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Obesity and type 2 diabetes are associated with increased lipogenesis in the liver. This results in fat accumula-
tion in hepatocytes, a condition known as hepatic steatosis, which is a form of nonalcoholic fatty liver disease
(NAFLD), the most common cause of liver dysfunction in the United States. Carbohydrate-responsive ele-
ment-binding protein (ChREBP), a transcriptional activator of glycolytic and lipogenic genes, has emerged as
amajor player in the development of hepatic steatosis in mice. However, the molecular mechanisms enhancing
its transcriptional activity remain largely unknown. In this study, we have identified the histone acetyltransfer-
ase (HAT) coactivator p300 and serine/threonine kinase salt-inducible kinase 2 (SIK2) as key upstream regu-
lators of ChREBP activity. In cultured mouse hepatocytes, we showed that glucose-activated p300 acetylated
ChREBP on Lys672 and increased its transcriptional activity by enhancing its recruitment to its target gene
promoters. SIK2 inhibited p300 HAT activity by direct phosphorylation on Ser89, which in turn decreased
ChREBP-mediated lipogenesis in hepatocytes and mice overexpressing SIK2. Moreover, both liver-specific
SIK2 knockdown and p300 overexpression resulted in hepatic steatosis, insulin resistance, and inflammation,
phenotypes reversed by SIK2/p300 co-overexpression. Finally, in mouse models of type 2 diabetes and obesity,
low SIK2 activity was associated with increased p300 HAT activity, ChREBP hyperacetylation, and hepatic
steatosis. Our findings suggest that inhibition of hepatic p300 activity may be beneficial for treating hepatic
steatosis in obesity and type 2 diabetes and identify SIK2 activators and specific p300 inhibitors as potential

targets for pharmaceutical intervention.

Introduction
The metabolic syndrome, which represents a collection of abnor-
malities including obesity, type 2 diabetes, dyslipidemia, fatty liver,
and a proinflammatory state (1), affects more than 27% of adults
in the United States (2) and has become a major health concern
worldwide. Central to the pandemic of this disease cluster is the
dramatic increase in the incidence of obesity in most parts of
the world. Obesity-induced ectopic accumulation of fat activates
cellular stress signaling and inflammatory pathways (3, 4), con-
tributing to enhanced muscle insulin resistance, pancreatic [3-cell
failure, nonalcoholic steatohepatitis (NASH), and finally to organ
damage. Of particular importance, increased fatty acid synthesis
through the lipogenic pathway in liver results in the development
of hepatic steatosis and contributes to the development of chronic
hepatic inflammation and insulin resistance (reviewed in ref. 5).
Today, it is well accepted that chromatin organization and
transcriptional regulation are major components of the regula-
tory pathway where gene-specific transcription factors, coactiva-
tors, and corepressors interact which each other and with post-
translational modifiers to induce transcription. In particular, the
capacity of the liver to regulate the expression of glycolytic and
lipogenic genes, including L-pyruvate kinase (L-PK), fatty acid
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synthase (Fas), and acetyl-CoA carboxylase (Acc), to increase fatty
acid synthesis in response to glucose and insulin is governed by
a highly dynamic transcriptional regulatory network, including
both SREBP-1c and carbohydrate-responsive element-binding
protein (ChREBP) (6). ChREBP, which has recently emerged as the
major mediator of glucose action on glycolysis and lipogenesis,
acts in synergy with SREBP-1c to fully induce fatty acid synthesis
(7, 8). Recent reports demonstrate that ChREBP plays an impor-
tant role in the development of hepatic steatosis, since its liver-
specific inhibition decreased the rate of hepatic lipogenesis and
improved hepatic steatosis and insulin resistance in obese 0b/ob
mice (9, 10). Although ChREBP activity is partially regulated by
phosphorylation (reviewed in ref. 6), the molecular mechanisms
enhancing its transcriptional activity in obesity and type 2 diabe-
tes states remain largely unknown.

Increasing evidence suggests that specific posttranslational
marks on the histones and non-histone proteins, such as phos-
phorylation, acetylation, or methylation marks, may contribute to
the regulation of glucose and lipid metabolism (11). These post-
translational marks are altered by histone-modifying enzymes,
such as histone deacetylases (HDACs) and histone acetyltrans-
ferases (HATs) (12). Among the HAT family members, the tran-
scriptional coactivator p300 is an important component of the
transcriptional machinery that participates in the regulation of
chromatin organization and transcription initiation (reviewed in
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ref. 13). p300 takes part in diverse biological pathways, including
differentiation, development, and proliferation (14, 15), and has
been implicated in numerous disease processes, including several
forms of cancers and cardiac hypertrophy (16, 17). Orchestration
of these activities by p300 involves an enzymatic activity through
a HAT domain for histone H3 and H4 acetylation and several
other substrates including transcriptional regulators, resulting
in enhanced gene transcription (18, 19). Since, p300 activity is
also regulated via phosphorylation, it is believed that p300 HAT
activity is a central integrator of various signaling pathways in
the nucleus (20, 21). However, it is still unclear which kinases are
responsible for p300 phosphorylation in vivo and where the phos-
phorylation occurs. More important, the functional links between
specific phosphorylation events and p300 activity remain largely
unknown, in particular the function of p300 in normal or aberrant
regulation of fatty acid synthesis.

In the present study, we show that the serine/threonine kinase
salt-inducible kinase 2 (SIK2), recently identified as a new AMPK/
SNF1 family member (22), directly regulates hepatic lipogenesis
through the regulation of p300 transcriptional activity by phos-
phorylation. First, we found that inhibition of SIK2 expression
led to the development of hepatic steatosis characterized by an
increase in de novo lipogenesis. This was due in part to enhanced
ChREBP transcriptional activity by acetylation at Lys672, which
increased its binding on its target gene promoters. We described
SIK2 as an important inhibitor of p300 function through the
inhibition of its HAT activity by direct phosphorylation at Ser89.
More specifically, loss of SIK2 activity enhanced p300 HAT activ-
ity, which in turn increased ChREBP acetylation both in vitro and
in vivo and potently stimulated ChREBP-induced transcription.
Overall, our results demonstrate that hyperactivation of p300
HAT activity is responsible, at least in part, for increased ChREBP
transactivation potency and for the development of hepatic steato-
sis in states of obesity and type 2 diabetes. These findings suggest
that SIK2-dependent regulation of p300 function could be critical
for the modulation of glucose and lipid homeostasis in obesity
and insulin-resistance states.

