sured using the EnzyChrom glycogen assay kit (BioAssay Sys-
tems, Hayward, CA). Reagents for periodic acid-Schiff stain
were obtained from Mutokagaku Co. Ltd. (Tokyo, Japan).

Statistical Analyses—Data from each group were character-
ized by the means � S.D. Student’s t test was used to assess all
experimental data in Microsoft Excel.

Results

Gluconeogenic Program Is Constitutively Up-regulated in
SIK3-KO Mice Hepatocytes—In cultured cell systems, SIK1–3
regulates energy metabolism by apparently sharing the same
transcriptional modulators, CRTCs (27), and class IIa HDACs
(29). However, in vivo, we observed that only SIK3-KO mice
had dramatic phenotypes for energy metabolism (18). To con-
firm the indispensability of SIK3 in glucose metabolism in vivo,
all SIKs KO mice with the same genetic background (C57BL/6J)
were subjected to a glucose challenge after 4 h of starvation (Fig.
1A). Although the blood glucose levels in both the WT and
SIK3-KO mice were significantly elevated in response to the
glucose treatment, the maximum level was significantly lower
in the SIK3-KO than WT mice. However, no significant differ-
ence in glucose clearance between the SIK1-KO or SIK2-KO
mice and their WT mice was observed. Next, we examined the
gluconeogenic potency in these mice by performing a lactate (a
source of gluconeogenesis) challenge under a fed condition in
which the gluconeogenic programs had not been run in the WT
liver because of insulin actions. The blood glucose levels in the
SIK3-KO mice were quickly increased to the levels of the WT
mice after lactate treatment, whereas there was no significant
response in the glucose level to lactate in WT, SIK1-KO, or
SIK2-KO mice (Fig. 1B), suggesting a constitutively activated
gluconeogenic ability in the SIK3-KO mice.

Although the gluconeogenic gene expression has been up-
regulated in SIK3-KO mouse liver (18), the systemic effects, e.g.
hypoglycemia, made it difficult to discuss the cell autonomous
actions in the SIK3-KO mouse liver. To eliminate the systemic
effects, we prepared hepatocytes from SIK1–3 KO mice, and
gluconeogenic programs were induced by the cAMP agonist

FIGURE 1. Glucose metabolism in SIK1–3 KO mice. A, WT and SIK1–3 KO mice (8-week-old females n � 6) were starved for 4 h (4 h after lights were on) and
subjected to a glucose tolerance test (1.5 g/kg); the blood glucose level was measured. Means and S.D. are indicated. **, p � 0.01 compare with 0 time. B, a
lactate tolerance test (1.5 g/kg) was performed under the fed condition (just after the light was turned on).
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Fsk. As shown in Fig. 2A, the SIK3-KO hepatocytes produced
glucose more quickly than the WT hepatocytes (at 2 h post-Fsk
treatment), despite a lower maximum glucose production (at
8 h). No significant difference in glucose production was
observed between SIK1-KO or SIK2-KO and their WT hepato-
cytes. Gene expression analyses (Fig. 2B, genes related to glu-
conenogenesis: Pgc1a, Pepck, and G6pc) suggested that
SIK3-KO hepatocytes possessed a high gluconeogenic potency
even in unstimulated cells with almost fully enhanced gluco-
neogenic gene expression levels. Briefly, starvation (glucose/
glutamate-free) did not alter gluconeogenic gene expression
levels in both WT and SIK3-KO mice hepatocytes. The stimu-
lation of WT hepatocytes with Fsk up-regulated the levels of
gluconenogenic gene expression up to (Pgc1a and Pepck) or
beyond (G6pc) those increased levels in the SIK3-KO hepato-

cytes. Again, we observed no significant difference in the glu-
coneogenic gene expression levels between in the SIK1-KO and
SIK2-KO and WT mice hepatocytes.

Western blot analyses (Fig. 2C) detected a constitutively
dephosphorylated CRTC2 in the SIK3-KO hepatocytes, but not
in others. Curiously, Fsk-induced phosphorylation of CREB
was not observed in the SIK3-KO hepatocytes. AMPK had
already been phosphorylated in unstimulated SIK3-KO
hepatocytes, suggesting an energy-depleted environment in
SIK3-KO hepatocytes; however, the starved condition might
not be one of the major factors for the enhanced gluconeogenic
programs in SIK3-KO mice hepatocytes.

