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Liver plays a major role in regulating energy homeostasis in
mammals. During feeding conditions, excessive glucose is con-
verted into a preferred storage form of energy sources as triacyl-
glycerol in liver via a collective metabolic pathway termed lipo-
genesis. Sterol regulatory element-binding protein 1c is a
master regulator for this process by activating number of
enzyme genes, such as Fasn or Acaca, that are involved in this
pathway at the transcriptional level. Here we show that the salt-
inducible kinase (SIK) family of proteins regulates the hepatic
lipogenesis by modulating SREBP-1c activity. Overexpression
of SIK1 inhibits hepatic expression of lipogenic genes, such as
Fasn, whereas knockdown of SIK1 in liver greatly enhances their
expression. Regulation of the Fasn gene by SIK kinases is medi-
ated at the level of transcription via phosphorylation and inac-
tivation of nuclear SREBP-1c. Among candidate sites for SIK-
dependent regulation of SREBP-1c, the serine 329 residue is
shown to be a critical regulatory site for SIK-mediated repres-
sion of SREBP-1c activity by in vitro kinase assay and reverse
transcription-PCR analysis in primary hepatocytes. Finally,
reduced hepatic triacylglycerol levels and lipogenic gene expres-
sion by adenoviral SIK1 transgenic expression are restored to
normal levels by co-infection of mutant SREBP-1c, suggesting
that SIK-dependent regulation of hepatic lipogenesis is indeed
mediated through the phosphorylation of SREBP-1c in vivo. The
process for the development of nonalcoholic fatty liver involves
de novo lipogenesis via the activation of SREBP-1c. Modulation
of SREBP-1c activity by SIK proteins would provide an attractive
means for the regulation of such diseases.

The mammalian liver is a primary organ for regulating
energy homeostasis. After the food intake, high levels of glucose
are transported to the liver through the bloodstream. Initially,
the remnant of glucose not utilized immediately is metabolized
into glycogen. For the longer term storage, excess glucose is
converted into triglycerides via a collective metabolic pathway
termed lipogenesis that includes glycolysis, fatty acid biosyn-
thesis, and triglyceride synthesis and maturation.

The control of lipogenesis during feeding conditions is
achieved via the activation of key rate-limiting enzymes both at
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the enzyme activity and at the level of gene expression (1-4).
The latter regulatory mechanism is considered as an adaptive
response and, in many cases, is achieved by the enhanced tran-
scription of lipogenic genes, such as Fasn (fatty acid synthase)
or Acaca (acetyl-CoA carboxylase «). The control of lipogenic
gene expression is coordinately regulated by various hormonal
and nutritional cues. Inhibition of such gene expression is
achieved by fasting hormone glucagon or its intracellular signal,
cAMP-mediated transcriptional repression (5). Expression of
genes in this pathway is also down-regulated by polyunsatu-
rated fatty acids, suggesting a mechanism for a feedback inhi-
bition by its end-point product of lipogenesis (6, 7). On the
contrary, increased carbohydrate metabolism and insulin
actions in liver following food consumption are shown to be
responsible for the transcriptional activation of entire lipogenic
programs in mammals (8 —14).

Sterol regulatory element-binding protein (SREBP)® is a
member of the basic helix loop helix leucine zipper (b/HLH/
LZ) transcription factor families that are involved in various
pathways of lipid homeostasis (15, 16). SREBP is first synthe-
sized as a precursor form that contains the N-terminal tran-
scription factor domains and C-terminal regulatory domain
linked with a central transmembrane domain. Bound in the
endoplasmic reticulum via the interaction of SCAP and INSIG
proteins, the N-terminal transcription factor is released by
sequential proteolytic cleavages in the Golgi apparatus in
response to the low sterol conditions (17-20). This process is
also shown to be activated during feeding conditions in liver,
although the exact mechanism has not been demonstrated to
date. Among family members, the SREBP-1c isoform is impli-
cated as a master transcriptional regulator for the hepatic lipo-
genesis. Insulin is responsible for the transcriptional activation
of SREBP-1c as well as its target genes (21, 22). Expression of
lipogenic genes, such as Fasn or Acaca, is elevated in liver-
specific SREBP-1c transgenic mice, whereas induction of these
genes in response to a high carbohydrate diet is impaired in
livers of SREBP-1c knock-out mice (23, 24). Recently, nonalco-
holic fatty liver disease is shown to be highly associated with
metabolic diseases, including diabetes (25, 26). The develop-
ment of this disease is characterized with increased de novo
lipogenesis in part due to the hyperactivation of lipogenic tran-