Results

Liver-specific inhibition of SIK2 expression alters fatty acid metabolism and
results in bepatic steatosis, insulin resistance, and inflammation. Silencing
SIK2 expression in liver (Figure 1A) enhanced the expression of
gluconeogenic genes (Pepck and G6Pase) in the fed state (Figure 1G)
by increasing CREB-regulated transcription coactivator 2 (CRTC2)
activity through its dephosphorylation at Ser171 (Figure 1A and
ref. 23). This resulted in the development of postprandial hypergly-
cemia, hyperinsulinemia (Figure 1C), insulin resistance (decreased
Akt and FOXO1 phosphorylation and hepatic glycogen concen-
trations in fed mice injected with SIK2 shRNA adenovirus [SIK2i
mice]) (Figure 1, A and D, and Supplemental Figure 1A), and glu-
cose intolerance (Figure 1D), thus establishing the role of SIK2 in
the regulation of hepatic glucose production and glucose homeo-
stasis during feeding. Interestingly, SIK2 silencing also led to the
development of hepatic steatosis characterized by an increase in
liver weight (1.84 + 0.23 g for mice injected with unspecific sShRNA
adenovirus [USi mice| vs. 3.74 + 0.14 g for SIK2i mice) (Figure 1B).
Histological analysis of liver sections from SIK2i mice revealed an
increase in a mosaic pattern of hypertrophic hepatocytes show-
ing abnormal accumulation of small cytoplasmic lipid droplets
typical of a microvesicular steatosis, as revealed by oil red O stain-
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ing (Figure 1B). Supporting this observation, both plasma and
liver triglyceride (TG) levels were increased (Figure 1E). In addi-
tion, plasma concentrations of f-hydroxybutyrate, a marker of
fatty acid oxidation and ketogenesis in the liver, were significantly
lower in SIK2i mice despite the increase in plasma and liver FFA
(non-esterified fatty acid [NEFA]) concentrations (Figure 1F and
Supplemental Figure 1A). This observation is indicative of a cellu-
lar imbalance between fatty acid synthesis and fatty acid oxidation
in the absence of SIK2. Consistent with the development of liver
steatosis, mRNA levels of key genes involved in fatty acid synthesis
(L-PK, ATP citrate lyase [Acl], Acc, and Fas) were significantly higher
in the liver of SIK2i mice (Figure 1G) and correlated with a 70%
increase in lipogenic rates (Figure 1B). Finally, no major change
in the expression of genes involved in fatty acid oxidation (Cptla,
Ppara, or AOX) was observed in liver of SIK2i mice (Supplemen-
tal Figure 1D), suggesting that the development of fatty liver in
SIK2i mice mostly results from an increase in the lipogenic path-
way. Excessive lipid accumulation in peripheral tissues is known to
promote macrophage infiltration, thus stimulating local inflam-
mation and eventually insulin resistance (24). mRNA analysis
revealed 60% and 30% increases in the liver macrophage markers
macrophage inflammation protein 1c (MIP1c) and F4/80+, respec-
tively (Supplemental Figure 1D). In addition, several major proin-
flammatory cytokines, including resistin, TNF-a, and IL-6, were
significantly increased in plasma of SIK2i mice (Supplemental
Figure 1B). Plasma concentrations of the transaminases alanine
aminotransferase (ALAT) and aspartate aminotransferase (ASAT)
were also increased, suggesting early liver damage (Supplemen-
tal Figure 1C). Importantly, USi adenovirus injection in mice did
not promote inflammation or liver damage compared with non-
injected mice (data not shown). These observations indicate that
inhibition of SIK2 expression in liver leads to the development of
hepatic steatosis and inflammation, resulting in the development
of insulin resistance.

Interestingly, while the transcriptional regulation of hepatic gly-
colytic and lipogenic genes is under the control of the transcription
factors ChREBP and SREBP-1c, there was no significant change in
the expression levels of these two transcriptional regulators in liver
of SIK2i mice (Figure 1A and Supplemental Figure 1D), suggesting
that SIK2 silencing enhances their transcriptional activity through
posttranscriptional modification. In line with this hypothesis, it
was recently reported that acetyl-CoA derived from glucose metab-
olism through the lipogenic pathway generates a substrate for
chromatin modification and a signal for potentially activating gly-
colytic and lipogenic gene expression (25). To explore the molecu-
lar mechanism underlying altered liver function in SIK2i mice, we
measured global histone acetylation in vivo by Western blot analy-
sis (Figure 1H). We observed an increase in acetylation levels of
histone H3K9 and H4K8, which was correlated with a significant
increase in acetyl-CoA concentration (Figure 1H). Furthermore,
increases in proximal H3K9 acetylation, ChREBP occupancy to its
DNA response element (ChoRE), and RNA polymerase II recruit-
ment were observed on the L-PK promoter in liver of SIK2i mice
(Figure 1I). We next sought to determine whether this increase in
acetyl-CoA content selectively affects acetylation of histones or
has equivalent effects on the acetylation of other cellular proteins.
Surprisingly, increasing acetyl-CoA content influenced acetyla-
tion of only a select set of substrates. In fact, we found that SIK2
silencing did not promote acetylation of tubulin, a cytoskeletal
protein that is acetylated by the Elongator HAT complex (Figure
Volume 120 4317
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Figure 1

Hepatic SIK2 silencing impairs lipid homeostasis. Mice were injected
with unspecific (USi) or SIK2 shRNA adenovirus (SIK2i) and were
studied 7 days later in the fed state. (A) Western blot analysis of key
transcription factors and coactivators involved in the regulation of glu-
coneogenesis and lipogenesis in liver (n = 3—4 per group). (B) SIK2i
mice develop hepatic steatosis as shown by increased liver size and
H&E and oil red O staining of liver sections and by the rate of lipogen-
esis. Original magnification, x200 (n = 4—8 per group; *P < 0.05). (C)
Plasma glucose and insulin levels (n = 8 per group; *P < 0.01). (D)
OGTT and ITT (n = 6 per group; *P < 0.01). (E and F) Total liver and
plasma TGs and FFA levels (n = 8 per group; *P < 0.01). (G) Relative
expression of glycolytic, lipogenic, and gluconeogenic genes (n = 8
per group; *P < 0.01). (H) Acetyl-CoA concentrations (n = 8 per group;
*P < 0.02) and amounts of acetylated (Ac) H3K9, H4K8, and tubulin
determined by Western blot analysis (n = 4 per group). (I) ChREBP,
RNA polymerase Il (RNA pol Il) recruitment, and levels of acetylated
H3K9 at the ChoRE-containing region of the L-PK promoter were mea-
sured by ChlIP studies. The amount of immunoprecipitated H3 at the
DNA was unchanged upon SIK2 silencing and was used as control
to normalize H3K9 acetylation levels at the L-PK promoter (n = 8 per
group; *P < 0.05). Data represent mean + SEM.

1H). The increase in acetyl-CoA content as well as the increase in
acetylation at both global level and specific genomic regions sug-
gest that altered histone acetylation may contribute to changes in
gene expression observed in liver of SIK2i mice.

SIK2-mediated phosphorylation of p300 on Ser89 inhibits its HAT activ-
ity. To determine the molecular mechanism by which SIK2 enhanc-
es fatty acid synthesis at the level of chromatin organization and
transcription, we conducted a proteomic analysis to identify new
SIK2-interacting proteins in hepatocytes and recovered the coacti-
vator p300, known to play an important role in transcription. We
confirmed the SIK2-p300 interaction in coimmunoprecipitation
studies using epitope-tagged p300 and SIK2 constructs (Figure 2A).
Analysis of the amino acid sequence of p300 led to identification of
Ser89 as a consensus recognition phosphorylation motif for SIK2
in p300 (Figure 2B). Phosphorylation of p300 at Ser89 has been
previously reported to regulate its transcriptional activity, although
the underlying mechanism remains unclear (21, 26). In the current
study, using an in vitro kinase assay, we demonstrated that SIK2
phosphorylates p300 only at Ser89, since SIK2, without affecting
its capacity to interact with p300, was unable to phosphorylate
p300 containing a point mutation at Ser89 to alanine (S89A p300)
(Figure 2A). These results were confirmed using a phospho-specific
Ser89 p300 antibody (Figure 2A). In vivo, in the fed state, p300 was
phosphorylated on Ser89 in liver of USi mice, consistent with the
upregulation of SIK2 activity by insulin during feeding (23) (Fig-
ure 2C). Interestingly, in liver of SIK2i mice, reduced amounts of
Ser89-phosphorylated p300 were detected, indicating that p300 is
probably a direct substrate of SIK2 in vivo (Figure 2C).