Pterosin B Inhibited SIK3 Downstream Cascades—To pre-
cisely characterize the SIK3 actions in defined culture systems,
we chose the mouse hepatoma AML-12 cells. Despite a success-

FIGURE 2. Enhanced gluconenogenic programs in SIK3-KO hepatocytes. A, hepatocytes were prepared from 8-week-old female mice (n � 3 or 4) and
cultured in a low serum (1%) medium for 12 h. Then cells were pretreated with a starvation (Starv.) medium (serum- and glucose/glutamate-free) for 1 h.
Glucose production was induced by 10 mM lactate, 20 �M Fsk, and 0.1 �M dexamethasone. Means and S.D. are indicated. *, p � 0.05; **, p � 0.01. B, the
hepatocytes were preincubated with a low serum (1%) medium for 12 h and incubated in a serum-free medium, a starvation medium alone, or supplemented
with 20 �M Fsk for 3 h. Total RNA was extracted for quantitative PCR. (n � 3). C, the same treatment was used for Western blot analyses.
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ful knockdown of SIK1 and SIK2 protein in AML-12 cells, we
could not knock down the SIK3 protein. Moreover, an in vitro
screening for SIK3 inhibitors from our chemical library
(�2,500 compounds) resulted in only an identification of non-
specific inhibitors, such as the flavonoid fisetin (24). To modu-
late the SIK3-specific signal, we performed reporter-based
screening using transcription regulators (class IIa-HDAC and
CRTC2) that were suppressed by SIKs. Fig. 3A indicates the
principles of the reporter system. Because SIK3 inhibited the
suppressive action of class IIa-HDAC on the transcription fac-
tor MEF2, the firefly luciferase activity under the regulation of
the GAL4 fusion MEF2 is up-regulated by SIK3 and down-reg-

ulated by the SIK3 inhibitory compounds, such as the nonspe-
cific kinase inhibitor staurosprine (STS) (27) (Fig. 3B). CRTC2
is also inhibited by SIK3; thus, the Renilla luciferase activity
directly regulated by LEXA fusion CRTC2 was suppressed by
SIK3, and STS up-regulated the LEXA-Renilla luciferase activ-
ity. The combination of these two reporters in the same cells
produced �25 times the S/N ratio, when SIK3 was inhibited by
STS.

Using these reporters and HEK293 cells, we identified
pterosin B, an ingredient in P. aquilinum, as a candidate for
SIK3 signaling inhibition (Fig. 3C). The action of pterosin B on
MEF2 and CRTC2 were also confirmed in separately assayed

FIGURE 3. Pterosin B inhibits SIK3 signaling. A, a principle of reporter-based chemical screening. B, a model experiment of reporter assays using the
nonspecific kinase inhibitor STS (10 nM). The fold difference in un-normalized luciferase activities between SIK3 overexpression alone and SIK3 � STS is
indicated (n � 3). C, the result of a representative plate containing pterosin B is indicated. Fsk (20 �M) and okadaic acid (OA, 1 �M) are positive controls for SIK3
inhibition. Compounds were classified into kinase inhibitors, uncharacterized compounds, and natural compounds and were treated for 36 h at 10 �M, 10
�g/ml, and 50 �g/ml, respectively. Some compounds showed high ratios caused by errors, such as cell toxicity. D, MEF2 and CRTC2 activity were measured in
the same GAL4-based firefly luciferase system in the AML-12 cells. E, structural activity relationship of pterosin B and its derivatives. HEK293 cells were
transformed with the MEF2 or CRTC2 reporter together with the SIK3 expression vector. Compounds (300 �M) were treated for 36 h. n � 2–3. Cont, control.
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firefly luciferase reporter systems in the AML-12 cells (Fig. 3D).
The structural-activity relationship assay suggested that only
pterosin S failed to inhibit SIK3 signaling (Fig. 3E). Synthetic
pterosin B (racemic) also inhibited SIK3 signaling, indicating
that pterosin B, not non-pterosin contaminants, inhibited SIK3
signaling.

To visually evaluate the inhibitory actions of pterosin B on
SIK3 signaling, GFP fusion HDAC5 (a class IIa-HDAC) and
CRTC2 were expressed together with SIK3. Both HDAC5 (Fig.
4A) and CRTC2 (Fig. 4B) were localized in the cytoplasm in the
SIK3-overexpressing cells, and pterosin B inhibited this cyto-
plasmic localization, suggesting that pterosin B was able to
inhibit downstream cascades of SIK3 signaling.