2 The abbreviations used are: SREBP, sterol regulatory element-binding pro-
tein; AMPK, AMP-activated protein kinase; TAG, triacylglycerol; nSREBP-1¢,
nuclear SREBP-1¢; b/HLH/LZ, basic helix loop helix leucine zipper; WT, wild
type; Ad, adenovirus; GFP, green fluorescent protein; GST, glutathione
S-transferase; LXR, liver X receptor; CA, constitutively active; SIK, salt-induc-
ible kinase; US, unspecific shRNA.
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scription factor SREBP-1¢, underscoring the importance of
tight regulation of SREBP-1c and hepatic fatty acid synthesis
(27, 28).

Although the activity of SREBP-1c is shown to be regulated
by protein kinase A or AMP-activated protein kinases
(AMPKs), the exact underlying mechanisms have yet to be
demonstrated in vivo (29 —31). Here we show that SIK1, a mem-
ber of the AMPK-related kinases, directly regulates SREBP-1c-
dependent hepatic lipogenesis. Overexpression of SIK1 reduces
lipogenic gene expression, whereas hepatic knockdown of SIK1
leads to the enhanced expression of SREBP-1c target genes.
SREBP-1c is shown to be a direct substrate for SIK1 in vitro.
Mutation of a major regulatory site serine 329 to alanine on
SREBP-1c negates the effects of SIK1 in SREBP-1c target
gene expression and hepatic triglyceride levels in mice.
These data suggest that SIK1-dependent regulation of
SREBP-1c activity would be critical in the modulation of
hepatic lipid homeostasis.

EXPERIMENTAL PROCEDURES

Materials—T0901317 was purchased from Cayman Chemi-
cal Co.

Cultures of Primary Hepatocytes—Rat primary hepatocytes
were prepared from Sprague-Dawley rats, as described (32).
After 16 h of adenoviral infection, cells were maintained in
serum-free medium 199 (MediaTech) for an additional 24 —48
h. Cells were subsequently harvested for reporter assays (Ad-
Fasn-Luc) or quantitative PCR analysis.

Transfection Assays—Human hepatoma HepG2 cells were
maintained with Ham’s F-12 medium (MediaTech) supple-
mented with 10% fetal bovine serum, 10 units/ml penicillin, and
10 pg/ml streptomycin. Each transfection was performed with
300 ng of luciferase construct, 50 ng of B-galactosidase plasmid,
and 2.5-100 ng of expression vector for SIK1, AMPKa2 CA,
adiponectin, nSREBP-1¢ (WT and mutants), or liver X receptor
a (LXRa) using Fugene 6 reagent according to the manufactur-
er’s instructions.

Plasmid DNA—pCMYV SPORT nSREBP-1c was purchased
from Addgene. S265A/S266A, S329A, or S265A/S266A/S329A
mutant nSREBP-1c was generated using the QuikChange site-
directed mutagenesis kit (Stratagene).

Adenoviruses—Ad-GFP, Ad-SIK1, Ad-US, and Ad-SIK1
RNA interference adenoviruses were described previously (33).
Adenoviruses for nSREBP-1c¢ WT, nSREBP-1c S265A/S266A/
S329A, and Fasn luciferase were generated as described.

Animal Experiments—Male, 7-week-old C57BL/6 mice were
purchased from Charles River Laboratories. Recombinant ade-
novirus (0.5 X 10° plaque-forming units) was delivered by tail
vein injection to mice. All experiments were conducted by the
guidelines of Sungkyunkwan University School of Medicine
Institutional Animal Care and Use Committee.