We next investigated whether phosphorylation at Ser89 of p300
by SIK2 affected its function. Expression constructs containing a
Gal4 DNA-binding domain fused to either WT p300 (Gal4-WT-
p300) or p300 containing a point mutation at Ser89 to alanine
(Gal4-S89A-p300) were transfected in HepG2 cells (Figure 2D).
Coexpression of SIK2 repressed Gal4-WT-p300 activity by 3-fold
compared with control, while SIK2 had no effect on Gal4-S89A-
p300 activity (Figure 2D). Interestingly, Gal4-S89A-p300 was
more active than Gal4-WT-p300, suggesting that phosphoryla-
tion of p300 by SIK2 represses its transcriptional ability. In sup-
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port of this hypothesis, staurosporine (STS, an inhibitor of SIK2
activity) treatment markedly reduced amounts of Ser89 p300
phosphorylation in cells overexpressing SIK2, and as a result, its
transcriptional activity was increased (Figure 2E). To examine
whether SIK2-mediated phosphorylation directly affected p300
function, we carried out p300 HAT assays using free core his-
tones and p300 that was previously phosphorylated by SIK2 in
HEK293T cells. We observed that the HAT activity of WT p300
was markedly reduced by SIK2-mediated Ser89 phosphorylation
(Figure 2F). In contrast, SIK2 did not affect HAT activity of S89A
p300, indicating that the repression of p300 HAT activity was spe-
cific to the phosphorylation at Ser89. Similar data were obtained
when we used GST-CRTC2, a well-known substrate of p300 (21,
26), instead of free core histones as a HAT substrate, providing
further evidence for a decreased p300 activity in the presence of
SIK2 (Supplemental Figure 2A). This decrease in p300 HAT activ-
ity by SIK2 was specific, since SIK2 was unable to decrease the
HAT activity of several major HAT proteins, such as CBP, PCAF,
and GCNS, known to play an important role in the regulation of
gene transcription (Supplemental Figure 2B). We also carried out
functional p300 HAT assays in vivo (Figure 2G). The decrease in
Ser89 p300 phosphorylation in liver of SIK2i mice (Figure 2C)
was associated with a 2-fold increase in p300 HAT activity (Figure
2G). Therefore, our data suggest that the development of hepatic
steatosis in liver of SIK2i mice could be linked to increased p300
activity, leading to enhanced glycolytic and lipogenic gene tran-
scription through histone and non-histone protein acetylation.
300 and ChREBP co-occupy the L-PK gene promoter in a glucose-depen-
dent manner. To further address the role of p300, we next exam-
ined whether p300 directly interacted with the L-PK promoter
in cultured hepatocytes (Figure 3). ChIP assays revealed that the
recruitment of p300, ChREBP, and RNA polymerase II, in addition
to the acetylation levels of histones H3K9 and H4K8, at the L-PK
promoter were markedly increased after glucose stimulation (Fig-
ure 3A and Supplemental Figure 3, A-C). Together, these events
led to increased ChoRE-luciferase reporter activity (ChoRE-luc:
reporter containing only ChREBP-binding sites) (Figure 3B) as well
as L-PK and Fas gene expression (Figure 3C). Importantly, inhibit-
ing p300 expression decreased the glucose-stimulated association
of ChREBP with the L-PK promoter, demonstrating that p300 is
necessary for the binding of ChREBP to DNA (Figure 3, A and D).
Interestingly, p300 recruitment to the L-PK promoter was also
ChREBP-dependent (Supplemental Figure 4). Indeed, in ChREBP-
deficient hepatocytes (Supplemental Figure 4A), p300 and RNA
polymerase II recruitment as well as acetylated histones H3K9
and H4K8 at the ChoRE-containing region of the L-PK promoter
were not detected, leading to the inhibition of ChoRE-luc activity
and glycolytic and lipogenic gene expression (Supplemental Fig-
ure 4, B-D). Taken together, our observations show that p300 and
ChREBP are required for each other’s ability to bind to the L-PK
promoter. To further determine whether p300 and ChREBP are
simultaneously associated to the L-PK promoter in glucose-treated
hepatocytes, chromatin immunoprecipitated with ChREBP anti-
body was re-precipitated with p300 antibodies in a sequence-ChIP
(seq-ChiP) experiment. L-PK promoter sequences were detected in
hepatocytes re-precipitated with p300 antibodies (Supplemental
Figure 3E). These results suggest that p300 and ChREBP are simul-
taneously associated and co-occupy the L-PK promoter in a glucose-
dependent manner. This ChREBP-p300 interaction was confirmed
in coimmunoprecipitation studies using epitope-tagged p300 and
Volume 120 4319
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Figure 2

SIK2 promotes p300 Ser89 phosphorylation and inhibits p300 activity. (A) Top 2 panels: Coimmunoprecipitation assay from HepG2 cells using
epitope-tagged p300 and SIK2 proteins. The amount of SIK2 recovered from IPs of p300 is shown. Middle 4 panels: Western blot analysis of
p300 with specific anti-phospho-Ser89 antiserum after phosphorylation by SIK2. Bottom 2 panels: Autoradiograph showing phosphorylation of
p300 at Ser89 by SIK2 in an in vitro kinase assay. Data are representative of 3 independent experiments. NS, nonspecific. (B) p300 phosphory-
lation site at Ser89 by SIK2 is conserved across eukaryotic species. (C) Western blot analysis of phosphorylated Ser89 p300 and acetylated
ChREBP levels in liver of USi and SIK2i mice (n = 8 per group). (D) Measurement of Gal4-WT and S89A p300 activity in HepG2 cells overex-
pressing SIK2. Data are the average of 3 independent experiments (mean + SEM; *P < 0.05). (E) Left: Western blot analysis of p300 Ser89
phosphorylation after STS treatment in HepG2 cells. Data are representative of 3 independent experiments. Right: Measurement of UAS-lucif-
erase activity in HepG2 cells overexpressing Gal4-WT-p300 with SIK2 after STS treatment. Data are the average of 3 independent experiments
(mean + SEM; *P < 0.05). (F) Inhibition of p300 HAT activity via phosphorylation at Ser89 by SIK2. WT or S89A p300 were overexpressed in
HepG2 cells with or without a SIK2 expression vector. p300 was then immunoprecipitated and used for HAT assays on core histone proteins.
Data are the average of 3 independent experiments (mean + SEM; *P < 0.05). (G) p300 HAT activity in liver of USi and SIK2i mice (n = 8 per
group; data represent mean + SEM; *P < 0.01).

ChREBP protein (Supplemental Figure 3G). Because the glucose-  p300/ChREBP complex. A seq-ChIP experiment with p300 revealed
mediated recruitment of RNA polymerase II to the L-PK promoter  a 2.8-fold increase in RNA polymerase II seq-ChIP signal at 25 mM
was dependent upon p300 and ChREBP, we next examined whether  glucose (Supplemental Figure 3F). Similar results were found using
RNA polymerase I was also present on the promoter as part of the a ChREBP antibody for the first round of immunoprecipitation
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(data not shown). From the cumulative findings shown in Figure 3
and Supplemental Figure 3, we conclude that RNA polymerase II
is recruited to the L-PK gene promoter in a glucose-dependent man-
ner, as part of a p300/ChREBP complex, which is required for maxi-
mal transcription by glucose.

300 associates and regulates ChREBP transcriptional activity by acet-
ylation. To date, the involvement of p300 via its HAT activity in
the glucose-mediated regulation of ChREBP activity by acetyla-
tion has not been demonstrated to our knowledge. To examine
whether ChREBP can be acetylated, we incubated HepG2 cells
overexpressing epitope-tagged ChREBP with or without a p300
expression vector, in the presence of [3H]acetate for 1 hour. As
shown in Figure 3E, ChREBP is an acetylated protein, and p300
overexpression enhanced this acetylation. Furthermore, coincuba-
tion of HepG2 cells with Lys-CoA-TAT (a cell-permeable p300 HAT
inhibitor) abolished the acetylation of ChREBP by p300 (Figure
3E). These results were confirmed by Western blotting of ChREBP
immunoprecipitated with antiserum that recognized acetylated
lysine, which showed that acetylated ChREBP levels were elevated
in cells overexpressing p300 (Supplemental Figure 3G). In addi-
tion, acetylation levels of ChREBP were increased in liver of SIK2i
mice, concomitantly or concurrent with upregulation of p300
HAT activity (Figure 2, C and G). In a seq-ChIP experiment, we
demonstrated that ChREBP was highly acetylated on the L-PK
promoter in response to glucose stimulation and found that p300
overexpression increased its acetylation (Figure 3D and Supple-
mental Figure 3H). In addition, we found that ChREBP was only
acetylated in the nucleus of hepatocytes upon glucose stimulation,
when it associated with p300 (data not shown). Then, to determine
whether the HAT activity of p300 is important for the regulation
of ChREBP function by acetylation, we examined the effect of
p300 overexpression on Gal4-ChREBP transactivation potency in
HepG2 cells. Overexpression of p300 significantly enhanced Gal4-
ChREBP transactivation activity, and this effect was abolished by
coincubation with Lys-CoA-TAT or by overexpression of a catalyti-
cally inactive p300 mutant in which the HAT domain was deleted
(Figure 3E and Supplemental Figure 4E). To further determine the
functional specificity of p300 HAT activity in ChREBP function,
we examined the recruitment of p300, CBP, GCNS5, and PCAF to
the L-PK promoter by ChiP studies in hepatocytes. Although the
recruitment of CBP on the L-PK promoter was slightly increased,
there was no association of GCNS and PCAF to the L-PK pro-
moter in response to glucose stimulation (Supplemental Figure
5B). Then, to test whether these HATs were able to acetylate and
regulate ChREBP activity, we performed in vitro acetylation stud-
ies. ChREBP was acetylated by p300 and to a lesser extent by CBP,
but not by GCNS or PCAF (Supplemental Figure SA). However, as
expected, histones were robustly acetylated by all of these acety-
lases (Supplemental Figure 5A). In contrast to p300 overexpres-
sion, ChREBP transactivation potency (i.e., ChREBP occupancy
to the L-PK promoter, Gal4-ChREBP, and ChoRE-luc activities)
was not increased upon GCNS and PCAF overexpression and only
modestly increased by CBP. These results suggest that p300 and to
alesser extent CBP, but not GCNS and PCAF, are directly involved
in the glucose-dependent induction of ChREBP by acetylation,
suggesting functional specificity of acetylases in the regulation of
ChREBP transcriptional activity.