Pterosin B Does Not Affect SIK3-KO Hepatocytes—To exam-
ine whether pterosin B inhibits SIK3 signaling and mimics the
glucose metabolism observed in SIK3-KO hepatocytes (Fig. 2),
both WT and SIK3-KO hepatocytes were treated with pterosin
B, and glucose production was monitored (Fig. 5A). Pterosin B
quickly increased the medium glucose levels in WT hepato-
cytes, which was accompanied by enhanced expression of glu-
coneogenic genes (Fig. 5B). However, no further enhancement
of glucose production or gluconeogenic gene expression by
pterosin B was observed in the SIK3-KO hepatocytes, suggest-
ing that pterosin B-induced gluconeogenesis may be mediated
by SIK3. Prolonged treatment with pterosin B was found to
decrease glucose levels in the WT hepatocyte medium, and
G6pc gene expression in SIK3-KO hepatocytes was down-reg-
ulated by pterosin B.

Pterosin B Represses SIK3 Signaling via the C-terminal Regu-
latory Region—To test the specificity of pterosin B toward SIKs,
SIK1–3 was examined in the same reporter assay in the
HEK293 cells (Fig. 6A). The up-regulation of MEF2 and down-
regulation of CRTC2 activities by SIK1 or SIK2 were not
affected by pterosin B, indicating that pterosin B specifically
inhibited SIK3 signaling. On the other hand, pterosin B did not

inhibit SIK3 kinase activity up to 1 mM, whereas the strong
pan-SIK inhibitor HG9-91-01 (30) completely inhibited SIK3
kinase activity even at 1 �M (Fig. 6B).

Because SIK3 was activated by phosphorylation at Thr-163
by the upstream kinase LKB1 (4), we examined the phosphor-

FIGURE 4. Pterosin B inhibits cytoplasmic localization of HDAC5 and CRTC2. GFP fusion HDAC5 (A) and CRTC2 (B) were overexpressed in HEK293 cells with
or without SIK3 overexpression. Pterosin B (300 �M) was treated for 36 h. The localization of GFP signals in 100 positive cells was classified into three categories:
cytoplasmic (C), nucleus (N), and both (C/N) and shown as %.

FIGURE 5. Pterosin B up-regulates glucose production and gluconeo-
genic gene expression in WT hepatocytes, but not in SIK3-KO hepato-
cytes. A, hepatocytes were prepared from 12-week-old female WT (left panel)
or SIK3-KO (right panel) mice (n � 3) and cultured in a low serum (1%) medium
for 12 h. The cells were then pretreated with a starvation medium (serum- and
glucose/glutamate-free) for 1 h. Glucose production was induced by 10 mM

lactate and 0.1 �M dexamethasone in the presence or absence of pterosin B
(300 �M). The means and S.D. are shown. **, p � 0.01. B, the hepatocytes were
preincubated with a low serum (1%) medium for 12 h and incubated in a
serum-free medium, a starvation medium alone, or supplemented with
pterosin B (300 �M). Total RNA was extracted for quantitative PCR. (n � 3).
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ylation status at this site on the overexpressed SIK3 in HEK293
cells (Fig. 6C). Western blot analyses with anti-Thr(P)-163
revealed that pterosin B did not alter the phosphorylation level

at this site. The alternative candidate sites for inhibition of the
SIK3 actions were in the C-terminal regulatory domains of Thr-
411 and Ser-493 (Fig. 6D) (31). The phosphorylation of these

FIGURE 6. Pterosin B represses SIK3 signaling via the C-terminal regulatory region. A, HEK293 cells were transformed with the MEF2 or CRTC2 reporter together
with the SIK1–3 expression vectors and treated with pterosin B (300 �M) for 36 h. The fold differences in the reporter activities by the pterosin B treatment are indicated
(n � 3, means and S.D.). B, in vitro kinase assay. The GST-SIK3 enzyme was expressed in HEK293 cells, purified with a glutathione resin, and incubated with compounds,
the coumarin-labeled CRTC2 peptide, and 1 mM ATP for 1 h. The phosphorylated and nonphosphorylated peptides were separated by electrophoresis. C, HEK293 cells
overexpressing GST-SIK3 (WT and T163A mutant) were treated with pterosin B (300 �M) for 36 h, and then the GST-SIK3 were purified and subjected to the in vitro
kinase assay and Western blot analysis. D, the upper diagram shows phosphorylation sites in SIK3. HEK293 cells were transformed with reporters together with the SIK3
expression vectors as A. E, the same experiments with SIK3-phoshorylation site mutants were performed.
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sites suppressed the CRTC inhibitory activity of SIK3. To con-
firm the importance of the C-terminal domain, we performed
reporter assays with various SIK3 mutants. The truncation of
the C-terminal domain (kinase domain only) converted SIK3
into a pterosin B-resistant mutant (Fig. 6D). The actions of dou-
ble mutant SIK3 (DA: T411A and S493A) were also not affected
by pterosin B (Fig. 6E), despite a small difference between the
MEF2 and CRTC2 systems (Thr-411 may be more critical for
CRTC2 regulation than Ser-493).

