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Cyclic AMP-responsive element-binding protein 3-like 3, hepatocyte specific (CREBH), is a hepatic transcription factor that
functions as a key regulator of energy homeostasis. Here, we defined a regulatory CREBH posttranslational modification pro-
cess, namely, lysine-specific acetylation, and its functional involvement in fasting-induced hepatic lipid metabolism. Fasting in-
duces CREBH acetylation in mouse livers in a time-dependent manner, and this event is critical for CREBH transcriptional activ-
ity in regulating hepatic lipid homeostasis. The histone acetyltransferase PCAF-mediated acetylation and the deacetylase sirtuin-
1-mediated deacetylation coexist to maintain CREBH acetylation states under fasting conditions. Site-directed mutagenesis and
functional analyses revealed that the lysine (K) residue at position 294 (K294) within the bZIP domain of the CREBH protein is
the site where fasting-induced acetylation/deacetylation occurs. Introduction of the acetylation-deficient (K294R) or acetylation-
mimicking (K294Q) mutation inhibited or enhanced CREBH transcriptional activity, respectively. Importantly, CREBH acetyla-
tion at lysine 294 was required for the interaction and synergy between CREBH and peroxisome proliferator-activated receptor
� (PPAR�) in activating their target genes upon fasting or glucagon stimulation. Introduction of the CREBH lysine 294 muta-
tion in the liver leads to hepatic steatosis and hyperlipidemia in animals under prolonged fasting. In summary, our study reveals
a molecular mechanism by which fasting or glucagon stimulation modulates lipid homeostasis through acetylation of CREBH.

The liver is the central metabolic organ that plays primary roles
in regulating lipid and glucose homeostasis upon alterations of

metabolic conditions (1). Under fasting conditions, the liver
boosts metabolic pathways of energy utilization, and the energy
source is shifted from carbohydrates to triglycerides to meet
the demands of the energy supplies. The major changes in liver
metabolic pathways upon fasting include (i) glycogen utiliza-
tion and gluconeogenesis to increase blood glucose levels and
(ii) the catalysis of triglycerides (TG) in adipose tissue or liver
to fatty acids (FA) and glycerol when the glycogen in liver is
depleted. The released FA are directly oxidized as an energy
source or metabolized to ketone bodies by the liver to supply
energy to the brain, while glycerol is converted into glucose by
the liver (2). Defects in these metabolic pathways may cause
hepatic steatosis and abnormal levels of glucose and lipids in
the blood. Notably, prolonged fasting results in the rapid mo-
bilization of fat and the abnormal accumulation of FA and TG
in the liver, leading to hepatic steatosis (3).

Transcriptional regulation plays a major role in controlling
energy metabolism. Increasing evidence suggests that the regula-
tion of transcription factors via posttranslational modifications,
such as phosphorylation, ubiquitination, glycosylation, and acet-
ylation, plays an important role in transcriptional activity as well
as protein localization and interaction with other cellular part-
ners. Histone acetylation is regulated by lysine acetyltransferases
(KATs), which acetylate histones and promote transcription,
whereas histone deacetylases (HDACs) remove acetyl groups and
silence transcription (4). The balance between these two activities
is a key to the fine-tuned regulation of cellular responses to signals.
Several families of KATs, such as PCAF/GCN5, p300/CBP,
TAF250, SRC1, and TIP60, have been identified (4). CBP and its
related protein, p300 (CBP/p300), as well as PCAF (p300-CBP-
associated factor), are well-characterized histone acetyltrans-
ferases that acetylate transcription factors and act as coactivators

of transcription factors (5). The deacetylase sirtuin-1 (SIRT1) is
known to mediate the nutritional and hormonal modulation of
hepatic energy metabolism through the deacetylation of meta-
bolic regulators. Upon fasting, SIRT1 mediates the deacetylation
of key metabolic regulators, such as PGC1�, Foxo-1, and peroxi-
some proliferator-activated receptor � (PPAR�), to maintain lipid
and glucose homeostasis (6–10).

Cyclic AMP-responsive element-binding protein 3-like 3, he-
patocyte specific (CREBH), is a liver-specific, endoplasmic retic-
ulum (ER)-localized transcription factor of the CREB/ATF family
(11). We and others have defined CREBH to be a stress-inducible
transcriptional activator that is critically involved in inflammation
and metabolism (12–16). Metabolic stress and acute liver injuries
can induce CREBH cleavage, mediated by the site 1 protease (SP1)
and site 2 protease (SP2), the same enzymes that process sterol
regulatory element binding proteins upon the demands of lipid or
sterol biosynthesis (12). The cleaved N-terminal fragment of
CREBH enters into the nucleus and acts as a potent transcription
factor that activates the expression of genes involved in the hepatic
acute-phase response, gluconeogenesis, lipogenesis, FA oxidation,
and lipolysis (12–15, 17, 18). Notably, CREBH interacts with
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PPAR� to synergistically activate the metabolic hormone fibro-
blast growth factor 21 (FGF21) to regulate lipolysis, FA oxidation,
and ketogenesis upon fasting or under an atherogenic high-fat
(AHF) diet (15). Defects in CREBH lead to nonalcoholic steato-
hepatitis (NASH) and hyperlipidemia under an AHF diet or fast-
ing conditions (13–15).

In this study, we investigated the regulatory mechanism and
physiological role of CREBH acetylation in hepatic lipid metabo-
lism upon fasting or glucagon stimulation. Our study demon-
strates that PCAF and SIRT1 are the acetyltransferase and deacety-
lase, respectively, which modulate the acetylation states of CREBH
under fasting conditions. We also reveal the lysine residue respon-
sible for the histone acetylation and deacetylation of CREBH and
the impact of CREBH acetylation on the interaction between
CREBH and PPAR�. Pathophysiologically, we demonstrate that
modulation of CREBH acetylation can significantly affect CREBH
transcriptional activity and lead to the altered lipid homeostasis
associated with hepatic steatosis and hyperlipidemia.

MATERIALS AND METHODS
Materials. Polyclonal anti-acetylated lysine–peroxidase, monoclonal an-
ti-�-actin, and monoclonal anti-Flag–peroxidase antibodies, as well as
anti-Flag affinity gel, were purchased from Sigma (St. Louis, MO). Mouse
monoclonal anti-PPAR� antibody was from Millipore (Billerica, MA).
Polyclonal rabbit anti-CREBH antibody was generated as previously de-
scribed (15). Monoclonal mouse anti-PCAF antibody and monoclonal
anti-lamin B1 antibody were from Santa Cruz Biotech (Dallas, TX).
Monoclonal anti-Myc antibody conjugated with horseradish peroxidase
was from Cell Signaling Technologies (Danvers, MA). Monoclonal anti-
SIRT1 antibody was from Abcam (Cambridge, MA). The plasmid vector
expressing Flag-SIRT1 H363Y was from Addgene (Cambridge MA). The
Flag-tagged CBP and PCAF expression vectors were purchased from Ad-
dgene. The SIRT1 silencer-select small interfering RNA (siRNA) and the
control siRNA were purchased from Invitrogen (Carlsbad, CA).