Pp300-mediated acetylation of ChREBP at Lys672 increases its DNA bind-
ing activity. To further define the functional role of ChREBP acety-
lation, we identified acetylated lysine (K) residues using tandem
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mass spectrometry (MS/MS). Flag-tagged ChREBP was expressed
in HEK293T cells and was acetylated by p300 (Figure 4 and Supple-
mental Figure 6). The MS/MS analysis revealed that K658, K672,
and K678 located in the DNA-binding domain of ChREBP were
the major sites acetylated by p300 (Figure 4A). The total cover-
age of peptides for all the ChREBP MS/MS analysis is depicted
in Supplemental Figure 6A and was about 46% when trypsin was
used for digestion. To confirm these results, we cotransfected cells
with plasmids coding for p300 and either WT ChREBP or one
of the acetylation-defective ChREBP mutants (ChREBP K658R,
K672R, and K678R). ChREBP acetylation levels were significantly
reduced in K658R, K672R, and K678R mutants compared with
WT ChREBP, indicating that these particular lysines are targeted
by p300 for acetylation in vitro (Figure 4B and Supplemental Fig-
ure 6B). It is important to note that K658R, K672R, and K678R
mutations in ChREBP did not change the capacity of p300 to
interact with ChREBP (Figure 4B). Next, we determined whether
acetylation of ChREBP affected its transactivation ability by analyz-
ing ChoRE-luc activity in the presence of the K658R, K672R, and
K678R mutants. The K672R mutant was the only one to drasti-
cally decrease ChREBP activity stimulated by p300 compared with
WT (Figure 4A). This result indicates that ChREBP transactivation
activity is increased when ChREBP is acetylated by p300 at K672.
Acetylation of transcription factors often alters their activity
dependent on the functional domains that are modified (27). In
the case of ChREBP, Lys672, which has a high impact on ChREBP
transcriptional activity in response to p300, is located within
the basic region of the DNA-biding domain (Figure 4A) and is
adjacent to two arginine (R) residues (R673 and R674) previ-
ously described to be important to support the glucose response
by ChREBP (28). Indeed, mutation of R673 and R674, respec-
tively, to alanine and glutamine totally abolished the binding of
ChREBP to its target gene promoter and inhibited its transcrip-
tional activity. This ChREBP mutant works as a dominant nega-
tive form (ChREBP DN) in hepatocytes (28). Given that K672 is
localized contiguously to these two arginines, we checked whether
this specific acetylation site could influence ChREBP DNA-bind-
ing activity. To assess this possibility, we performed ChIP analysis
on the L-PK promoter using ChREBP DN as a negative control
(Figure 4, C-E). As expected, p300 overexpression, by increasing
ChREBP acetylation levels, enhanced WT ChREBP occupancy to
the L-PK promoter and consequently potentiated the induction
of L-PK gene expression. In contrast, despite the fact ChREBP DN
was normally acetylated by p300, there was no recruitment of this
mutant to the L-PK promoter in response to p300 overexpression.
As a consequence, ChREBP DN was unable to induce the expres-
sion of L-PK in response to p300 overexpression. Interestingly,
the amount of DNA-bound K672R ChREBP mutant was not
enhanced by p300 overexpression and correlated with decreased
ChREBP acetylation levels (Figure 4, C-E). Under this condition,
K672R ChREBP was unable to induce L-PK expression when p300
was overexpressed. However, it is interesting to note that DN or
K672R ChREBP is still able to interact with Mlx after p300 overex-
pression, confirming that the lack of LPK expression is the result
of a decreased recruitment of these mutants to the ChoRE of the
L-PK promoter rather than a modification in the heterodimer
formation at the promoter. To further assess the transcriptional
activities of K672R and DN ChREBP mutants, we used a different
functional assay that allowed us to measure the activity of these
mutants relative to WT ChREBP (Supplemental Figure 6C). In
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Figure 3

p300 promotes fatty acid synthesis through the regulation of ChREBP
activity by acetylation. Effects of p300 overexpression or p300 silenc-
ing on glucose and lipid metabolism in hepatocytes incubated in the
presence of insulin (100 nM) and either 5 or 25 mM glucose (G5 or
G25) for 18 hours. (A) ChIP assay showing p300 and ChREBP recruit-
ment to the L-PK promoter following treatment with glucose. Data are
the average of 3 independent experiments (mean + SEM; *P < 0.05).
(B) ChoRE-luc reporter activity in HepG2 cells. Data are the average
of 5 independent experiments (mean + SEM; *P < 0.05). (C) Relative
expression of genes encoding LPK and FAS measured by quantita-
tive PCR (data represent mean + SEM of 3 independent experiments;
*P < 0.01). (D) Western blot analysis of p300 and acetylated ChREBP
levels. Data are representative of 3 independent experiments. (E) Left:
HepG2 cells overexpressing epitope-tagged p300 and ChREBP pro-
teins were incubated 1 hour in the presence of [3H]acetate. FLAG-
ChREBP was immunoprecipitated. An autoradiogram of 3H-acetylated-
FLAG-ChREBP is shown. Data are representative of 3 independent
experiments. Right: ChREBP transcriptional activity was measured in
HepG2 cells overexpressing p300 and a Gal4-ChREBP fusion protein.
Transcriptional activity was calculated from a ratio of luciferase to f3-gal
activities. Experiments were carried out in triplicate. Data represent
mean + SEM; *P < 0.01. (F) Oil red O staining of neutral lipids. Original
magnification, x200. Data are representative of 3 independent experi-
ments. (G) TG concentrations. Data are representative of 3 indepen-
dent experiments. Data represent mean + SEM; *P < 0.01.

this competition assay (28), a constant amount of WT ChREBP
was inhibited by transduction of cells with either ChREBP DN
or K672R mutants. Interestingly, overexpressing ChREBP DN
or K672R inhibited in a dose-dependent manner the capacity
of WT ChREBP to induce ChoRE-luc activity under both basal
and p300 overexpression conditions. Finally, we tested the role of
K672 acetylation in the glucose-dependent regulation of ChREBP
transcriptional activity in hepatocytes (Figure 4, F-I). Acetylation
of the ChREBP K672R mutant and its recruitment to the L-PK
promoter were significantly reduced in response to glucose treat-
ment compared with WT ChREBP (Figure 4F and Supplemental
Figure 6D). As a consequence, L-PK expression and TG synthesis
were reduced (Figure 4, H and I). Taken together, our results dem-
onstrate that the p300-mediated acetylation of ChREBP within
its DNA-binding domain at K672 promotes its recruitment to the
ChoRE of the L-PK promoter.