Indeed, the phosphorylation levels at Thr-411 and Ser-493
were up-regulated in mouse hepatoma AML-12 cells treated
with pterosin B, which was also found in Fsk-treated cells (Fig.
7A). Ser-493 may be phosphorylated by PKA (1), and overex-
pression of PKA in HEK293 cells mimicked the pterosin actions
on MEF2 and CRTC2 (Fig. 7B). However, the PKA inhibitor
H89 did not block pterosin B-dependent suppression of SIK3
signaling (Fig. 7C). Although Thr-411 is probably phosphory-
lated by PKA or CaMKs, the overexpression of CaMK I/II or the
treatment with the CaMK inhibitor KN62 disproved the
involvement of these kinases in the pterosin B-dependent sup-
pression of SIK3 signaling (Fig. 7, B and C). In addition, the
cAMP-responsible luciferase system showed that pterosin B

reduced the intracellular cAMP levels induced by Fsk (Fig. 7D).
These results suggested that unknown kinases, rather than PKA
or CaMK I/II, might phosphorylate SIK3 in Thr-411 and Ser-
491, which inhibited SIK3 signaling.

Pterosin B-resistant SIK3 Decreases Glucose Production and
CRTC2 Dephosphorylation in AML-12 Cells—To specifically
examine the signaling in pterosin B-induced gluconeogenesis
and the relevance of the importance of the C-terminal domain
of SIK3, we examined glucose production in AML-12 cells after
pterosin B treatment. Pterosin B increased glucose production
as quickly as Fsk, whereas HG9-91-01 increased it gradually
(Fig. 8A). At 8 h post-stimulation, however, the glucose level in
pterosin B-treated cells was returned to the basal level. Because
the higher potential of pterosin B on glucose production than
HG9-91-01 suggested the presence of SIK-independent path-
ways in pterosin B actions, we examined pterosin B-induced
glucose production in the AML-12 cells that had been trans-
fected with SIK3-adenoviruses. Overexpression of SIK3 low-
ered the pterosin B-induced glucose production, which was
more evident in cells that expressed pterosin B-resistant SIK3
DA mutant than in pterosin B-sensitive SIK3 (WT) (Fig. 8B).

FIGURE 7. PKA or CaMKs is not responsible kinase for the pterosin B-mediated suppression of SIK3 signaling. A, AML-12 cells were transfected with SIK3
(WT and DA mutant) adenoviruses and were treated with pterosin B (300 �M) or Fsk (20 �M). Three hours later, SIK3 protein was purified with anti-SIK3
antibodies and subjected to Western blot analyses. B, HEK293 cells were transformed with the MEF2 or CRTC2 reporter together with the SIK3 and PKA or CaMK
I/II expression vector. Luciferase activities were measured after 36 h. n � 3. C, effects of various inhibitors on pterosin B-mediated suppression of SIK3-depen-
dent MEF2C activity. H89 (20 �M, PKA inhibitor), KN62 (10 �M, CaMK inhibitor), rapamycin (1 �M, PI3K/Akt/mTOR signal inhibitor), LY364947 (10 �M, TGF-�
receptor inhibitor), BAY 11–7082 (10 �M, IKK inhibitor), SB-203580 (10 �M, p38 inhibitor), SP600125 (10 �M, JNK inhibitor), PD98059 (10 �M, MEK inhibitor), and
STO609 (30 �M, CaMKK inhibitor) were used. D, AML-12 cells that had been transformed with the cAMP sensor plasmid GloSensorTM were treated with Fsk (20
�M) together with or without pterosin B (300 �M). The cellular cAMP level was monitored as luciferase activities.
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Next, we examined the levels of gluconeogenic gene expres-
sion in the pterosin B-treated AML-12 cells. Cells were pre-
treated with serum-free medium for 1 h and then incubated
with pterosin B or other compounds in the absence of glucose

for 3 h. Pterosin B up-regulated Pgc1a, Pepck, and G6pc mRNA
levels with different efficacies, which was also represented by
Fsk and HG9-91-01 with different target specificities (Fig. 8C).
Again, we confirmed whether SIK3 overexpression was able to