Mouse experiments. CREBH-null mice in which exons 4 to 7 of the
CrebH gene were deleted were previously described (17). CREBH-null
and wild-type control mice (age, approximately 3 months) on a C57BL/6J
background were used for the experiments. For fasting, CREBH-null and
wild-type control mice were housed in cages containing Pure-o’Cel bed-
ding without food (water was provided) for 6, 12, or 24 h. For adenovirus
injection experiments, recombinant adenovirus expressing the full-length
human CREBH protein (wild type) or the acetylation-deficient (K294R)
mutant protein was injected into CREBH-null mice through the tail vein.
Approximately 1 � 1010 PFU of adenovirus in 0.25 ml phosphate-buff-
ered saline (PBS) was intravenously injected into a mouse with a body
weight of approximately 20 g. Three days after the injection, the animals
were subjected to fasting for the periods of time indicated below before
they were euthanized for tissue and blood sample collection. All the ani-
mal experiments were approved by the Wayne State University IACUC
and carried out under the institutional guidelines for ethical animal use.

Site-directed mutagenesis. Site-directed mutations were introduced
into the putative acetylation site (Lys-294) of human CREBH using a
QuikChange II site-directed mutagenesis kit (Stratagene). The K294R
mutation (where AAG was changed to AGG [where the changed nucleo-
tide is underlined]) or the K294Q mutation (where AAG was changed to
CAG) was achieved by site-directed mutagenesis PCR using a Myc-tagged
human CREBH expression plasmid as the template and the primers de-
scribed in Table S1 in the supplemental material. All constructs were
confirmed by sequencing analysis.

Luciferase assay. A reporter plasmid carrying the FGF21 gene pro-
moter was described previously (15). For luciferase activity measurement,
a dual-luciferase reporter assay system (Promega) was used. Hepa1-6 cells
were transfected with the FGF21 promoter-driven reporter construct and
a plasmid carrying thymidine kinase (TK) promoter-Renilla luciferase,

which was used as a transfection control. Luciferase activities were mea-
sured from cell lysates after 48 h of transfection. Expression was calculated
as the relative firefly luciferase activities normalized by the activities of the
transfection control, Renilla luciferase.

Protein IP and Western blot analysis. The interactions among
CREBH, PPAR�, SIRT1, and PCAF were determined by immunoprecipi-
tation (IP)-Western blot analysis. Mouse liver tissues or cultured cells
were homogenized and lysed with NP-40 lysis buffer containing protease
inhibitor cocktail, as previously described (19). For IP, 200 �g of the
protein lysates was incubated with 3 �g of protein-specific antibody over-
night at 4°C. Immunoprecipitated proteins were resolved by SDS-PAGE,
followed by immunoblotting using the specific antibodies.

Subcellular protein fractionation. To determine the levels and sub-
cellular localization of specific proteins in mouse liver tissues, cell frac-
tionation was carried out using a subcellular protein fractionation kit
(Thermo Scientific). Liver tissue weights were measured, and liver was cut
into small pieces. The tissue pieces were fractionated according to the
instructions supplied with the kit, and nuclear and cytoplasmic fractions
were used for Western blotting or IP-Western blot analysis.

Measurement of lipid metabolites. Liver tissue and blood plasma
samples were isolated from mice that had received normal chow or that
had been fasted. To determine hepatic TG levels, approximately 30 mg
liver tissue was homogenized in PBS followed by centrifugation. The su-
pernatant was mixed with 10% Triton X-100 in PBS for measurement of
TG levels using a commercial kit (BioAssay Systems). Mouse hepatic TG
levels were determined by normalization to the mass of the liver tissue
used for measurement of TG levels. Mouse blood plasma samples were
subjected to analysis for quantitation of TG and free FA levels using com-
mercial kits (BioAssay Systems).

Statistics. Experimental results are shown as the means � standard
errors of the means (SEMs) (to determine the variations between animals
or experiments). All in vitro experiments were repeated with biological
triplicates at least three times. Mean values for biochemical data from the
experimental groups were compared by paired, 2-tailed Student’s t tests.
Statistical analyses of multiple comparisons were performed by analysis of
variance and were analyzed by ad hoc statistical tests when necessary.
Statistical tests with P values of �0.05 were considered significant.

RESULTS
Fasting induces CREBH acetylation in the liver in a time-depen-
dent manner. Recent works have established the roles of the liver-
enriched transcription factor CREBH in maintaining energy ho-
meostasis upon metabolic alterations (12–15, 18). However, the
regulatory mechanism underlying stress-induced CREBH tran-
scriptional activities remains to be determined. To determine
whether CREBH is regulated through posttranslational modifica-
tion, we investigated CREBH activation and acetylation in the
livers of wild-type and CREBH-null mice in response to fasting for
6, 12, or 24 h. Western blot analysis indicated that activation of
CREBH, indicated by the levels of cleaved CREBH protein, was
increased in the livers of mice upon fasting in a time-dependent
manner (Fig. 1A). Upon cellular stress, cleaved CREBH protein
transits into the nucleus, where CREBH is possibly posttransla-
tionally modified before it functions as a transcriptional activator
(12). To test whether the activated CREBH protein is acetylated
upon fasting, nuclear protein fractions isolated from the liver tis-
sues of mice after 6-, 12-, and 24-h fasts were subjected to IP-
Western blot analyses to determine the levels of acetylated CREBH
protein in the nucleus of cells of fasted mouse liver tissues (Fig.
1B). After normalization to the levels of total CREBH proteins, the
levels of lysine-acetylated CREBH protein in the liver cell nuclear
fractions were increased upon fasting in a time-dependent man-
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FIG 1 CREBH is acetylated in the livers of mice upon fasting. Wild-type (WT) and CREBH-null (knockout [KO]) mice were subjected to feeding or fasting for
6, 12, or 24 h before they were euthanized for liver tissue collection. IP and Western blot analysis were performed to determine the levels of acetylated CREBH
protein. (A) (Left) Western blot analysis with mouse liver protein lysates to determine the levels of the CREBH precursor and its cleaved form. Levels of �-actin
as a loading control were determined. (Right) Quantification of the CREBH precursor and activated proteins in the liver tissues of wild-type mice in the fed state
or under conditions of fasting for 6, 12, and 24 h. The CREBH protein signals, determined by Western blotting densitometry, were normalized to the �-actin
signal. The fold changes in the levels of the precursor or activated form of CREBH were determined by comparing the protein signals to those obtained under the
fed condition (defined as 1). (B) (Left) The nuclear protein fractions were prepared from the pooled liver tissues of wild-type and CREBH-null mice (n 	 3 mice
per group) under fed or fasting conditions as described above. The nuclear proteins were immunoprecipitated with the anti-CREBH antibody to pull down the
endogenous CREBH protein complex, followed by immunoblotting (IB) with antibody against acetylated lysine (Ace-K) or CREBH. The two panels at the
bottom show the results of regular Western blot (WB) analyses that determined the levels of CREBH and lamin B1 (a nuclear protein marker) in the liver cell
nuclear protein fractions. (Right) Quantification of the acetylated CREBH protein signals in the pooled liver cell nuclear protein fractions of wild-type mice under
the fed or fasting condition. The acetylated CREBH protein signals, determined by Western blotting densitometry, were normalized to the signal of the total
CREBH protein in the immunoprecipitated protein fractions. The fold changes in acetylated CREBH protein levels were determined by comparison to the
protein signals under the fed condition (defined as 1). (C) Quantitative real-time PCR analysis of expression levels of CrebH mRNA in the livers of wild-type mice
under the fed condition or conditions of fasting for 6, 12, and 24 h. Expression levels were normalized to �-actin mRNA levels. The fold changes in CrebH mRNA
levels were shown by comparison to the CrebH mRNA level in one of the mice under the fed condition. Each bar represents the mean � SEM (n 	 3). *, P � 0.05.
(D) (Left) Hepa1-6 cells were infected with recombinant adenovirus overexpressing the activated form of CREBH. Hepa1-6 cells overexpressing the activated
CREBH were treated with either PBS or glucagon (25 nM) for the indicated times. The nuclear protein fractions isolated from the cells were subjected to
IP-Western blot analysis or Western blot analysis to determine the levels of acetylated CREBH, total CREBH, and lamin B1. (Right) Quantification of the
acetylated CREBH protein signals after normalization to the total CREBH protein signals in the immunoprecipitated protein fractions. The fold changes in
acetylated CREBH protein levels were determined by comparison to the protein signals after PBS treatment (defined as 1).