Western Blot Analysis—For Western blot, whole cell extracts
were prepared using SDS lysis buffer, as described (33). West-
ern blot analysis on 50100 ug of protein was performed as
described. Primary antibodies against SIK1, a-tubulin, and GFP
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Polyclonal antibody against ACC was purchased
from Cell Signaling Technology. M2 monoclonal antibody (for
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FLAG) was from Sigma. Monoclonal antibody against FAS was
kindly provided by Prof. Kyung-Sup Kim (Yonsei University,
Korea).

Quantitative PCR—Total RNA from either primary hepato-
cytes or liver tissue was extracted using the RNeasy minikit
(Qiagen). cDNAs generated by Superscript II enzyme (Invitro-
gen) were analyzed by quantitative PCR using a SYBR Green
PCR kit and TP800 thermal cycler DICE real time system
(TAKARA). All data were normalized to ribosomal L32
expression.

In Vitro Kinase Assay—Affinity-purified FLAG-SIK fusion
protein was incubated with 1 ug of GST-SREBP-1c protein and
370 kilobecquerels of [y->*P]JATP in 30 wl of kinase buffer (25
mMm HEPES, pH 7.5, 50 mm Tris, 50 mm MgCl,, 5 mm MnCl,, 5
mM dithiothreitol) at 30 °C for 30 min. The kinase reaction was
stopped by the addition of SDS-polyacrylamide gel electro-
phoresis loading buffer. Proteins were separated by SDS-poly-
acrylamide gel electrophoresis and transferred to nitrocellu-
lose. Immunoprecipitated FLAG-SIK was confirmed by
Western blotting with a-FLAG antibody. Radiolabeled pro-
teins were visualized and quantified on BAS (Fuji).

Hepatic Triacylglycerol (TAG) Analysis—Total lipid from
liver was extracted by the method of Folch et al. (34) with slight
modification. Briefly, mouse liver was homogenized with chlo-
roform/MeOH (2:1, v/v) and centrifuged at room temperature.
The supernatant was washed with 0.2 volumes of 0.9% NaCl
and centrifuged. After the removal of the upper phase, the
remaining solution was evaporated under vacuum. TAG con-
tent of hepatic lipid was measured using an enzymatic colori-
metric assay kit (Wako Chemicals).

Chromatin Immunoprecipitation Assays—Nuclear isolation,
cross-linking and chromatin immunoprecipitation assays using
anti-FLAG antibody on rat primary hepatocytes was performed
as described previously (35). nSREBP-1c occupancy over the
FAS promoter was analyzed by PCR with primers for rat Fasn
(forward, ggcggccacgccacatgggetgacagc; reverse, ccccggegete-
ctcagtcccagececa).

Statistical Analyses—Results represent mean * S.E. The
comparison of different groups was carried out using a two-
tailed unpaired Student’s ¢ test as described (36). Differences
were considered statistically significant at p < 0.05.

RESULTS

Expression of Lipogenic Genes Are Regulated by SIK in Liver—
Previously, we have shown that expression of SIKs inhibits
hepatic gluconeogenesis via phosphorylation of the serine 171
residue of CRTC2 (CREB-regulated transcription coactivator
2) (also known as TORC2) (33). To gain further insight into the
nature of potential signaling cascades that are regulated by SIK
kinases, we performed two sets of microarray analysis using
RNAs from mouse liver infected with adenoviruses, one with
either Ad-GFP or Ad-SIK1 adenoviruses and the other with
either Ad-US control or Ad-SIK1 RNA interference adenovi-
ruses. As shown in Table 1, known target genes in the glucone-
ogenesis, such as G6pc (glucose-6-phosphatase, catalytic sub-
unit) and Pcx (pyruvate carboxylase) are regulated by changes
in SIK1 expression, as reported previously (33). Surprisingly,
genes involved in the lipogenesis, such as Fasn, Acaca, and
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TABLE 1

Microarray analysis showing hepatic expression patterns of
metabolic genes by SIK1 overexpression or knockdown