FIGURE 8. Pterosin B-resistant SIK3 suppresses pterosin B-induced gluconeogenic programs. A, AML-12 cells that had been incubated in 1% serum
medium for 12 h were further preincubated with the starvation medium (serum- and glucose/glutamate-free) for 1 h. Means and S.D. are indicated (n � 4). *,
p � 0.05; **, p � 0.01 (compared with the control group, DMSO). Glucose production was induced by pterosin B (300 �M), Fsk (20 �M), or HG9-91-01 (1 �M) in
the presence of 10 mM lactate and 0.1 �M dexamethasone. B, AML-12 cells that had been transfected with the SIK3 (WT and DA mutant) adenoviruses were
subjected to glucose production assays (at 3 h). *, p � 0.05 (compared with the control pterosin B group, Vector) C, gluconeogenic mRNA were examined in the
AML-12 cells. Cells that were incubated with a serum-free medium for 12 h and treated with compounds (same as A) in the starvation medium for 3 h (n � 3).
D, the pterosin B-induced gene expression was analyzed in the SIK3-overexpressing AML-12 cells. E, Western blot analyses of AML-12 cells that were treated as
in C. F, the pterosin B treatment was for 3 h. MOI, multiplicity of infection; Ptero.B, pterosin B.
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suppress pterosin B-induced gluconeogenic gene expressions.
All expressions were suppressed by SIK3 overexpression, and
SIK3 DA was more efficient than SIK WT (Fig. 8D).

We then examined the protein status involved in gluconeo-
genesis. Pterosin B quickly induced the dephosphorylation of
CRTC2 in AML-12 cells (Fig. 8E), which was also observed in
Fsk- and HG9-91-01-treated cells. CREB phosphorylation at
Ser-133 was up-regulated with starvation time in the control
(DMSO) cells. However, the treatment with pterosin B or HG9-
91-01 inhibited the CREB phosphorylation. An increase in
AMPK phosphorylation levels at Thr-172 was further up-regu-
lated in pterosin B-treated cells and down-regulated in Fsk-
treated cells. HG9-91-01 apparently showed no effect on the
AMPK phosphorylation levels. Similarly to other assays, SIK3
overexpressionreturnedthelevelsofpterosinB-induceddephos-
phorylation of CRTC2 and phosphorylation of CREB (Fig. 8F),
which was, again, more evidently with SIK3 DA than SIK3 WT.
These results suggested that dephosphorylation of CRTC2 by
pterosin B might induce gluconeogenic programs, and the inac-
tivation of SIK3 caused by enhanced phosphorylation of its
C-terminal domain might be a mechanism of these programs.

Involvement of PHKG2 in Pterosin B-mediated Inactivation
of SIK3—Finally, we tried to identify the molecules that mediate
pterosin B action on SIK3, which could be a kinase or a phos-
phatase. Some candidates were overexpressed in the MEF2 and
CRTC2 reporter systems in HEK293 cells, and SIK3-dependent
activation and repression were evaluated in the presence or
absence of pterosin B (Fig. 9A). We previously reported that the
phosphatases PP1, PP2A, and calcineurin modulate CRTC2
activity (32). However, these phosphatases modulate reporter
activities of either MEF2 or CRTC2. Pyruvate dehydrogenase
kinase and pyruvate dehydrogenase phosphatase are key regu-
lators in mitochondria and regulate acetyl-CoA production by
modulating pyruvate dehydrogenase activity (33). Pyruvate de-
hydrogenase activity is inextricably linked with pyruvate car-
boxylase, producing oxaloacetic acid, which is the initial metab-
olite of gluconeogenesis. However, pyruvate dehydrogenase
kinase(s) and pyruvate dehydrogenase phosphatase(s) did not
modulate SIK3-dependent MEF2 or CRTC2 activities.