December 2015 Volume 35 Number 24 mcb.asm.org 4123Molecular and Cellular Biology

http://mcb.asm.org


ner, indicating fasting-induced acetylation of CREBH in the liver
cell nucleus.

Because fasting increases the expression of the CrebH mRNA
and its protein (Fig. 1A and C) (14, 15, 18), we wondered whether
CREBH acetylation is a fasting-regulated event that occurs inde-
pendently of the increased expression of total CREBH protein
upon fasting. To address this question, cells of the mouse liver
hepatoma cell line Hepa1-6 were infected with recombinant ade-
novirus overexpressing the activated form of CREBH and then
challenged with the fasting hormone glucagon or PBS as a control
(Fig. 1D). The adenovirus-based overexpression system enables
similar levels of the activated CREBH protein to be expressed in
the nucleus under glucagon or PBS treatment. IP-Western blot
analysis with the cell nuclear protein fractions expressing activated
CREBH indicated that CREBH acetylation was increased upon
glucagon stimulation in a time-dependent manner (Fig. 1D). This
result confirmed that the increase in CREBH acetylation was reg-
ulated by glucagon stimulation but was not due to increased
CREBH expression.

CREBH is acetylated at lysine 294 of its bZIP domain, and
this event is critical for CREBH transcriptional activity. To iden-
tify putative acetylation sites in CREBH proteins, we referenced
the PhosphoSitePlus database for potential posttranslational
modifications (20). Based on the information in the database, we
identified a conserved lysine (K) acetylation residue in the bZIP
domains of human, rat, and mouse CREBH proteins (Fig. 2A).
This acetylation site is located at K294 in the human CREBH pro-
tein or K290 in the mouse and rat CREBH proteins. It is known
that replacement of the lysine by glutamine results in mimicking
of the acetylation state obtained with lysine, while replacement of
the lysine by arginine is able to block acetylation (21, 22). To
validate the CREBH acetylation site, we introduced two site-di-
rected mutations into the human CREBH protein: (i) K294R,
which created a CREBH acetylation-deficient mutant in which the
K acetylation residue was changed to R, and (ii) K294Q, which
created a CREBH acetylation-mimicking mutant in which the K
acetylation residue was changed to Q to maintain the constitutive
acetylation state. We coexpressed Myc-tagged wild-type human
CREBH or the CREBH K294R or K294Q mutant with Flag-tagged
SIRT1 in Huh7 cells in the presence or absence of an HDAC in-
hibitor cocktail containing trichostatin A (TsA) and nicotinamide
(Nam). IP-Western blot analysis detected lysine-acetylated
CREBH in the cells expressing the wild-type CREBH protein but
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FIG 2 CREBH acetylation at the K294 residue is critical for its transcriptional
activity. (A) Prediction of putative acetylation sites in the CREBH proteins of
human, rat, and mouse species on the basis of information in the Phospho-
SitePlus database (http://www.phosphosite.org/). The conserved acetylated
lysine (K) residue in the bZIP domain of the CREBH proteins is underlined.
This acetylation site is located at K294 in the human CREBH protein or K290
in the mouse and rat CREBH proteins. (B) IP-Western blot analysis of CREBH
with an acetylated lysine (Ac-K) and total CREBH and Western blot analyses of
SIRT1 and CREBH in Huh7 cells coexpressing wild-type human CREBH (K),
acetylation-deficient mutant K294R (R), or acetylation-mimic mutant K294Q
(Q) with SIRT1 in the presence or absence of HDAC inhibitors (Nam plus
TsA). Huh-7 cells were transfected with Myc-tagged CREBH or its derivatives
with Flag-tagged SIRT1. The cells were treated with vehicle or the HDAC
inhibitors (2 �M TsA plus 5 mM Nam) for 2 h. Cell protein lysates were

immunoprecipitated with the anti-Myc antibody to pull down CREBH, fol-
lowed by immunoblotting with anti-acetyl-lysine or anti-Myc antibody to de-
termine the levels of acetylated or total CREBH proteins, respectively. The
bottom two panels show the results of Western blot analyses for determination
of the levels of Flag-tagged SIRT1 and Myc-tagged CREBH in total protein
lysates. (C) Luciferase reporter analysis of trans-activation activities of the
human FGF21 gene promoter by CREBH or its mutants. Hepa1-6 cells were
cotransfected with a plasmid vector expressing wild-type (WT) CREBH or the
K294R or K294Q CREBH mutant and the plasmid vector expressing SIRT1 or
the vehicle. A Renilla reporter plasmid was included in the cotransfection for
normalization of luciferase reporter activities. Non-tr., nontransfected. (D)
Reporter analysis of trans-activation activities of the FGF21 promoter by wild-
type CREBH or K294R in the presence or absence of the HDAC inhibitors.
Hepa1-6 cells were cotransfected with the vector expressing wild-type CREBH
or the K294R mutant. At 48 h after transfection, the cells were treated with
vehicle or HDAC inhibitors (2 �M TsA plus 5 mM Nam) for 2 h. Non-trans,
nontransfected; Vect, vector. In panels C and D, each bar denotes the mean �
SEM (n 	 3 biological repeats). ns, nonsignificant; *, P � 0.05; **, P � 0.01.
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not the CREBH acetylation-mimicking K294Q mutant or the
CREBH acetylation-deficient K294R mutant (Fig. 2B). In the
presence of the HDAC inhibitors, the levels of acetylated CREBH
were increased in the cells expressing the wild-type CREBH pro-
tein, while the acetylated CREBH protein was still not detectable
in the cells expressing the K294Q or K294R mutant (Fig. 2B).
Upon overexpression of the deacetylase SIRT1, the levels of acety-
lated lysine proteins in cells expressing wild-type CREBH were
decreased. However, neither the CREBH mutations nor deacety-
lation modulation (by SIRT1 expression or with HDAC inhibi-
tors) altered the total amount of CREBH or its cleavage activation
process (Fig. 2B, bottom two panels). Taken together, these results
confirm that the K294 residue is the CREBH acetylation site.