Microarray analysis was performed using RNAs from mouse liver infected with
Ad-SIK1 or Ad-GFP and with Ad-SIK1 RNAi or Ad-US control RNAi adenoviruses.
Genes involved in each metabolic pathway are listed. Lipogenic genes are as follows:
Srebfl, sterol regulatory element-binding transcription factor 1; Acaca, acetyl-CoA
carboxylase «; Fasn, fatty acid synthase; Thrsp, thyroid hormone-responsive
SPOT14 homolog; Gpdl, glycerol-3-phosphate dehydrogenase 1. Gluconeogenic
genes are as follows: G6pc, glucose-6-phosphatase, catalytic subunit; Pcx, pyruvate
carboxylase. Genes involved in the cholesterol synthesis or uptake are as follows:
Pmvk, phosphomevalonate kinase; Hmgcs1, 3-hydroxy-3-methylglutaryl-coenzyme
A synthase 1; Fdps, farnesyl diphosphate synthetase; Ldlr, low density lipoprotein
receptor; Acyl, aminoacylase 1; GgpslI, geranylgeranyl diphosphate synthase 1.

-Fold induction

Gene
SIK1 versus GFP SIKI RNAi versus US

Srebf1 0.571 1.347
Acaca 0.991 1.764
Fasn 0.652 1.416
Thrsp 0.680 7.360
Gpdl 0.622 1.502
G6pc 0.819 1.399
Pcx 0.853 1.257
Pmvk 0.952 0.852
Hmgcs1 1.337 0.683
Fdps 0.741 0.832
Ldilr 1.125 1.080
Acyl 0.959 1.051
Ggpsl 1.234 1.15

Gpdl (glycerol-3-phosphate dehydrogenase 1) are up-regu-
lated by SIK1 knockdown, whereas expression levels of such
genes are generally shown to be lower with SIK1 overexpres-
sion, suggesting that SIK1 could also regulate lipogenic gene
transcription. Expression of SrebfI, a gene encoding a major
transcriptional regulator SREBP-1c for this process, or Thrsp
(thyroid hormone-responsive SPOT14 homolog) is also regu-
lated by SIK similarly to other lipogenic genes. Interestingly,
genes involved in the cholesterol biosynthesis or uptake are
generally unaffected (aminoacylase 1, Fdps (farnesyl diphos-
phate synthetase), Ggdps (geranylgeranyl diphosphate synthase
1), Ldlr (low density lipoprotein receptor), and Pmvk (phos-
phomevalonate kinase)) by either SIK1 overexpression or
knockdown. Interestingly, Hmgcsl (3-hydroxy-3-methylglu-
taryl-coenzyme A synthase 1) expression is rather increased in
SIK1-infected mouse liver, showing a lack of general regulatory
mechanisms on cholesterol synthetic enzyme gene expression
by SIK. Indeed, changes in expression levels of selected lipo-
genic genes are confirmed by quantitative reverse transcrip-
tion-PCR (Fig. 1, A and B) and Western blot analysis (Fig. 1C),
showing that SIK could regulate lipogenic gene expression in an
in vivo setting.

SIK Regulates SREBP-1c-mediated Transcription in Primary
Hepatocytes—T o rule out potential secondary effects of adeno-
virus-mediated SIK overexpression or knockdown on lipogenic
gene expression in the liver, we transduced primary hepato-
cytes with Ad-SIK1 adenovirus or Ad-GFP control viruses.
Indeed, adenoviral overexpression of SIK1 reduces mRNA lev-
els of Fasn in primary hepatocytes, showing that the effects of
SIK1 adenoviral infection in mouse could be replicated by SIK1
expression in primary hepatocytes (Fig. 24). As shown previ-
ously, AMPK or adiponectin could also reduce Fasn expression,
suggesting that SIK may regulate lipogenic gene expression in a
similar manner as does AMPK (37). Recently, LXR-mediated
SREBP-1c expression was shown to be regulated by AMPK
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FIGURE 1. SIK reduces lipogenic genes expression. A, effects of Ad-SIK1 or
control (Ad-GFP) on lipogenic gene expression (Srebfl, Fasn, and Scd1) in
mouse liver. B, effects of Ad-SIK1 RNA interference or control (Ad-US) on lipo-
genic gene expression (Srebf1, Fasn, and Acaca) in mouse liver. C, Western
blot analysis showing protein levels for SIK1, ACC, FAS, and a-tubulin from
mouse liver extracts asin Aand B. Data in A and B represent mean * S.D. (n =
3) (**,p < 0.01; % p < 0.05, t test).