When gluconeogenesis is activated in hepatocytes, glycogen-
olysis could also be activated. The key molecules regulating
glycogenolysis are phosphorylases and are activated by phos-
phorylase kinase catalytic gamma 2 (PHKG2). Indeed, PHKG2,
but not the muscle type PHKG1, inhibited the SIK3-dependent
regulation of both MEF2 and CRTC2, which is accelerated by
pterosin B (when SIK3 is inhibited, the fold change approaches
1). In addition, 3 h of treatment with pterosin B decreased the
glycogen content in AML-12 cells in a dose-dependent manner
(Fig. 9B), suggesting that pterosin B stimulates glycogenolysis.

An in vitro kinase assay of PHKG2 and SIK3 peptide corre-
sponding to the regions of Thr-411 and Ser-493 indicates that
PHKG2 can phosphorylate SIK3 (Fig. 9C). GST pulldown in
AML-12 cells suggests that PHKG2 binds to SIK3 in response
to pterosin B (Fig. 9D) in a Thr-411 or Ser-493 phosphoryla-
tion-independent manner (Fig. 9E). The association with
PHKG2 was only observed when SIK3 was used as bait (Fig. 9F).

On the other hand, the overexpression of PHKG2 in AML-12
cells had less of an effect on the SIK3 cascades downstream,

probably because of the limited amount of SIK3 protein. To
show the indispensable role of PHKG2 in pterosin B-mediated
SIK3 inactivation, knockdown experiments were performed in
AML-12 cells. Two different miRNA vectors for mouse PHKG2
decreased the protein levels and lowered the phosphorylation
levels of SIK3 Thr(P)-411 and Ser(P)-493 (Fig. 9G), in contrast
to CRTC2 phosphorylation levels. Pterosin B-induced gluco-
neogenic gene expression was also suppressed by PHKG2
knockdown (Fig. 9H), suggesting that PHKG2 is a new regulator
of SIK3 as elicited by pterosin B.

Discussion

The first clue about the involvement of SIK in the regulation
of gluconeogenesis in the liver was based on the fact that SIK1
suppressed the CREB activity via inactivation of CRTC2 (11).
During the proof of this suppression, the AMPK activator 5-
aminoimidazole-4-carboxamide-1-s-D-ribofuranoside (AICAR)
also represented the similar CRTC2 inactivation activity (11),
which might deceive us into discussing the role of AMPK in
gluconeogenic programs.

AMPK generally acts as energy-saving factors, whereas glu-
coneogenesis consumes energy (21, 34, 35). In this context,
AMPK-mediated suppression of gluconeogenic programs is
apparently reasonable. However, overexpression of AMPK in
HEK293 cells fails to suppress the CRTC2 transactivating activ-
ity despite its ability as the CRTC2 kinase in vitro (27). If a
kinase directly phosphorylated their putative substrate, the
kinase would never choose a cell type, hepatocytes, or model
cells (HEK293), and regulate the cellular downstream cascades
of the substrate in the same manner, which may deny that
AMPK is the CRTC2 kinase in hepatocytes. However, it does
not deny the contribution of AMPK to gluconeogenesis in
hepatocytes (36), although we have to mention here that other
AMPK family kinases, MARKs (37, 38), may be capable of phos-
phorylating CRTC in cells (32, 39).

Other aspects about the upstream regulator of AMPK and
SIK confused the discussion. LKB1 commonly phosphorylates
AMPK and SIK and activates them (4). The loss of LKB1 in the
liver results in hyperglycemia caused by enhanced gluconeo-
genesis (20, 40). The AMPK-CRTC2 cascade was first proposed
to be the responsible cascade for gluconeogenic programs
caused by LKB1 deficiency (20). However, some reports have
provided negative evidence about this issue (22, 23). The liver-
specific double knock-out mice with defective genes for
Ampk�1/�2 have been found to have less dysregulation in glu-
cose metabolism in vivo (22). The basal level of CRTC2 phos-
phorylation in the AMPK�1/�2-deficient hepatocytes is as
high as that in WT hepatocytes. A recent extensive study using
triple knock-out mice (AMPK�1/�2 and SIK2) showed an
intact gluconeogenic regulation in the liver of this mouse (23).
In contrast, the pan-SIK inhibitor HG9-91-01 that failed to
inhibit AMPK induced the gluconeogenic programs followed
by glucose production. Because the HG9-91-01-induced gluco-
neogenic programs are suppressed by overexpression of any
drug-resistant isoforms of SIK1–3 (23), the presence of at least
one SIK isoform may be sufficient to manage the gluconeogenic
programs in hepatocytes.
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Does AMPK really phosphorylate CRTC2 in hepatocytes? The
phosphorylation level of CRTC2 in the cAMP-treated hepatocytes
is increased by AMPK-activating compounds, metformin (41),
and AICAR (42), which is not observed in AMPK�1/�2-deficient
hepatocytes, suggesting unknown mechanisms by which AMPK

can regulate CRTC phosphorylation (22, 23). It could be specu-
lated that AMPK may inhibit the dephosphorylation steps of
CRTC rather than the phosphorylation steps.