FGF21 is a CREBH target gene that contains a conserved
CREBH-binding element in the promoter region (15). To assess
the functional involvement of the K294 acetylation site in CREBH
transcriptional activity, we performed reporter gene expression
analysis with wild-type CREBH or the K294Q or K294R CREBH
mutant and a luciferase reporter driven by the human FGF21 gene
promoter. Compared to the activity of wild-type CREBH, the
K294R mutant exhibited significantly reduced activity in driving
expression of the FGF21 reporter (Fig. 2C). However, expression
of the CREBH acetylation-mimicking K294Q mutant resulted in
maximal activation of the FGF21 gene promoter compared to that
achieved by expression of wild-type CREBH or the CREBH K294R
mutant. Upon coexpression of the deacetylase SIRT1, wild-type
CREBH but not the CREBH K294R mutant displayed significantly
reduced activity in activating the FGF21 promoter (Fig. 2C). In
contrast, the transcriptional activity of the K294Q acetylation-
mimicking mutant was only slightly affected by the coexpression
of SIRT1. These results suggest that acetylation of CREBH at K294
is critical for CREBH to exert its transcriptional activity.

Further, we confirmed the functional significance of CREBH
acetylation at K294 by evaluating the effect of the K294 mutation
on CREBH activity in the presence of the HDAC inhibitors. Com-
pared to the activity of wild-type CREBH, the K294R mutant dis-
played significantly reduced activity in activating the FGF21 pro-
moter in the presence of the HDAC inhibitors (Fig. 2D). However,
in the absence of the HDAC inhibitors or in the presence of SIRT1
overexpression, the difference in the transcriptional activities of
wild-type CREBH and the K294R mutant became insignificant,
thus confirming the critical role of CREBH acetylation at K294 in
CREBH transcriptional activity. The enhanced acetylation of
CREBH in the presence of the HDAC inhibitors or in the absence
of SIRT1 overexpression implies that CREBH acetylation is a dy-
namic process in which SIRT1-mediated deacetylation is in-
volved.

The histone acetyltransferase PCAF but not CBP mediates
CREBH acetylation. Acetylation is regulated by two groups of
enzymes, lysine acetyltransferases and HDACs. CBP/p300 and
PCAF are representative lysine acetyltransferases that mediate the
histone acetylation of transcription factors (4). To identify the
acetyltransferase that acetylates CREBH, we coexpressed Flag-
tagged CBP or PCAF and Myc-tagged wild-type CREBH or the
K294R CREBH mutant in Huh7 cells. After immunoprecipitation
of CREBH, we could detect acetylated CREBH in the cells express-
ing PCAF but not in cells expressing CBP in the presence of the
HDAC inhibitors using an anti-acetyl-lysine antibody (Fig. 3A).
When the acetylation mutation K294R was introduced, overex-
pression of PCAF failed to mediate CREBH acetylation. More-
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CREBH interaction with PCAF or CBP). The bottom two panels showed the
results of Western blot analyses for determination of the levels of PCAF or CBP
(by Flag blotting) and �-actin (loading control). (B) Wild-type and CREBH-
null (knockout [KO]) mice were subjected to feeding or fasting for 6, 12, or 24
h before they were euthanized for liver tissue collection. Liver protein lysates
were immunoprecipitated with the CREBH antibody followed by immuno-
blotting with the PCAF antibody to determine the interaction between CREBH
and PCAF. Liver protein lysates were subjected to Western blot analysis to
determine the levels of PCAF and �-actin. (C) Luciferase reporter analysis of
the trans-activation activities of the human FGF21 gene promoter by wild-type
CREBH or the K294R mutant under conditions of the expression of PCAF or
CBP. Hepa1-6 cells were cotransfected with the plasmid vector expressing
wild-type CREBH or the K294Q mutant and the plasmid vector expressing
PCAF or CBP or the vehicle control (pCMV). A reporter plasmid for Renilla
luciferase was included in the cotransfection for normalization of luciferase
reporter activities. Non-trans, nontransfected; Rep., reporter. Each bar de-
notes the mean � SEM (n 	 3 biological repeats). *, P � 0.05; **, P � 0.01.
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over, IP-Western blot analysis showed that both wild-type
CREBH and the K294R mutant could complex with PCAF but not
CBP, although the K294 mutant showed a reduced affinity of
binding to PCAF (Fig. 3A). These results suggest that it is PCAF
and not CBP that interacts with CREBH and mediates CREBH
acetylation at K294. Note that in the absence of the HDAC inhib-
itors, we detected lower levels of acetylated CREBH in cells ex-
pressing PCAF, confirming that CREBH acetylation is a dynamic
process in which deacetylation coexists. To validate the physiolog-
ical involvement of PCAF in CREBH acetylation in the liver in
response to fasting, we examined the interaction between CREBH
and PCAF in the livers of wild-type and CREBH-null mice in
response to fasting for 6, 12, or 24 h. IP-Western blot analyses
indicated that the interaction between the endogenous PCAF and
CREBH was detectable in the livers of the wild-type mice but not
those of the CREBH-null mice upon fasting (Fig. 3B). Impor-
tantly, the time-dependent pattern of the PCAF-CREBH interac-
tion in the livers in the fasting state is consistent with that of
fasting-induced CREBH acetylation in the liver (Fig. 1B).

Next, we evaluated the functional involvement of PCAF or
CBP in CREBH transcriptional activity through an FGF21 gene
promoter reporter assay. Coexpression of PCAF with wild-type
CREBH significantly induced expression of the luciferase reporter
driven by the FGF21 promoter (Fig. 3C). In contrast, coexpression
of CBP with either wild-type CREBH or the K294R CREBH mu-
tant exerted only marginal effects on activation of the FGF21 pro-
moter. These results confirm that PCAF but not CBP mediates
CREBH acetylation at K294 and that PCAF-mediated acetylation
is critical for CREBH transcriptional activity. Interestingly, the
mutation at K294 did not completely abolish the activity of
CREBH under conditions with the exogenous expression of PCAF
and in the presence of the HDAC inhibitors (Fig. 3C). It is possible
that PCAF targets alternative CREBH acetylation sites under these
conditions, although K294 is the primary acetylation site for
CREBH. This is an interesting question to be elucidated in the
future.

SIRT1 mediates CREBH deacetylation by interacting with
CREBH through its N terminus. The histone deacetylase SIRT1 is
known to modulate energy metabolism through deacetylation of
metabolic regulators (6, 23). To determine the involvement of
SIRT1 in CREBH acetylation states, we investigated the interac-
tion between CREBH and SIRT1 in fasted mouse livers by IP-

Western blot analysis. The interaction between CREBH and
SIRT1 was detectable in the nucleus of fasted mouse liver tissues,
and the interaction was increased upon fasting for 6 and 12 h but
decreased after fasting for 24 h (Fig. 4A). Interestingly, SIRT1 was
localized to both the nucleus and the cytoplasm after a 24-h fast,
when the interaction between CREBH and SIRT1 was decreased.
The decreased association of SIRT1 with CREBH after a 24-h fast
was concomitant with the significantly increased levels of acety-
lated CREBH (Fig. 1B), suggesting that CREBH acetylation states
may be modulated by an acetylation and deacetylation regulatory
loop.