300 is a rate-limiting transcriptional coactivator in the regulation of fatty
acid synthesis in hepatocytes. Since p300 is recruited to the L-PK pro-
moter in a glucose-dependent manner and plays an important role
in the regulation of ChREBP activity by acetylation, the function of
p300 in the regulation of glycolytic and lipogenic gene expression
and fatty acid synthesis was analyzed by testing the effects of p300
overexpression or inhibition in cultured hepatocytes. Overexpres-
sion of p300 increased whereas its downregulation significantly
decreased the amount of acetylated ChREBP (Figure 3D and Sup-
plemental Figure 3H). As a consequence, p300 silencing resulted in
a substantial decrease in both LPK and FAS expression in response
to glucose, whereas p300 overexpression enhanced their expres-
sion (Figure 3C). In functional reporter assays, overexpression of
p300 significantly increased ChREBP transactivation (increase in
ChoRE-luc reporter activity), whereas inhibition of p300 expres-
sion prevented this effect (Figure 3B). Interestingly, inhibition
of p300 expression in hepatocytes led to decreased fatty acid and
TG synthesis (Figure 3, F and G), whereas p300 overexpression
increases their cellular content. Addition of Lys-CoA or curcumin
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(a specific p300 inhibitor) to cultured hepatocytes confirmed these
results (Supplemental Figure 7), by reducing the amount of acety-
lated ChREBP (Supplemental Figure 7, A and E), ChoRE-luc activ-
ity (Supplemental Figure 7, C and G), expression of glycolytic and
lipogenic genes and TG concentrations in response to glucose and
insulin (Supplemental Figure 7, B, D, F, and H). To our knowledge,
our study is the first to report the absolute requirement of p300 in
the ChREBP-mediated glucose effect on glycolytic and lipogenic
genes to promote fatty acid synthesis.

300 mediates the SIK2-elicited inhibition of CoOREBP-dependent induc-
tion of lipogenesis in hepatocytes. We further tested the possibility that
SIK2-mediated repression of lipogenesis was directly linked to the
inhibition of p300 HAT activity and consequently to the inhibi-
tion of ChREBP activity. As shown in Figure 5, A and B, inhibi-
tion of SIK2 expression in cultured hepatocytes decreased p300
S89 phosphorylation, enhanced p300 HAT activity, and increased
the recruitment of ChREBP to the L-PK promoter (Figure SC and
Supplemental Figure 8A). As a consequence, p300 HAT activation
enhanced the acetylation of H3K9 and H4K8 and ChREBP and
increased ChoRE-luc activity in response to glucose stimulation
(Figure 5, Aand D, and Supplemental Figure 8, B and C). However,
coinhibition of p300 expression with SIK2 in hepatocytes success-
fully counteracted the stimulatory effect observed in SIK2i-treated
cells, by decreasing ChREBP acetylation and transcriptional activi-
ty, as demonstrated by decreased ChoRE-luc activity, glycolytic and
lipogenic gene expression, and fatty acid synthesis (Figure 5, A, C,
D, and E, and Supplemental Figure 8, B, D, and E). Finally, to con-
firm these results, we cotransfected HepG2 cells with either WT or
S89A p300 in the presence or absence of SIK2 in a Gal4-ChREBP
reporter assay. As expected, both the WT and S89A mutant of
p300 enhanced Gal4-ChREBP and ChoRE-luc activity by increas-
ing ChREBP acetylation levels (Figure 5, G-I). Coexpression of
SIK2 repressed WT p300-mediated induction of Gal4-ChREBP
and ChoRE-luc activity by 3-fold (Figure 5, H and I). However, the
effect of SIK2 overexpression on Gal4-ChREBP reporter activity
was abolished in cells cotransfected with the S89A p300 mutant.
These results strongly correlate with the fact that SIK2 is unable
to inhibit S89A p300 HAT activity by phosphorylation to prevent
ChREBP activation by acetylation (Figure 5G). Finally, reduced
hepatic TG levels caused by SIK2 overexpression were restored
to normal levels when the S89A mutant of p300 was coexpressed
(Figure 5J). These results demonstrate that the phosphorylation
at Ser89 and subsequent inhibition of p300 activity were the key
events leading to the downregulation of ChREBP activity in SIK2-
overexpressing hepatocytes.

Dysregulation of p300 activity in vivo leads to the development of hepatic
steatosis, inflammation, and insulin resistance. Together, our data
showed so far that p300 may participate in the development of
hepatic steatosis in liver of SIK2i mice, particularly by enhanc-
ing glycolytic and lipogenic gene transcription via the modula-
tion of ChREBP activity by acetylation. These results suggest that
decreased SIK2 activity in states of insulin resistance could be
responsible for the upregulation of fatty acid synthesis, leading
to the development of hepatic steatosis. In the present study, we
found that SIK2 kinase activity, which is physiologically activated
by insulin (23) and inhibited by glucagon (29), was downregulated
in liver of fed ob/ob mice or mice fed on a high-fat diet (HFD) for
4 months (Supplemental Figure 9A). These two mouse models of
obesity and type 2 diabetes showed severe hepatic insulin resis-
tance as demonstrated by fasting hyperglycemia (82.5 + 6.4 for
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Figure 4

Acetylation of ChREBP at Lys672 increases its binding to the DNA.
(A) Top: Localization of ChREBP acetylation sites in its DNA-bind-
ing domain. Bottom: Effect of single point mutation of ChREBP
acetylation sites on ChoRE-luc reporter activity in HepG2 cells over-
expressing p300. (B) HepG2 cells transfected with p300 and with
acetylation-deficient FLAG-ChREBP mutants. FLAG-ChREBP was
immunoprecipitated, and acetylated ChREBP was detected by West-
ern blot. (C) Acetylation levels of WT, DN, or K672R ChREBP by p300
in HepG2 cells. Mlk (Max-like protein X) is a ChREBP heteropartner
required for ChREBP transcriptional activity in hepatocytes. (D) ChIP
assay showing the effect of K672R mutation on ChREBP recruitment
to the L-PK promoter following p300 overexpression in HepG2 cells.
(E) Effect of K672R ChREBP mutant on L-PK expression in HepG2
cells overexpressing p300. (F) Acetylation levels of WT, DN, or K672R
ChREBP in hepatocytes incubated with insulin and 5 or 25 mM glucose.
(G) ChIP assay showing the effect of K672R mutation on ChREBP
recruitment to the L-PK promoter in hepatocytes incubated with insulin
and either 5 or 25 mM glucose. (H) Effect of K672R ChREBP mutant
on LPK expression in hepatocytes incubated with insulin and either
5 or 25 mM glucose. (I) Effect of K672R ChREBP mutant on TG syn-
thesis in hepatocytes incubated with insulin and either 5 or 25 mM glu-
cose. In this figure, data are the average of 3 independent experiments
(mean = SEM; *P < 0.01).