The next question that arose was whether all SIK isoforms
equally suppressed gluconeogenic programs. SIK3-KO mice
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liver expressed gluconeogenic genes at a high level (18) and
constitutively activated (the levels were comparable to those
stimulated by Fsk) gluconeogenic programs in the SIK3-KO
hepatocytes have been found in the present study, which may
mimic LKB1-KO hepatocytes (20), but not AMPK�1/�2- and
SIK2-triple KO hepatocytes (23). These results suggest that
SIK3 may be the major regulator of gluconeogenic programs
under the control of LKB1 in hepatocytes.

A number of reports succeeded to performing SIK3 knock-
downs, and some showed impaired cholesterol transport in
SIK3 knockdown cells (43), which explained the phenotype of
cholesterol accumulation in the SIK3-KO liver (18). However,
some phenotypes caused by SIK3 knockdown were observed in
HeLa cells in which SIK3 could not possess kinase activity
because of LKB1 deficiency (27). Although it was difficult to
conclude whether the results in knockdown experiments were
from on or off target effects, it was also true that we failed to
knock down SIK3 even in HEK293 cells. Thus, we tried to iden-
tify SIK3-specific inhibitors.

Pterosin B suppressed SIK3 downstream cascades, including
CRTC2 phosphorylation, despite not being capable of inhibit-
ing SIK3 kinase activity. Pterosin B may modulate an unknown
kinase or phosphatase signals and increase the self-inhibitory
function of the C-terminal regulatory domain of SIK3. This
mechanism was specific to SIK3, not SIK1 or SIK2; thus, we
thought that the loss of SIK3 or its signaling resulted in an
enhancement of gluconeogenic programs in hepatocytes via
CRTC2 dephosphorylation. However, it was also true that
pterosin B and Fsk induced higher levels of glucose production
than that by the pan-SIK inhibitor HG9-91-01 (23). Because
glucagon and Fsk increased cellular cAMP levels and activated
PKA followed by CREB phosphorylation, the synergistic
actions between dephosho-CRTC2 and phospho-CREB might
result in higher potency of the gluconeogenic programs than
the solo action of dephosho-CRTC2 produced by HG9-91-01
(23). On the other hand, pterosin B suppressed CREB phosphor-
ylation levels in common with HG9-91-01. Pterosin B may acti-
vate an unidentified cascade up-regulating gluconenogenic
programs in which SIK3 was fatefully inactivated as by PKA
signaling.

Re-evaluation of metabolic regulators whose activities were
modulated along with gluconeogenesis suggests that PHKG2 is
a candidate for SIK3-inactivating kinase. PHKG2 belongs to the
CaMK family (44) and shares phosphorylation motifs with
CaMKs and PKA (45). A major role of PHKG2 is the initiation
of glycogen breakdown in response to glucagon-cAMP-PKA or
Ca2� signaling by phosphorylating phosphorylase (46). Muta-

tions in the PHKG2 gene cause type IXc glycogen storage dis-
ease (liver glycogenosis), which is characterized by hypoglyce-
mia, lactic acidosis, and cirrhosis (47). Although glucagon
response was found in type IX glycogen storage disease patients
(48), some patients with PHKG2 gene mutations were reported
to not respond or to only weakly respond to glucagon (49). In
addition, type Ia glycogen storage disease, G6Pc deficiency (50),
and PEPCK deficiency (liver isoform PCK1) (51) commonly
cause lactic acidosis, suggesting the dysregulation of gluconeo-
genesis in PHKG2-mutated patients. A decrease in the glycogen
content in pterosin B-treated AML-12 cells, capability of SIK3
phosphorylation by PHKG2 in vitro, specific association of
PHKG2 with SIK3, and weakened action of pterosin B in
PHKG2 knocked down AML-12 suggest that pterosin B inacti-
vates SIK3 via the activation of PHKG2.