activity in hepatic cells (38). Indeed, we were able to show that
LXR ligand T0901317-mediated induction of mRNAs for Fasn
or SrebfI are effectively blocked by adenoviral SIK overexpres-
sion in primary hepatocytes (Fig. 2B). LXR-dependent induc-
tion of SrebfI promoter activity is also reduced by SIK1 expres-
sion (Fig. 2C). However, SREBP-1c-mediated enhancement of
Fasn promoter activity are also reduced by SIK1 overexpression
in hepatocytes (Fig. 2D), suggesting that SIK1 could not only
regulate SREBP-1c expression but also could regulate its activ-
ity to modulate hepatic lipogenic gene expression.

SIK Directly Modifies SREBP-1c at Three Serine Residues
within the b/HLH/LZ Domain—As members of the AMPK-
related kinases, SIK proteins phosphorylate serine or threonine
residues that are a fixed distance from basic and hydrophobic
amino acids (HBXX(S/T)XXH, where H represents a hydro-
phobic amino acid, B is a basic amino acid, X is any amino acid,
and S/T is serine/threonine) (35). Close investigation of amino
acid sequences of SREBP-1c revealed three potential serine res-
idues at amino acid positions 265, 266, and 329 that are con-
served among mouse, rat, and human species and could be
phosphorylated by SIK kinases (Fig. 3, A and C). Consequently,
we performed an in vitro kinase assay using immunoprecipi-
tated FLAG-SIK1 together with four purified GST-fused
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FIGURE 2. Regulation of lipogenic gene transcription in primary hepato-
cytes. A, left, effects of Ad-SIK1 or control (Ad-GFP) on mRNA levels for Fasn in
rat primary hepatocytes. Right, effects of Ad-adiponectin, Ad-AMPK T172D
constitutively active mutant (AMPK CA), or control (Ad-GFP) on insulin/glu-
cose-induced mRNA levels for Fasn in rat primary hepatocytes. B, effects of
Ad-SIK1 on LXR ligand (T0901317)-induced lipogenic gene expression (Srebf1
and Fasn) in rat primary hepatocytes. Ad-GFP or Ad-SIK1 adenovirus was
infected for 16 h and then exposed to 10 umT0901317 for 18 h. C, effects of SIK
on LXRa-induced SREBP-1c promoter activity in HepG2 cells. SREBP-1c
(—570/+43) luciferase was transfected with pcDNA empty vector, 10 ng of
pcDNA-LXRe, or pcDNA-SIK expression vector together with RSV B-galacto-
sidase plasmid for 48 h before being harvested for the luciferase assay.
D, effects of SIK on Fasn promoter activity in rat primary hepatocytes. Ad Fasn
(—150/—43) pyruvate kinase luciferase adenovirus was infected with either
Ad-GFP, Ad-nSREBP-1c WT and/or Ad-SIK1 adenoviruses for 16 h and then
cultured for an additional 24 -48 h before being harvested for the luciferase
assay. Data in A-D represent mean = S.D. (n = 3) (**, p < 0.01; ¥, p < 0.05, t
test).

nSREBP-1c proteins bearing wild type sequences (W7) or
sequences containing alanine substitutions at serines 265 and
266 (5265/266A), alanine substitution at serine 329 (S329A), or
alanine substitutions at all three serine residues depicted above
(3A4). An in vitro kinase assay revealed that SIK1 could indeed
phosphorylate wild type nSREBP-1c. Although mutations at
serines 265 and 266 affect the phosphorylation of SREBP-1c by
SIK1 modestly, S329A mutant is strongly refractory to SIK-de-
pendent phosphorylation, suggesting that the serine 329 resi-
due is one of major target sites for SIK-mediated phosphoryla-
tion of SREBP-1c (Fig. 3B). Mutations at all three serine
residues almost completely block SIK-mediated phosphoryla-
tion of nSREBP-1c, suggesting that the three sites represent
major regulatory targets for SIK kinases.