We previously demonstrated that CREBH interacts with
PPAR� to form a functional complex upon fasting (15). We won-
dered whether CREBH, PPAR�, and SIRT1 can be immunopre-
cipitated in the same protein complex from the liver under fasting
states. To address this question, the CREBH-binding complex
from the nucleus of cells from the livers of mice in the fed state or
mice that had been fasting for 6, 12, or 24 h was pulled down by
anti-CREBH antibody and then probed with the antibody against
PPAR�, SIRT1, or CREBH to detect the presence of PPAR�,
SIRT1, and CREBH in the CREBH-binding complex, respectively
(Fig. 4B). While an interaction between CREBH, PPAR�, and
SIRT1 in the livers of mice was barely detectable under the fed
condition, the interactions between CREBH, PPAR�, and SIRT1
in the liver were significantly increased upon fasting for 6 or 12 h.
However, after a prolonged fast for 24 h, SIRT1 was dissociated
with the CREBH-PPAR� complex, while the CREBH-PPAR� in-
teraction was further enhanced (Fig. 4B). This is consistent with
the pattern of the presence of SIRT1 in liver cell nuclei after dif-
ferent periods of fasting (Fig. 4A) and the time-dependent
CREBH acetylation profile upon fasting (Fig. 1B).

To test whether SIRT1 plays a major role in modulating
CREBH acetylation states, we measured the levels of acetylated
CREBH in Hepa1-6 cells expressing a wild-type human SIRT1 or
a dominant negative SIRT1 mutant (the H363Y mutant) in re-
sponse to the stimulation of the fasting hormone glucagon. Ex-
pression of SIRT1 H363Y, in which a critical histidine in the
deacetylase domain of SIRT1 is replaced by a tyrosine residue, can
effectively suppress endogenous SIRT1 activity in both human
and mouse cells (24, 25). IP-Western blot analysis showed that the
levels of acetylated CREBH were increased in the Hepa1-6 cells
expressing the dominant negative SIRT1 H363Y mutant com-

fed state or after a 6-, 12-, or 24-h fast (3 mice per group). The nuclear proteins were immunoprecipitated with the anti-CREBH antibody to pull down the
CREBH protein complex, followed by immunoblotting with antibody against PPAR�, SIRT1, or CREBH. The levels of lamin B1 as the loading control were
determined by Western blotting. (C) IP-Western blot analysis for determination of acetylated CREBH levels in the dominant negative SIRT1 mutant or control
Hepa1-6 cells. Hepa1-6 cells were cotransfected with a plasmid vector expressing Myc-tagged wild-type CREBH and a vector expressing Flag-tagged wild-type
SIRT1 (wild-type) or the dominant negative SIRT1 H363Y mutant (DN). At 48 h after transfection, the cells were treated with the vehicle (PBS) or glucagon (25
nM) for 8 h. The proteins from the cell lysates were immunoprecipitated with the Myc antibody (to pull down CREBH) or Flag antibody (to pull down SIRT1),
followed by immunoblotting with the acetyl-lysine antibody to detect acetylated CREBH or the Myc antibody to detect the CREBH-SIRT1 interaction. The
bottom three panels show the results of Western blot analyses for determination of the levels of Flag-tagged SIRT1, Myc-tagged CREBH, and �-actin. (D)
Hepa1-6 cells were cotransfected with plasmid vectors expressing Myc-tagged CREBH, Flag-tagged SIRT1, and SIRT1 siRNA (siRNA) or control siRNA (Ctl). At
48 h after the transfections, the cells were treated with glucagon (25 nM) or PBS for 12 h. The Hepa1-6 cell lysates were immunoprecipitated with anti-Myc
antibody to pull down CREBH and then probed with anti-acetyl-lysine or anti-Myc antibody to determine the levels of acetylated or total CREBH proteins,
respectively. The bottom three panels show the results of Western blot analyses with total cell lysates to determine the levels of SIRT1, CREBH, and �-actin. For
panels C and D, lanes 1 and 2 are the duplicate samples of the same treatments. (E) Huh7 cells were cotransfected with a plasmid vector expressing CREBH and
a plasmid vector expressing Flag-tagged full-length SIRT1 (SIRT1-FL), the SIRT1 N-terminal domain (SIRT1-N), the SIRT1 N-terminal and HDAC domains
(SIRT1-NH), or the SIRT1 HDAC and C-terminal domains (SIRT1-HC). Cell protein lysates were immunoprecipitated with the Flag antibody to pull down
SIRT1, followed by immunoblotting with the Myc antibody to determine the CREBH-SIRT1 interaction. (Top) A schematic representation of SIRT1 and its
truncated forms, indicating that SIRT1 contains a nuclear localization signal (NLS), an HDAC domain, and a C-terminal coiled-coil-like domain (CC like).
(Bottom) Interactions of SIRT1 and its mutants with CREBH. The bottom two panels show the results of Western blot analyses for determination of the levels
of Flag-tagged SIRT1 and Myc-tagged CREBH.
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pared to those in cells expressing wild-type SIRT1 (Fig. 4C). While
the levels of acetylated CREBH were increased in both wild-type
SIRT1- and SIRT1 H363Y mutant-expressing cells upon stimula-
tion with the fasting hormone glucagon, the fold increase in the
amount of acetylated CREBH in cells expressing H363Y was sig-
nificantly higher than that in wild-type SIRT1-expressing cells
(Fig. 4C), suggesting that SIRT1 plays a major role in the deacety-
lation of CREBH. Additionally, IP-Western blot analysis indicated
that both wild-type SIRT1 and SIRT1 H363Y were able to interact
with CREBH and that the interactions were increased upon glu-
cagon stimulation (Fig. 4C). To confirm the specific effect of
SIRT1 on CREBH acetylation, the SIRT1 in Hepa1-6 cells express-
ing Myc-tagged CREBH was knocked down by siRNA, and then
the cells were treated with glucagon or PBS (Fig. 4D). Consistent
with the findings obtained by the approach with dominant nega-
tive SIRT1, the knockdown of SIRT1 increased the levels of acety-
lated CREBH, especially upon challenge with glucagon, thus fur-
ther confirming the role of SIRT1 in the deacetylation of CREBH.

Next, we determined the domain of the SIRT1 protein that
mediates the SIRT1-CREBH interaction. Flag-tagged full-length
or truncated SIRT1 was coexpressed with Myc-tagged CREBH.
IP-Western blot analysis indicated that the N terminus of SIRT1 is
responsible for the interaction with CREBH and the interaction is
enhanced by including the HDAC domain of SIRT1 (Fig. 4E).
However, the HDAC domain together with the C terminus of
SIRT1 is not able to interact with CREBH. These results suggest
that the N-terminal region of SIRT1 is primarily responsible for
the interaction between SIRT1 and CREBH and that the presence
of the HDAC domain can maximize the interaction.