Pterosin B may activate both glycogenolysis and gluconeo-
genesis (Fig. 9I) and is therefore capable of quickly producing
glucose (�4 h post-treatment). Once the glycogen is depleted
(SIK3-KO hepatocytes are also under an energy deficiency
state), pterosin B may be unable to promote glucose produc-
tion, which decreases the rate of glucose production later on (8
h). In addition, unexplained weaker expression of G6pc by
pterosin B (compared with by Fsk or HG9-91-01) may result in
insufficient glycogenolysis and gluconeogenesis, which is also
observed in SIK3-KO hepatocytes, suggesting that secondary
effects, such as modulation of AMPK signaling via glycogen
metabolism (52), may affect G6pc expression, probably via a
CRTC2-independent mechanism (e.g. through forkhead tran-
scription factor FKHR) (53).

Pterosin A, a derivative of pterosin B, was reported to lower,
not increase, blood glucose levels in diabetic animals (stropto-
zotocine-treated, high fat-fed, and db/db mice) (54). Pterosin A
simultaneously activated conflicting signals in energy metabo-
lism, AKT, and AMPK in the skeletal muscle and livers. In the
liver, pterosin A increased glycogen content and decreased
cAMP/dexamethasone-induced Pepck gene expression, which
was a mechanism of pterosin A-mediated blood lowering
effects. However, pterosin B lowered the glycogen content and
initiated gluconeogenic programs, followed by glucose produc-
tion. A number of assay conditions were different between ours
and the pterosin A experiments (e.g. the absence or presence of
serum and pterosin alone or with gluconenogenic inducers); we
noted here that the most critical difference might be from acute
or chronic effects. It was true that pterosin B resulted in a
lowered glucose production at later phase (after 8 h), and
pterosin A experiments for mRNA analyses were performed
after 24 h, suggesting that pterosin(s) may act as bilateral

FIGURE 9. PHKG2 inactivates SIK3 in response to pterosin B. A, a reporter assay was performed in HEK293 cells. Some kinases and phosphatases were
overexpressed together with GAL4-MEF2 or GAL4-CRTC2 reporters (see Fig. 2B). The bars indicate fold activation (MEF2) or repression (CRTC2) by SIK3
overexpression (n � 3). In SIK3 without transcriptional regulatory activity, the fold change (activation or repression) approaches 1 (no change). Pterosin B was
added at 300 �M. B, AML-12 cells that had been cultured for 72 h with daily medium change were incubated with various concentrations of pterosin B (0 –300
�M) for 3 h. The glycogen concentrations were then measured (left panel). Intracellular accumulation of glycogen was observed after periodic acid-Schiff
staining (right panel). C, the GST fusion PHKG2 enzyme was overexpressed in COS-7 cells and purified using a glutathione column. Fluoro-peptides correspond-
ing to SIK3 Thr-411 and Ser-493 were incubated with GST-PHKG2 in the presence of ATP. Phosphorylated peptides were separated by electrophoresis on
agarose gel. D, GST-SIK3 were overexpressed in AML-12 cells in the presence of Halo-tagged PHKG1/2 and pulldown by glutathione-Sepharose after 3 h of
pretreatment with pterosin B (300 �M). PHKG1/2 and phospho-SIK3 (pS) were detected by anti-Halo tag antibody and anti-pS493, respectively. E, GST-SIK3 WT
and T411A/S493A mutant (DA) were used. F, GST SIK1–3 were used. G, PHKG2 protein was knocked down in AML-12 cells by transformation with miRNA
plasmid vectors. H, the same sequences of miRNA were transferred into an adenovirus vector and knocked down PHKG2 protein in AML-12 cells to monitor
pterosin B-induced gluconeogenic gene expression (300 �M, 2 h). n � 3. **, p � 0.01 (compared with the control group, LacZ-pterosin B). I, hypothetical model
of SIK3 signaling.
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effectors in glucose metabolism. A reduction in glucose pro-
duction (content in the culture medium) at the late phase
was also observed in SIK3-KO mouse hepatocytes, and hypo-
glycemia was also the representative phenotype of these
mice. These results suggested that SIK3-KO hepatocytes and
pterosin B-treated AML-12 cells may share similar mecha-
nisms that may be linked to glycogen breakdown. Further
studies on SIK3-mediated regulation of gluconeogenesis,
glycogenolysis, and an uncharacterized crosstalk between
AMPK and SIK3 signaling are needed.
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