Triple Mutant SREBP-Ic Is Refractory to SIK-dependent
Inhibition—To further confirm the importance of serine resi-
dues of SREBP-1c on SIK-mediated inhibition, we generated
expression vectors for nSREBP-1c wild type, S265A/S266A,
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FIGURE 3. Schematics of putative SIK-mediated phosphorylation sites on
mouse nSREBP-1c sequences. A, putative phosphorylation sites by SIK
kinases on mouse SREBP-1c nuclear form are shown. Each mutant constructis
designed as an alanine substitution for the serine residue indicated. B, in vitro
kinase assay was performed with purified GST-fused nSREBP-1c proteins and
immunoprecipitated FLAG-tagged SIK1. Effects of specific alanine substitu-
tion mutations on SREBP-1c for SIK-induced phosphorylation were shown.
C, comparison of amino acid sequences for nSREBP-1c within the SIK target
region (serine 265/266 and serine 329) among humans, mice, and rats. 34,
S265A/S266A/S329A.

S329A, and S265A/S266A/S329A and performed co-transfec-
tion experiments with a Fasn Luc reporter plasmid. As shown in
Fig. 44, SIK1 overexpression effectively reduces Fasn Luc activ-
ity driven by WT or S265A/S266A nSREBP-1c expression.
However, S329A is largely refractory to SIK1-mediated inhibi-
tion, and S265A/S266A/S329A mutant nSREBP-1c is almost
completely unaffected by SIK1 expression. These data suggest
that indeed serine 329 of SREBP-1c represents a major target
for SIK-mediated regulation of lipogenic gene expression, with
a contribution from other serine residues, such as serine 265
and 266, within the b/HLH/LZ domain. Similar results were
obtained in experiments using either adiponectin or constitu-
tively active AMPK expression vector, suggesting that these
two pathways indeed share a similar regulatory mechanism
(Fig. 4B). To further verify the importance of these three serine
residues of SREBP-lc, we generated adenoviruses for
nSREBP-1c WT and S265A/S266A/S329A and tested in pri-
mary hepatocytes. As shown in Fig. 5, A and B, SIK1-mediated
inhibition of either Ad Fasn Luc reporter activity or endoge-
nous Fasn gene expression is blocked by S265A/S266A/S329A
expression but not by WT expression, confirming that SIK-de-
pendent regulation of lipogenesis could be achieved via phos-
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phorylation of three major serine residues of SREBP-1c iden-
tified. To understand the molecular mechanism by which
SIK-mediated serine phosphorylation affects SREBP-1c
transcriptional activity, we performed a chromatin immuno-
precipitation assay. As shown in Fig. 5C, binding of WT
nSREBP-1c on the Fasn promoter is partially blocked by SIK1
overexpression in primary hepatocytes, suggesting that the
phosphorylation at three serine residues within the b/HLH/LZ
domain by SIK1 may inhibit the DNA binding and/or dimeriza-
tion potential of SREBP-1c. In accordance with this idea,
S265A/5266A/S329A mutant nSREBP-1c remains on the Fasn
promoter even with SIK1 overexpression. Interestingly, SIK1
does not alter the stability or the cellular localization of
nSREBP-1c in primary hepatocytes (data not shown), suggest-
ing that the phosphorylation status of serines 265, 266, and 329
of SREBP-1c may only affect its DNA binding activity.