CREBH acetylation is required for the interaction between
CREBH and PPAR� upon fasting or glucagon stimulation.
CREBH is known to interact with PPAR� to function as a tran-

scriptional complex to activate FGF21 expression in the liver in
the fasting state (15). Since the K294 acetylation residue is located
in the bZIP domain of the CREBH protein, we wondered whether
fasting-induced acetylation modulates CREBH activity by influ-
encing the interaction between CREBH and PPAR�. To test this
possibility, we evaluated the fasting- or glucagon-stimulated in-
teraction between CREBH and PPAR� and the involvement of
acetylation at K294 in the CREBH-PPAR� interaction. First, the
endogenous CREBH-PPAR� complex was detected in the livers of
mice after a 14-h fast (Fig. 5A). Second, glucagon treatment sig-
nificantly increased the interaction between CREBH and PPAR�
in Hepa1-6 cells (Fig. 5B). Next, we examined the interaction of
PPAR� with wild-type CREBH, the acetylation-deficient K294R
mutant, or the acetylation-mimicking K294Q mutant in Hepa1-6
cells under glucagon stimulation. The interaction between the
acetylation-deficient K294R mutant and PPAR� compared to that
between wild-type CREBH and PPAR� was diminished in re-
sponse to glucagon stimulation (Fig. 5C). The acetylation-mim-
icking K294Q mutant exhibited an affinity of binding to PPAR�
comparable to or slightly higher than that of wild-type CREBH.
These results suggest that CREBH acetylation at K294 is critical for
the optimal interaction between CREBH and PPAR� in the fasting
state. To test for the requirement for CREBH acetylation in the
fasting-induced CREBH-PPAR� interaction in the liver in vivo,
we expressed Myc-tagged wild-type CREBH or the K294R mutant
in mouse livers using an adenovirus-based delivery system. After a
24-h fast, a strong interaction between CREBH and PPAR� was
detected in mouse livers expressing wild-type CREBH (Fig. 5D).
In contrast, the fasting-induced interaction between CREBH and
PPAR� in the liver was significantly repressed by the K294R mu-
tation. This result confirms the requirement for CREBH acetyla-
tion in the fasting-induced CREBH-PPAR� interaction in vivo.

FIG 5 CREBH acetylation is required for CREBH-PPAR� interaction upon fasting or glucagon stimulation. (A) IP-Western blot analysis of the CREBH and
PPAR� interaction in the livers of mice in the fed state or after a 14-h fast. Whole protein lysates were prepared from mouse liver tissues and subjected to IP to
pull down the endogenous CREBH protein complex using CREBH antibody. The precipitates were analyzed by immunoblotting with antibody against PPAR�
or CREBH. The bottom three panels show the results of Western blot analyses of liver protein lysates to determine the levels of CREBH, PPAR�, and �-actin. (B)
IP-Western blot analysis of the CREBH and PPAR� interaction in Hepa1-6 cells under glucagon stimulation. Hepa1-6 cells were cotransfected with the plasmid
vectors expressing Myc-tagged CREBH and PPAR�. The cells were treated with the vehicle (PBS) or glucagon (25 nM) for 8 h. The proteins from the cell lysates
were immunoprecipitated with the Myc antibody to pull down the CREBH protein complex, followed by immunoblotting with the anti-PPAR� or anti-Myc
antibody to determine the CREBH-PPAR� interaction or the total CREBH protein levels in the immunoprecipitated fractions, respectively. The bottom three
panels show the results of Western blot analyses for determination of the levels of Myc-tagged CREBH, PPAR�, and �-actin. The graphs on the right sides of
panels A and B are quantifications of CREBH-PPAR� interaction signals in the livers of wild-type mice in the fed state or after a 14-h fast (A) or in Hepa1-6 cells
with PBS or glucagon stimulation (B). The CREBH-PPAR� interaction signals, determined by Western blotting densitometry, were normalized to the signal for
the immunoprecipitated total CREBH protein or PPAR� in total protein lysates. The fold changes in the CREBH-PPAR� interaction signals were determined by
comparison to the signal for one of the mice under the fed condition or the PBS-treated samples. Each bar represents the mean � SEM (n 	 3). *, P � 0.05; **,
P � 0.01. Glucag., glucagon. For panels A and B, lanes 1 to 3 are the triplicate samples of the same treatments. (C) IP-Western blot analysis of interactions between
PPAR� and CREBH or its derivatives in Hepa1-6 cells under glucagon stimulation. Hepa1-6 cells were transfected with a plasmid vector expressing Myc-tagged
wild-type CREBH or the K294R (R) or K294Q (Q) mutant. The cells were treated with the vehicle (PBS) or glucagon (25 nM) for 8 h. The proteins from the cell
lysates were immunoprecipitated with Myc antibody to pull down the CREBH protein complex, followed by immunoblotting with PPAR� or Myc antibody. The
bottom three panels show the results of Western blot analyses for determination of the levels of PPAR�, Myc-tagged CREBH, and �-actin. (D) IP-Western blot
analysis of interactions between PPAR� and CREBH or the K294R mutant in the livers of mice under the fasting condition. Recombinant adenovirus expressing
the GFP control, a Myc-tagged full-length human CREBH protein (wild type), or the acetylation-deficient mutant (the K294R mutant) were injected into
CREBH-null mice through the tail vein. After a 24-h fast, pooled liver protein lysates from the mice (n 	 3 per group) were immunoprecipitated with Myc
antibody to pull down the CREBH protein complex, followed by immunoblotting with PPAR� or Myc antibody. The bottom three panels show the results of
Western blot analyses for determination of the levels of PPAR�, Myc-tagged CREBH, and �-actin. (E) Hepa1-6 cells were cotransfected with plasmid vectors
expressing Myc-tagged CREBH, SIRT1, PPAR�, and the SIRT1 siRNA or control (Ct) siRNA. At 48 h after the transfections, the cells were treated with glucagon
(25 nM) or PBS for the indicated times. Hepa1-6 cell lysates were immunoprecipitated with anti-Myc antibody to pull down CREBH and then probed with
anti-PPAR� or anti-Myc antibody to determine the CREBH-PPAR� interaction and CREBH levels, respectively. The bottom four panels show the results of
Western blot analyses of total cell lysates for determination of the levels of SIRT1, CREBH, PPAR�, and �-actin. (F) Luciferase reporter analysis of trans-
activation activities of the human FGF21 gene promoter induced by CREBH or PPAR� alone or by the combination of PPAR� and CREBH or its mutants.
Hepa1-6 cells were cotransfected with plasmid vectors expressing the CREBH wild-type, the K294R or K294Q mutant, and/or PPAR�. Nontransfected cells or
cells transfected with the reporter plasmid only were included as controls. A reporter plasmid carrying Renilla luciferase was included in the cotransfection for
normalization of luciferase reporter activities. Each bar denotes the mean � SEM (n 	 3 biological repeats). *, P � 0.05; **, P � 0.01; NS, nonsignificant.
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As shown above, CREBH, PPAR�, and SIRT1 form a complex
upon fasting (Fig. 4B) and SIRT1 plays a major role in modulating
CREBH acetylation states (Fig. 4C and D). To determine whether
SIRT1 modulates the interaction between PPAR� and CREBH,
we knocked down SIRT1 in Hepa1-6 cells expressing PPAR� and
CREBH through the use of siRNA and then challenged the cells
with glucagon (Fig. 5E). While glucagon stimulation increased the
CREBH-PPAR� interaction in control cells in a time-dependent
manner, the CREBH-PPAR� interaction was further enhanced in
SIRT1-knockdown cells upon glucagon stimulation. This result is
consistent with the role of SIRT1 in the deacetylation of CREBH
and the requirement for CREBH acetylation in the interaction
between CREBH and PPAR� upon fasting/glucagon treatment.