chow diet vs. 145.4 + 3.12 mg/dl for HFD, P < 0.05; and 88.4 + 3.4
for ob/+vs. 245.8 + 8.5 mg/dl for ob/ob, P < 0.02), hyperinsulinemia
(Supplemental Figure 9B), and the inability of insulin to stimulate
Akt phosphorylation (Supplemental Figure 9, C and D). In the fed
state, ob/ob and HFD-fed mice also displayed increased plasma glu-
cagon concentrations and liver PKA activity when compared with
ob/+and chow diet-fed mice, respectively (Supplemental Figure 9,
B and E). Together, the data indicate that decreased hepatic insulin
signaling and enhanced PKA activity inhibited SIK2 kinase activ-
ity in these two models. Since decreased SIK2 activity is associated
with reduced p300 Ser89 phosphorylation (Supplemental Fig-
ure 9, C and D), p300 HAT activity was enhanced in these mouse
models, increasing ChREBP acetylation levels and lipogenesis
when compared with control mice (Supplemental Figure 9, C, D,
and F). Overall, our results demonstrate that enhanced p300 HAT
activity in states of obesity and insulin resistance, as a result of
decreased SIK2 kinase activity, is correlated with the development
of hepatic steatosis. Thus, we finally tested whether dysregulation
of p300 activity in vivo could indeed lead to the development of
fatty liver. Adenovirus-mediated overexpression of p300 led to
severe hepatosteatosis (Figure 6A), with marked accumulation
of large lipid droplets and higher TG and NEFA concentrations
compared with GFP-overexpressing mice (Figure 6, A and D, and
Supplemental Figure 10A). p300 overexpression enhanced both its
HAT activity and recruitment to the L-PK promoter (Figure 6C and
Supplemental Figure 10B). As a consequence, p300 overexpression
increased H3K9 and ChREBP acetylation levels (Figure 6, B and G),
increased ChREBP occupancy to the L-PK promoter (Figure 6G),
and enhanced L-PK, Acl, Acc, and Fas gene expression, with no
change in mRNA expression levels of either ChREBP or SREBP-1¢
(Figure 6E and Supplemental Figure 10C). By enhancing the
induction of ACL and lipogenesis, p300 overexpression increased
the synthesis of acetyl-CoA (Figure 6F and Supplemental Figure
10C), which is used to acetylate histone H3K9 and ChREBP to
promote fatty acid synthesis and development of hepatic steatosis.
However, increased acetyl-CoA content only affected a select set of
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substrates, since the acetylation of tubulin was unchanged when
p300 was overexpressed (Supplemental Figure 10B). Importantly,
all of these effects were reversed by SIK2 co-overexpression. Indeed,
SIK2- and p300-overexpressing mice were almost entirely protect-
ed from nonalcoholic fatty liver disease (NAFLD), showing lipid
droplets that were smaller in number and diameter and a reduc-
tion in both TG and NEFA concentrations (Figure 6, A and D,
and Supplemental Figure 10A). SIK2 overexpression inhibited
p300 HAT activity by increasing its Ser89 phosphorylation (Fig-
ure 6, B and C) and decreased its recruitment to the L-PK promoter
(Supplemental Figure 10B). In agreement with the observation
that SIK2 protects from p300-mediated hepatic steatosis, we found
that SIK2 and p300 co-overexpressing mice presented lower ace-
tyl-CoA concentrations (Figure 6F), decreased H3K9 and ChREBP
acetylation levels (Figure 6, B and G), and, as a consequence,
reduced glycolytic and lipogenic gene expression (Figure 6E and
Supplemental Figure 10C). Together, these data demonstrated
that increased SIK2 activity leads to the significant improvement
of hepatic steatosis and dyslipidemia induced by p300.

Consistent with the development of hepatic steatosis, p300
overexpression increased plasma glucose, insulin, TG, and NEFA
concentrations, whereas SIK2 co-overexpression restored these
parameters to GFP control levels (Figure 6, D and E, Figure 7A,
and Supplemental Figure 10A). Based on reports showing that
liver and peripheral insulin resistance can also be a direct conse-
quence of NAFLD (reviewed in ref. 5), we next examined whether
glucose tolerance and insulin sensitivity differed between GFP-
and p300-overexpressing mice (Figure 7A). Consistent with the
development of hepatic steatosis, p300-overexpressing mice
became largely glucose intolerant and insulin-resistant compared
with GFP-overexpressing mice (Figure 7A). In particular, p300
overexpression led to the development of liver insulin resistance
characterized by decreased Akt phosphorylation (Figure 6B) and
reduced glycogen content in the fed state (Supplemental Figure
10F). As a result of the state of insulin resistance, Ser171 CRTC2
phosphorylation decreased (Figure 6B), and Pepck and G6Pase
gene expression was upregulated in livers of p300-overexpressing
mice, leading to the development of postprandial hyperglycemia
(Figure 7, A and B). However, SIK2 overexpression, by preventing
fat accumulation, totally protected mice from the effects of p300
overexpression. Area under the curve of oral glucose tolerance
and insulin tolerance tests (OGTT and ITT) revealed an improve-
ment in both glucose tolerance and insulin sensitivity in mice
co-overexpressing SIK2 and p300 (Figure 7A). SIK2 overexpres-
sion increased phosphorylation of CRTC2, and as a result expres-
sion of Pepck and G6Pase was strongly reduced, corroborating the
improvement of hepatic insulin sensitivity and glucose tolerance
(Figure 6B and Figure 7, A and B).

Since hepatic steatosis is generally associated with inflamma-
tion, known markers of inflammatory response were measured
in p300-overexpressing mice. Circulating levels of IL-6, resistin,
and TNF-a, regulated by NF-kB, itself activated by dietary lipids
(30), were significantly enhanced in p300-overexpressing mice
(Supplemental Figure 10D). In comparison, SIK2-overexpressing
mice exhibited significantly lower levels of inflammatory mark-
ers. Interestingly, p300 was previously described to enhance NF-kB
activity (31) and to increase the secretion of IL-6 (32). To evaluate
whether NF-kB was downregulated by SIK2-mediated inhibition
of p300 function, we examined NF-kB activity by using a lucifer-
ase reporter gene assay under the transcriptional control of NF-xB
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Figure 5

SIK2 regulates ChREBP transactivation activity through p300 phosphorylation. (A-F) Effects
of SIK2 and p300 silencing on glucose and lipid metabolism were studied in hepatocytes
incubated in the presence of insulin (100 nM) and either 5 or 25 mM glucose for 18 hours.
(A) Levels of p300 Ser89 phosphorylation and acetylated ChREBP. Data are representa-
tive of 3 independent experiments. (B) Relative p300 HAT activity in hepatocytes incubated
with 25 mM glucose and 100 nM insulin. Data are the average of 3 independent experi-
ments (mean + SEM; *P < 0.05). (C) ChREBP recruitment to the ChoRE-containing region
of the L-PK promoter. Data are the average of 3 independent experiments (mean + SEM,;
*P < 0.05). (D and E) ChoRE-luc reporter activity and L-PK and Fas expression measured
by quantitative PCR. Data are the average of 3 independent experiments (mean + SEM,;
*P < 0.05). (F) Hepatic TG concentrations. Data are representative of 3 independent experi-
ments (mean + SEM; *P < 0.01). (G-1) HepG2 cells were transfected with either WT or S89A
p300 expression vector with or without SIK2. (G) ChREBP acetylation levels. The amount of
total ChREBP and p300 is shown. Data are representative of 3 independent experiments.
(H and I) Gal4-ChREBP transactivation and ChoRE-luc activities. Data are representative of
3 independent experiments (mean + SEM; *P < 0.05). (J) TG content. Data are representa-
tive of 3 independent experiments (mean + SEM; *P < 0.05).
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and oil red O staining of liver sections. Original magnification, x200 (n

=6 per group). (B) Western blot analysis of p300 and SIK2 protein content,
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mean + SEM; *P < 0.01). (F) Acetyl-CoA concentrations (n = 6 per group; *P < 0.01). (G) ChREBP recruitment and levels of acetylated H3K9 on
the L-PK promoter measured by ChIP studies (n = 8 per group; *P < 0.05).

response elements (Figure 7C). Both WT and S89A p300 overex-
pression enhanced IL-6- (data not shown) and TNF-a-mediated
activation of NF-kB in HepG2 cells (Figure 7C). In contrast, the
TNF-a- and IL-6-mediated stimulation of NF-kB was lower in

HepG2 cells overexpressing SIK2 and WT p300 but not in HepG2
cells coexpressing SIK2 and S89A p300 (Figure 7C). In addition,
the amount of transaminases ALAT and ASAT was decreased in
mice co-overexpressing SIK2 and p300 (Supplemental Figure