SIK Regulates Hepatic TAG Levels by Targeting the Serine
Residues of SREBP-1c within the b/HLH/LZ Domain—Having
seen the direct inhibitory effects of SIK on SREBP-1c in the cell
culture or in vitro, we wanted to test whether SIK-mediated
repression of the lipogenic gene results in decreased hepatic
TAG levels in vivo. We thus injected adenovirus for GFP alone,
SIK1 alone, or SIK1 plus S265A/S266A/S329A mutant
SREBP-1c into the tail veins of mice. Indeed, overexpression of
SIK1 greatly reduces blood glucose levels, as reported previ-
ously (data not shown) (33). Furthermore, SIK1-injected mice
display significant reduction in hepatic TAG levels and lipo-
genic gene expression compared with GFP control mice, show-
ing that indeed SIK could regulate hepatic lipogenesis in vivo.
The effect of SIK1 overexpression is almost completely blocked
by co-infection of S265A/S266A/S329A mutant SREBP-1c.
Hepatic expression of Fasn, Scd1 (stearoyl-coenzyme A desatu-
rase 1), or Thrsp is significantly higher with Ad-S265A/S266A/
S329A plus Ad-SIK-injected mice compared with mice injected
with SIK1 adenovirus alone (Fig. 6A). Furthermore, SIK-medi-
ated reduction of FAS protein levels is partially restored by
Ad-S265A/S266A/S329A nSREBP-1c co-infection, and reduc-
tion in hepatic TAG levels is also restored with co-injection of
S265A/S266A/S329A and SIK1 adenoviruses (Fig. 6, B and C).
These data clearly indicate that SIK-mediated regulation of
hepatic lipogenesis is indeed targeted via the phosphorylation
of serine 329 and/or 265/266 of SREBP-1c. As reported previ-
ously, SIK expression greatly reduces gluconeogenic gene
expression and plasma glucose level via the regulation of
CRTC2 phosphorylation (33). Although the expression of
S265A/S266A/S329A mutant nSREBP-1c¢ restores SIK-medi-
ated repression of hepatic lipogenesis, plasma glucose levels
remains significantly lower with Ad-SIK plus S265A/S266A/
S329A-injected mice compared with GFP control mice (data
not shown). Rather, S265A/S266A/S329A co-expression with
SIK1 further reduces hepatic mRNAs for cytosolic PckI (phos-
phoenolpyruvate carboxykinase 1) or G6pc (Fig. 6D), in accord-
ance with a notion that SREBP-1c might be involved in the
transcriptional inhibition of gluconeogenic genes (39). These
data further suggest that SIK-mediated regulation of SREBP-1c
and lipogenesis is distinct from that of CRTC2 and hepatic glu-
coneogenic gene expression.
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gesting that two SREBP factors
might not be active simultaneously
in some physiological conditions.
Here we suggest another layer of
regulatory mechanisms for differen-
tial modulation of two SREBPs by
SIK kinases, by showing that SIKs
can only specifically shut down fatty
acid biosynthetic pathways over
cholesterol metabolism via the
phosphorylation of SREBP-1c.
Recent studies revealed potential
involvement of various kinase path-
ways to regulate SREBP-1c activity.
In a study conducted in HepG2 hep-
atoma cell lines, protein kinase A
was shown to affect DNA binding
ability of SREBP-1a by its phospho-
rylation of serine 338, which corre-
sponds to serine 265 of SREBP-1c
(31), although modification of this
site alone by SIK might not be crit-
ical in the regulation of SREBP
proteins based on our results.
According to a report by Bengo-
echea and Ericsson (40), another
serine/threonine kinase glycogen
synthase kinase was also shown to
be involved in the down-regulation
of SREBP-1 activity. Unlike the reg-

GFP GFP 3A
+SIK1 +SIK1

o

G6pc

GFP

3A

FIGURE 6. SIK regulates hepatic lipogenesis by controlling SREBP-1c in vivo. A, effects of Ad-SIK1, Ad-GFP,
and/or Ad-SREBP 1¢ S265A/S266A/S329A mutant on lipogenic gene expression (Srebf1, Fasn, Scd1, and Thrsp)
in mouse liver. B, left, Western blot analysis from mouse liver showing expression of SIK1 or nuclear SREBP-1c.
GFP levels were shown to ensure equal adenovirus infection in each mouse. Right, quantitation of FAS protein
levels as in B. C, hepatic TAG levels were analyzed from mouse liver tissue infected with adenoviruses as in A
(n = 4). D, mRNA levels of gluconeogenic genes in mouse liver (n = 3). Effects of SIK1 and SREBP-1c S265A/
S266A/S329A (3A) mutant are shown. Datain A, C,and D represent mean = S.D. (n = 3) (**,p < 0.01;*,p < 0.05,

t test).