CREBH and PPAR� are known to act in synergy to activate the
expression of their target gene, FGF21 (15). To evaluate the impact
of CREBH acetylation on the synergy between CREBH and
PPAR� in activating FGF21, we performed FGF21 gene reporter
analysis by the use of coexpression of wild-type CREBH or the
K294R or K294Q mutant with PPAR�. In comparison to the effect
of expression of PPAR� or CREBH alone, coexpression of PPAR�
and wild-type CREBH or the acetylation-mimicking K294Q mu-
tant exerted stronger effects on activation of the FGF21 promoter
(Fig. 5F). In contrast, coexpression of PPAR� and the acetyla-
tion-deficient mutant K294R failed to increase the level of ex-
pression of the FGF21 reporter compared to that achieved by
expression of PPAR� or wild-type CREBH alone (Fig. 5F), sug-
gesting the requirement for CREBH acetylation at K294 for the
synergy between CREBH and PPAR� for activation of their
target gene.

Lysine acetylation of CREBH prevents fasting-induced he-
patic steatosis and hyperlipidemia. To determine the pathophys-
iological significance of the fasting-induced acetylation of CREBH
in the liver in vivo, we investigated whether hepatic expression of
the CREBH mutant that lacks the acetylation state (the K294R
mutant) has an impact on lipid homeostasis in mice in the fasting
state. First, we evaluated the lipid-associated phenotypes of
CREBH-null and wild-type control mice upon fasting. While the
control mice displayed modest hepatic steatosis after a prolonged
24-h fast, the CREBH-null mice developed severe hepatic steatosis
after a 24-h fast (Fig. 6A). The CREBH-null mice also exhibited
hyperlipidemia, as indicated by significantly increased levels of
serum TG under the fasting condition (Fig. 6D). These results

were consistent with the role of CREBH in regulating lipolysis, as
we previously revealed (13–15). Next, we expressed wild-type
CREBH or the K294R mutant in the livers of CREBH-null mice
using an adenovirus-based overexpression system (Fig. 6B and C).
After a 24-h fast, while the CREBH-null mice expressing wild-type
CREBH exhibited modest hepatic steatosis, the mice expressing
the CREBH K294R acetylation mutant developed severe hepatic
steatosis, as evidenced by oil red O staining of hepatic lipids and
significantly increased hepatic TG levels (Fig. 6B and D). More-
over, significant increases in serum TG levels were observed in the
mice expressing the CREBH K294R mutant compared to the levels
seen in the mice expressing wild-type CREBH (Fig. 6E). The lipid-
associated phenotype of animals with the defect in CREBH acety-
lation was comparable to that of CREBH-null mice under fasting
conditions, thus supporting the critical role of the acetylation of
CREBH at K294 in regulating fasting-induced hepatic lipid me-
tabolism.

Further, we examined the expression of the CREBH target
genes involved in TG and FA metabolism in the livers of CREBH-
null and wild-type control mice as well as in the livers of CREBH-
null mice expressing green fluorescent protein (GFP) as a control,
wild-type CREBH, or the K294R mutant. Consistent with the roles
of CREBH in regulating TG and FA metabolism (13–15), the levels
of expression of most of the CREBH-targeted genes encoding key
regulators or enzymes involved in lipolysis, FA oxidation, keto-
genesis, FA elongation and conversion, TG and cholesterol me-
tabolism, gluconeogenesis, and the metabolic hormone FGF21 in
the livers of mice expressing K294R were significantly decreased
compared to those in the livers of mice expressing wild-type
CREBH upon fasting (Fig. 6F and G). These results indicate the
importance of CREBH acetylation at K294 to the transcriptional
activity of CREBH in regulating hepatic lipid homeostasis in the
fasting state. Interestingly, the levels of expression of some of the
CREBH-targeted genes involved in TG, FA, or cholesterol metab-
olism, including Cpt2, AccI, Scd1, Hmgcs2, Dgat1, and Dgat2, in
the livers of mice expressing the K294R mutant was not signifi-
cantly reduced compared to those in the livers of mice expressing
wild-type CREBH. This observation suggests that the transcrip-
tional function of CREBH on some of its target genes may not
require lysine acetylation, an interesting possibility to be further
elucidated in the future.

FIG 6 CREBH acetylation is required to prevent fasting-induced hepatic steatosis and hyperlipidemia. (A) Oil red O staining of hepatic lipid droplets in the livers
of CREBH-null and wild-type control mice in the fed state or after a 24-h fast. (B) Oil red O staining of lipid contents in the livers of CREBH-null mice expressing
GFP, wild-type CREBH, or the K294R mutant after a 24-h fast. Recombinant adenovirus expressing the GFP control (Ad-GFP), wild-type Myc-tagged full-length
human CREBH protein (Ad-WT), or the acetylation-deficient mutant (Ad-K294R) was injected into CREBH-null mice through the tail vein. At 3 days after the
injection, the mice were subjected to fasting for 24 h. (C) IP-Western blot analysis of acetylated and total CREBH proteins in the livers of CREBH-null mice
expressing GFP, wild-type CREBH, or the K294R mutant after fasting as described in the legend to panel B. After a 24-h fast, pooled liver protein lysates from the
mice (n 	 3 per group) were immunoprecipitated with Myc antibody to pull down the CREBH protein complex, followed by immunoblotting with anti-acetyl-
lysine antibody. The bottom two panels show the results of Western blot analyses for determination of the levels of Myc-tagged CREBH and �-actin. (D)
Enzymatic analysis of hepatic TG levels in the livers of CREBH-null mice, wild-type control mice, and CREBH-null mice expressing GFP, wild-type CREBH, or
the CREBH K294R mutant after a 24-h fast. Each bar denotes the mean � SEM (n 	 3). *, P � 0.05; **, P � 0.01. (E) Serum TG levels in CREBH-null mice,
wild-type control mice, and CREBH-null mice expressing GFP, wild-type CREBH, or the CREBH K294R mutant after a 24-h fast. Each bar denotes the mean �
SEM (n 	 3). *, P � 0.05; **, P � 0.01. (F and G) Levels of mRNAs encoding the key enzymes or regulators in multiple metabolic pathways, as indicated, in the
livers of CREBH-null mice expressing GFP control, wild-type CREBH, or the CREBH K294R mutant after a 24-h fast. Total RNAs isolated from mouse liver
tissues were subjected to quantitative real-time PCR analysis. The levels of expression were normalized to the levels of �-actin mRNA expression. Fold changes
in mRNA levels are shown by comparison to the levels of expression in one of the mice expressing wild-type CREBH. Each bar denotes the mean � SEM (n 	
3). *, P � 0.05; **, P � 0.01; red asterisks, P values for CREBH-null mice injected with adenovirus expressing wild-type CREBH versus CREBH-null mice injected
with adenovirus expressing GFP; black asterisks, P values for CREBH-null mice injected with adenovirus expressing the K294R mutant versus CREBH-null mice
injected with adenovirus expressing wild-type CREBH. Definitions of the abbreviations for the genes mentioned in panels F and G are provided in the
supplemental material.
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DISCUSSION