The Journal of Clinical Investigation  http://www.jci.org  Volume 120  Number 12 December 2010 4327



research article

A 400 120 T
= B GFP
= 350 100
2 —&— p300 150 * 500 *
g’ 300 h\ -3¢ - P300 + SIK2 .
E 80 5120 400
o 250 D =
7 52 =2 =
g 200 °" 60 E 90 5300
=)
5 150 40 \ihd--_..‘__ HEE £ 60 £ 200
B 100 o o ]
8 5 20 £ a0 = 100
B (0]
0+ T T T v : ] 0 0 0
0 15 30 45 60 90 120 0 15 30 45 60 90 GFP  p300 p300 GFP  p300 p300
Time (min) Time (min) SIK2 SIK2
B C
% 5 @ 25 12000 Clpes
- 2 { BTNF-
E 4 E 2 g 10000
< T 8000 4
é 3 :zl:C 15 g
6000 A
E E 4 =
2 X D 4000
3] o] g
a1 « OS5 * % 20001
S & 9 04
GFP  p300  p300 GFP p300  p300 SIK2 - - ++4+ -- 4+ -- ++
SIK2 SIK2 WTp300 -- -- +4 ++4+ =-=- =-=
S89AP300 -- -- -- -- ++ ++
Figure 7

p300 overexpression impairs liver glucose homeostasis and leads to the development of glucose intolerance and insulin resistence. Mice were
injected with p300- and/or SIK2-overexpressing adenovirus and studied 7 days later in the fed sate. (A) Left: OGTT and ITT. Right: Postprandial
blood glucose and insulin concentrations (n = 6 per group; *P < 0.01). (B) Relative Pepck and G6Pase gene expression (n = 6 per group; *P < 0.01).
(C) NF-kB—luc reporter gene assay. HepG2 cells were transfected with a NF-kB—luc reporter vector and stimulated with 10 ng/ml TNF-c.. Lumines-
cence was measured 6 hours after TNF-a incubation. Data are representative of 3 independent experiments (mean + SEM; *P < 0.05).

10E). In summary, SIK2, by promoting p300 Ser89 phosphoryla-
tion, protects liver from excess fat accumulation, inflammation,
damage, and consequently insulin resistance, beneficial effects in
obesity and type 2 diabetes.

Discussion

In the search for a candidate kinase that plays a role in hepatocyte
energy metabolism, SIK2 appeared interesting due to its abundant
expression with unknown function in liver (22). SIKs share several
substrates with AMPK, as in the case of Ser171 of CRTC2 (33),
and have been previously implicated in the molecular control of
hepatic glucose production and in protection from metabolic syn-
drome (23,29, 34). In the present study, we demonstrate that SIK2
activity is inhibited in the liver in two independent mouse models
of obesity and type 2 diabetes (0b/ob and HFD-fed mice) and con-
sequently can be associated not only with elevated blood glucose
levels (23) but also with the development of hepatic steatosis. In
support of this hypothesis, using both SIK2 overexpression and
knockdown approaches, we revealed its involvement in the repres-
sion of genes critical for fatty acid and TG synthesis. Importantly,
we found that SIK2 overexpression protects from liver damage
induced by chronic exposure to HFD during obesity and type 2
diabetes, via p300 Ser89 phosphorylation and subsequent inacti-
vation of p300 HAT activity (Figure 8).

First, we propose that the formation of the glucose-sensing
complex on glycolytic and lipogenic gene promoters may allow
the coactivator p300 to form a bridge with the basal transcrip-
tional apparatus, thus physically assisting the recruitment of RNA
polymerase II, as has been previously described in other models
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(13). Indeed, p300 was recruited to the L-PK promoter in a glu-
cose-dependent manner, promoting ChREBP as well as histone
H3K9 and H4K8 acetylation. Importantly, we show here that
SIK2 impacts ChREBP posttranscriptionally through the regula-
tion of p300 HAT activity. Interestingly, increased occupancy and
acetylation of ChREBP at the L-PK promoter after treatment with
high-glucose concentrations were largely attenuated by down-
regulation of p300 function through SIK2-mediated Ser89 p300
phosphorylation. Taken together, our results demonstrate that
p300 coactivates glucose-mediated ChREBP induction of glycolyt-
ic and lipogenic gene expression by acetylating both histone and
ChREBP itself, which may contribute to increased association of
ChREBP and RNA polymerase I with the promoter. Significantly,
we demonstrate, for the first time to our knowledge, that acetyla-
tion of ChREBP by p300 constitutes a regulatory mechanism for
ChREBP-dependent transcription. The major ChREBP acetylated
site is K672 located within its DNA-binding domain. Mutation of
ChREBP K672 resulted in decreased DNA binding and transacti-
vation activity, indicating that acetylation of ChREBP is required
for its capacity to interact with its target gene promoters. This
observation correlates with previous reports showing that increas-
ing acetylation within the DNA-binding domain of transcription
factors such as p53 (19), Nrf2 (35), or HNF4 (36) enhances their
binding to the DNA, allowing an increase in their transcriptional
activity. Although K672 was identified as the major acetylation
site for ChREBP, K658 and K678 were also shown to be acetylated.
However, single mutation at these sites did not affect ChREBP
transcriptional activity. Interestingly, recent studies demonstrat-
ed that acetylation of p53 at different lysines residues affected
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line of evidence, we show that downregulation of p300 activ-
ity, through SIK2-mediated Ser89 phosphorylation resulted
in a marked decrease in expression of ChREBP target genes,
which therefore decreased TG levels. Each of these changes
results in improved lipid profiles that may reduce the prob-
ability of NAFLD. However, in this model, it would be inter-
esting to determine the contribution of the transcription
factor SREBP-1c, which is also regulated by acetylation in a
p300-dependent manner (39). Indeed, several studies dem-
onstrated that upregulation of SREBP-1c activity is associ-
ated with the development of hepatic steatosis (40).
Because the phosphorylation of p300 at Ser89 inhibits
its intrinsic HAT activity directly, it may also affect p300
transcription coactivator function in different systems.

Hepatic glucose intolerance | [ Hepatic inflammation | | Hepatosteatosis ‘

These observations suggest that the SIK2-mediated p300
Ser89 phosphorylation may have a broader effect on the

»~

Y

Insulin resistance

Figure 8

Model of SIK2 actions on the regulation of p300 HAT activity, linking dietary

lipids, hepatosteatosis, hepatic inflammation, and glucose intolerance.

different biological processes. Acetylation of p53 at K120 in the
DNA-binding domain is crucial for apoptosis but is dispensable
for cell-cycle arrest (37). Likewise, acetylation at K658 and K678
in ChREBP may have different functional outcomes and may
selectively play a role in the regulation of subsets of target genes
involved in different metabolic pathways other than lipogenesis.
Therefore, in the future, it will be important to determine, in
states of obesity and type 2 diabetes, whether ChREBP acetyla-
tion is generally increased or whether this acetylation occurs at
specific sites, allowing ChREBP to be recruited selectively to its
target gene promoters.