DISCUSSION

SREBPs are the major regulators for lipid homeostasis in
mammals (17-20). Among family members, SREBP-2 is known
to regulate cholesterol uptake or biosynthesis in liver by con-
trolling expression of genes involved in the pathway such as
Ldlr, Hmgces1, Hmgcer (3-hydroxy-3-methylglutaryl-coenzyme
A reductase), and Fdps, whereas SREBP-1c selectively activates
transcription of genes such as Fasn, Acaca, or Scdl in the fatty
acid biosynthetic program. The regulatory mechanisms for
these two factors show considerable differences. Although
SREBP-2 expression is not regulated by sterols, its processing is
tightly regulated by intracellular levels of sterols, showing a case
of end product-mediated inhibition. On the other hand,
SREBP-1c is mainly regulated at the level of transcription by
insulin, although it was suggested that its activity is also
enhanced in the presence of insulin in some cell types. Interest-
ingly, oxysterol-sensing transcription factor LXR is shown to be
involved in the transcriptional activation of SREBP-1c, sug-
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ulatory mechanisms by protein
kinase A or SIK, GSK3 targets
sequences that are C terminal to the
b/HLH/LZ domain and promotes
ubiquitin ligase Fbw?7-dependent
degradation of SREBP-1 proteins.
The implication of multiple kinases
for the regulation of SREBP-1 would
underscore its importance in the
regulation of hepatic lipogenesis.
AMPK has long been implicated in the regulation of hepatic
fatty acid biosynthetic pathway via transcriptional mecha-
nisms. Although not shown unswervingly, it is thought to target
SREBP-1c directly to modulate entire lipogenic programs. As
AMPK-related kinases, SIKs share similar substrate recogni-
tion sequences with AMPK as in the case of serine 171 phos-
phorylation of CRTC2. In our hands, among three potential
AMPK/SIK target sequences in SREBP-1c, serine 329,
together with serine 265/266 within the b/HLH/LZ domain,
is shown to be critical in the SIK-mediated regulation.
Indeed, the inhibitory effects of AMPK or adiponectin on
SREBP-mediated Fasn promoter activity are also blocked by
S329A mutation of SREBP-1c (Fig. 4B), suggesting that two
kinases would similarly target specific sequences of
SREBP-1c to regulate hepatic fatty acid biosynthesis. As
shown previously, effects of adiponectin may selectively acti-
vate the AMPK pathway, since SIK1 or SIK2 knockdown in
primary hepatocytes did not alter adiponectin-dependent

Pck1
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down-regulation of lipogenic gene expression (data not
shown).

What could be the logical explanation for the presence of
multiple kinases to regulate the same pathway? One would sus-
pect that the existence of seemingly redundant kinase functions
for regulating hepatic lipogenesis in mammals might accentu-
ate the importance of tight regulation of lipid homeostasis.
Alternatively, previously identified roles of AMPK in the regu-
lation of hepatic energy metabolism might be indeed assumed
in part by other related kinases, including SIK proteins, since
most conclusions were drawn from studies utilizing the phar-
macological activation of AMPK, systemic knock-out of AMPK
a subunits in mice, or transgenic expression of constitutively
active AMPK in the liver (for reviews, see Refs. 41 and 42).
Furthermore, AMPK would function to regulate various meta-
bolic pathways not only in peripheral organs but also in the
hypothalamus in the brain, making it even harder to gauge the
hepatocyte-specific role of AMPK. In our current studies, we
were able to observe increased hepatic lipogenic gene expres-
sion with SIK1 knockdown (Fig. 1B), suggesting that indeed
SIK1 is critical in the regulation of endogenous fatty acid syn-
thetic gene expression.

Nonalcoholic fatty liver disease is now regarded as a critical
pathogenic condition that leads to severe metabolic diseases,
including diabetes or nonalcoholic steatohepatitis (25, 26).
Hepatic de novo lipogenesis, together with expression of genes
in the pathway, was shown to be enhanced in nonalcoholic fatty
liver disease patients (27, 28, 43). As a master regulator of fatty
acid biosynthesis in liver, SREBP-1c was suggested to be
involved in the development of this disease by contributing to
the onset of fatty liver phenotypes. In our current study, we
were able to identify the molecular mechanism by which SIK
kinases can regulate hepatic TAG levels via the phosphoryla-
tion of serine 329 and serine 265/266 of SREBP-1c. Our results
propose that modulation of SREBP-1c activity via the SIK path-
way could be an attractive approach to relieve such symptoms.
Pharmacological activation of SIK activity might be beneficial
to deter the development of severe hepatic diseases.
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