Our studies have characterized a regulatory posttranslational
modification of CREBH, namely, lysine acetylation at position
294, and its functional involvement in fasting-induced hepatic
lipid metabolism (Fig. 7). Our major findings include the follow-
ing: (i) CREBH is acetylated in the liver upon fasting in a time-
dependent manner, (ii) CREBH is acetylated at lysine 294 within
the CREBH bZIP domain, and acetylation at this site is required
for CREBH transcriptional activity, (iii) fasting-associated acety-
lation and deacetylation of CREBH are catalyzed by the lysine
acetyltransferase PCAF and the histone deacetylase SIRT1, respec-
tively, (iv) CREBH acetylation is required for the interaction and
synergy between CREBH and PPAR� in activating their target
gene upon fasting or glucagon stimulation, and (v) CREBH acet-
ylation at lysine 294 is critical to maintain hepatic lipid homeosta-
sis in fasting states. Our study revealed a novel regulatory mecha-
nism through which lysine acetylation modulates the lipid
metabolism that is associated with hepatic steatosis and hyperlip-
idemia (Fig. 7). The functional relationships between CREBH,
SIRT1, and PPAR� in regulating hepatic lipid metabolism con-
tribute to our understanding of the regulatory paradigm of energy
homeostasis at the posttranslational level. Additionally, our study

identified a conserved acetylation site within CREBH that acts as a
critical regulator of hepatic lipid metabolism, and this informa-
tion will be informative to pharmaceutical interventions directed
toward controlling metabolic disorders by targeting CREBH acet-
ylation.

CREBH functions as a key transcriptional regulator of hepatic
lipid metabolism by activating expression of the genes involved in
lipogenesis, lipolysis, FA elongation and oxidation, and ketogen-
esis (13, 15). While the roles of CREBH in hepatic lipid metabo-
lism have been established, the fine-tuned regulation of this pow-
erful regulator has remained elusive. In this study, we show that
fasting or glucagon stimulation induces CREBH protein expres-
sion, cleavage, and acetylation (Fig. 1 and 5). We demonstrate that
lysine acetylation at position 294 is a stress-inducible, rate-limit-
ing step that is critical for CREBH function. The K294R mutant
blocked CREBH acetylation and thus dramatically repressed the
transcriptional activities of CREBH, while the K294Q mutant
could mimic the CREBH acetylation state and increase CREBH
activities (Fig. 2 and 3). The functional importance of CREBH
acetylation was demonstrated in animal models. CREBH acetyla-
tion at K294 is required to maintain lipid homeostasis in fasting
states, as animals expressing the K294R mutant in the liver exhib-
ited severe hepatic steatosis and hyperlipidemia under conditions
of prolonged fasting (Fig. 6). These findings not only reveal the
critical role of acetylation in CREBH transcriptional activities but
also indicate a potential target site in the CREBH protein that may
be utilized to modulate CREBH activities.

A critical question is about the mechanism by which acetyla-
tion modulates CREBH activities. The bZIP domain of CREBH,
where the CREBH acetylation site (K294) is located, contains the
DNA-binding and multimerization regions. Acetylation at the
bZIP domains may lead to subtle allosteric or electrostatic changes
that favor heterodimerization and DNA binding of transcription
factors (26, 27). In this study, we demonstrated that CREBH acet-
ylation at K294 is required for the interaction between CREBH
and PPAR� in glucagon-stimulated hepatocytes or in mouse liv-
ers under fasting conditions (Fig. 5A to D). Consistent with this,
the defect in CREBH acetylation led to diminished synergy be-
tween CREBH and PPAR� in activating their common target
gene, FGF21 (Fig. 5F). Therefore, the lack of the CREBH-PPAR�
functional complex may partially account for the hepatic steatosis
and hyperlipidemia phenotypes observed in animals with defects
in CREBH acetylation at K294 (Fig. 6).

Our study implicates CREBH acetylation as a dynamic pro-
cess in which the lysine acetyltransferase PCAF and the
deacetylase SIRT1 are involved. In the presence of the HDAC
inhibitors, PCAF-mediated acetylation and the transcriptional
activities of CREBH were significantly increased (Fig. 3), sug-
gesting that CREBH acetylation and deacetylation activities co-
exist. This notion was supported by the time-dependent
CREBH acetylation profile as well as CREBH-PCAF and
CREBH-SIRT1 interaction dynamics in the livers of mice in the
fasting state (Fig. 1, 3, and 4). We observed that SIRT1 is local-
ized to both the nucleus and the cytoplasm in the fed state or
after a 24-h fast but that it accumulated in the nucleus and
interacted with CREBH in the liver upon a 6- or 12-h fast. The
acetylation of CREBH and the CREBH-PCAF interaction
peaked after a 24-h fast, when the CREBH-SIRT1 interaction
was concomitantly decreased (Fig. 1, 3, and 4). Therefore, the
dynamics of the acetylation/deacetylation cycle mediated

Fasting/Glucagon

ER

Nucleus

AcK294
SIRT1

PCAF

Target genes
(Fgf21, Apoa4, ApoC2)

Hepatic lipid 
homeostasis

CREBH

PPARα

FIG 7 Model for regulation of CREBH activity by acetylation in fasted states.
Upon fasting or glucagon stimulation, the CREBH protein is cleaved to release
its activated form, which transits into the nucleus. In the nucleus, the histone
lysine acetyltransferase PCAF mediates CREBH acetylation at K294, which is
located within the bZIP domain. Meanwhile, the histone deacetylase SIRT1
modulates CREBH acetylation states through deacetylation activity and
thereby fine-tunes the activity of CREBH. CREBH acetylation at K294 is crit-
ical for the formation of the CREBH-PPAR� transcriptional complex, which
regulates the expression of the genes involved in hepatic lipid homeostasis in
fasting states.
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through PCAF and SIRT1 likely play a key role in modulating
CREBH acetylation states and transcriptional activities in fast-
ing states. Importantly, our study demonstrates that a func-
tional CREBH-PPAR�-SIRT1 complex exists in the liver upon
fasting (Fig. 4B). While the interactions between CREBH,
PPAR�, and SIRT1 were significantly increased upon fasting
for 6 or 12 h, SIRT1 was dissociated with the CREBH-PPAR�
complex after a 24-h fast, whereas the CREBH-PPAR� interac-
tion was further enhanced. This observation is consistent with
the presence and function of SIRT1 in the nucleus of liver cells
after the different fasting times as well as the time-dependent
CREBH acetylation and CREBH-PPAR� interaction profiles
upon fasting. SIRT1 may play an important role in maintaining
hepatic energy homeostasis through modulation of CREBH
acetylation states and the activity of the CREBH-PPAR� func-
tional complex under metabolic stress conditions. Several im-
portant questions about CREBH acetylation remain to be elu-
cidated in future research: is the CREBH acetylation state
associated with the hyperlipidemia that develops under a high-
fat diet? Does enhancement of CREBH acetylation protect
from the progression of hepatic steatosis? Is CREBH acetyla-
tion repressed in human patients with NASH and/or hyperlip-
idemia symptoms? Answers to these questions will be impor-
tant to the understanding and treatment of metabolic disorders
associated with CREBH activity.
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