Overall, the present results suggest that modulation of p300
HAT activity by SIK2 in liver could be an attractive approach to
relieve symptoms associated with NAFLD. Hepatic de novo lipo-
genesis, together with expression of genes in this pathway, are
increased in NAFLD patients (38). As a master regulator of fatty
acid synthesis, ChREBP was suggested to be involved in the devel-
opment of this disease by contributing to the onset of fatty liver
phenotypes (9). Liver-specific silencing of ChREBP expression in
ob/ob mice resulted in a decrease in liver and serum lipid levels and
in an improvement in metabolic profiles (9) that are reminiscent
of the phenotype resulting from inhibition of p300 function in
liver of SIK2-overexpressing mice. Cotransfection of SIK2 with
a non-phosphorylable form of p300 at Ser89 efficiently reversed
the inhibitory effect of SIK2 on glycolytic and lipogenic genes and
TG synthesis. In addition, while acetylation and deacetylation of
ChREBP are dynamic processes under normal physiological con-
ditions (Supplemental Figure 10G), so that acetylated ChREBP
levels are transiently elevated in response to feeding to activate
ChREBP signaling pathway in hepatocytes, constitutively elevated
ChREBP acetylation levels are also associated with pathologi-
cal states of hepatic steatosis (Supplemental Figure 10G). This
increase in p300 HAT activity and hyperacetylation levels in state
of obesity and type 2 diabetes through the decrease in SIK2 kinase
activity may explain dysregulation of energy homeostasis. In this
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transcription events involving p300. As a consequence, the
regulation of transcription pathways aside from lipogen-
esis by SIK2 may go through inhibiting p300 acetylation
of other transcriptional factors. In this line of evidence, as
previously described by Y. Liu and colleagues (26), p300
inhibition reduced expression of G6Pase and PEPCK and
inhibited hepatic glucose production. Therefore, p300
downregulation contributes to decreased serum glucose
levels and increased insulin sensitivity, which are beneficial
effects in diabetes. In addition, concomitant with the development
of hepatosteatosis, hepatic inflammation is an established risk fac-
tor for the development of hepatic insulin resistance and glucose
intolerance (41), which in turn can stimulate the development
and progression to hepatosteatitis (42). We showed that moder-
ate and systemic SIK2 overexpression also results in protection
from obesity-induced inflammation characterized by a decrease
in IL-6 and TNF-a secretion and by an inhibition of NF-kB activ-
ity through direct regulation of p300 HAT activity. The hepatic
NF-xB signaling pathway is activated by HFD exposure and trig-
gers insulin resistance (30), thereby linking inflammation with
obesity-induced insulin resistance. This observation is supported
by recent findings that link p300 and inflammation. For example,
it has been previously demonstrated that enhancement of p300
activity leads to the activation of the NF-kB signaling pathway and
secretion of the proinflammatory cytokine IL-6 (31). Together,
these finding further indicate that SIK2 also protects liver from
inflammation, through the inhibition of p300 HAT activity.
However, our study did not directly address the question of the
specific action of p300 Ser89 phosphorylation in the regulation
of a select set of p300 substrates. Indeed, in this study, although
we dissected the complexity of SIK2 action on p300 functions in
the liver and studied its effects on glucose and lipid metabolism,
it is possible that the inhibition of p300 function by SIK2 could
still have some effects on many other processes, as revealed by
previous studies (14-17). For example, our analysis confirmed
that SIK2 silencing enhanced H3K9 and H4K8 acetylation in
DNA isolated from the liver at the global level, but the biological
relevance of this modification in metabolism is not clear and will
be an interesting topic for future investigation. Although many
of the changes can be secondary, some others may be directly
linked to p300 Ser89 phosphorylation by SIK2, and their impact
on glucose and lipid metabolism should be carefully investigated
in future studies. Interestingly, p300 Ser89 is localized near an
LXXLL motif. This protein-protein interaction domain has been
Volume 120 4329
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previously described to be important for the function of several
transcription factors, such as PPARy and FOXO1 (43, 44). Thus, it
is possible that phosphorylation of p300 at Ser89 by SIK2 affects
its interaction with a select set of substrates. Nevertheless, further
investigation, ongoing in our laboratory, will be required to ascer-
tain how this specificity is achieved.

Finally, today, it is well accepted that mice with type 2 diabetes
manifest selective hepatic insulin resistance, characterized by an
impaired suppression of gluconeogenesis, while lipogenesis, which
is normally dependent on insulin action, remains fully activated,
producing the deleterious combination of hyperinsulinemia,
hyperglycemia, and hypertriglyceridemia. Despite the insulin-
resistant state, insulin sensitivity seems to be maintained for the
ChREBP pathway, with elevated fatty acid and TG synthesis in the
liver. Interestingly, it was recently proposed that, independently
of this state of insulin resistance, lipogenesis could also be driven
by other factors in the metabolic syndrome (45). Supporting this
hypothesis, in our study, SIK2 appears to be the missing link to
reconcile this apparent paradox of increased lipogenesis in the
state of insulin resistance. First, we recently provided evidence that
SIK2 is directly activated by insulin through Ser358 Akt phosphor-
ylation during refeeding and thus is a direct target of insulin resis-
tance (23) (Supplemental Figure 9A). In addition, in the current
study, we demonstrated that SIK2 inhibited hepatic lipogenesis in
a p300/ChREBP-dependent manner. Consequently, in the state of
insulin resistance, the decrease in SIK2 function enhanced p300
HAT activity and transactivation potency, which in turn promoted
fatty acid synthesis despite decreased Akt activation. Thus, Akt-
mediated insulin regulation of SIK2 activity appears to be a key
component in the integration of both glucose and lipid metabo-
lism in liver during fasting and feeding (Figure 8).

Therefore, taken together, our findings suggest that SIK2 acti-
vators or specific p300 inhibitors, by reducing acetylation at spe-
cific genomic regions, may offer promise for novel therapeutic
approaches for treating hepatic diseases such as NAFLD as well as
obesity-associated metabolic syndrome.

Methods
See Supplemental Methods for details.

Mouse strains and adenoviruses. All procedures involving mice were per-
formed in accordance with Direction départementale des services vétéri-
naires de Paris (Paris, France) guidelines and were approved by the Cochin
Institute IACUC. Adenoviral expression vector and RNAi constructs for
SIK2 shRNA (SIK2i), unspecific shRNA (USi), GFP, p300, and SIK2 were
provided by M. Montminy and Y. Liu (Salk Institute for Biologicals Stud-
ies, La Jolla, California, USA; refs. 23, 26). For nutritional studies, mice were
studied under fed conditions.

Reporter assay. The ChoRE-luc (carbohydrate response element of the
L-pyruvate kinase promoter [ChoRE] luciferase) reporter gene, pNF-
kBLuc (Clontech), Gal4-p300 (WT or S89A mutant), Gal4-ChREBP, and
UASSE1B-TATALUC were described previously (11, 46). The reporter con-
structs used were the PGS luciferase reporter vector, which contains 5 Gal4
DNA-binding sites (PGSLUC, Promega). RSV p-galactosidase plasmid (RSV

f-gal) was used as a control to normalize to DNA transfection. All of the
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syndrome. Lancet. 2005;365(9468):1415-1428.
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adults. Diabetes Care. 2004;27(10):2444-2449.

3. Hirosumi]J, et al. A central role for JNK in obesity and
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obesity, insulin action, and type 2 diabetes. Science.
2004;306(5695):457-461.
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acid synthesis to hepatic steatosis and insulin resis-
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Gal4-p300 constructs are derivatives of the pVR-1012gal4-p300 expression
vector, which expressed full-length p300 fused to the Gal4-DBD as previ-
ously described (46). ChREBP DN (dominant negative ChREBP-R673A/
R674G) and acetylation-defective ChREBP mutants (K658R, K672R, and
K678R) were constructed using the QuikChange Site-Directed Mutagen-
esis Kit from Stratagene.

Cell culture and transfection. Mouse hepatocytes were harvested, cultured,
and infected with adenoviruses as previously described (7). HEK293T
and HepG2 cells were maintained and transfections carried out as
previously described (23).

MS/MS analysis. FLAG-tagged ChREBP (FLAG-ChREBP) was expressed
in HepG2 cells overexpressing p300. Acetylated FLAG-ChREBP was puri-
fied by binding to M2 agarose beads and subjected to MS/MS spectrom-
etry analysis as described previously (47).

ChIP analysis. Primary hepatocytes were cultured for 18 hours in the presence
of 100 nM insulin and either 5 or 25 mM glucose before cross-linking with
1% formaldehyde. ChIP assays were performed as previously described (48).

Proteomic analysis. SIK2 IPs were prepared from HEK293 T cells, and
peptide mixtures were analyzed by multidimensional protein identifica-
tion technology (MudPIT) analysis. Tandem mass spectra were searched
against the most recent versions of the predicted rat, mouse, and human
proteins, to which common contaminants such as keratin and tryp-
sin were added using a modified version of the PEP_PROB algorithm
(htep://bart.scripps.edu/public/search/pep_probe/search.jsp). Search
results were filtered and grouped using DTA Select (http://fields.scripps.
edu/DTASelect/index.html).

Statistics. Results are expressed as mean = SEM. Statistical significance
was assessed using 1-way ANOVA. Differences were considered statisti-
cally significant at P < 0.05. All experiments were performed on at least 3

independent occasions.
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