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Karl-Heinz G€uhrs,2 Fabrizia Fusetti,3 Oliver H. Krämer,4 Victor Guryev,1 and Cornelis F. Calkhoven1,5,*
1European Research Institute for the Biology of Ageing (ERIBA), University Medical Center Groningen, University of Groningen,

9700 AD Groningen, the Netherlands
2Leibniz Institute on Aging, Fritz Lipmann Institute, 07745 Jena, Germany
3Department of Biochemistry, Netherlands Proteomics Centre, Groningen Biological Sciences and Biotechnology Institute, University of
Groningen, 9747 AG Groningen, the Netherlands
4Institute of Toxicology, University Medical Center Mainz, 55131 Mainz, Germany
5Lead Contact
*Correspondence: c.f.calkhoven@umcg.nl

https://doi.org/10.1016/j.celrep.2017.12.061

SUMMARY

Cellular metabolism is a tightly controlled process in
which the cell adapts fluxes through metabolic path-
ways in response to changes in nutrient supply.
Among the transcription factors that regulate gene
expression and thereby cause changes in cellular
metabolism is the basic leucine-zipper (bZIP) tran-
scription factor CCAAT/enhancer-binding protein
alpha (C/EBPa). Protein lysine acetylation is a key
post-translational modification (PTM) that integrates
cellular metabolic cues with other physiological pro-
cesses. Here, we show that C/EBPa is acetylated
by the lysine acetyl transferase (KAT) p300 and de-
acetylated by the lysine deacetylase (KDAC) sirtuin1
(SIRT1). SIRT1 is activated in times of energy de-
mand by high levels of nicotinamide adenine dinucle-
otide (NAD+) and controls mitochondrial biogenesis
and function. A hypoacetylated mutant of C/EBPa
induces the transcription of mitochondrial genes
and results in increased mitochondrial respiration.
Our study identifies C/EBPa as a key mediator of
SIRT1-controlled adaption of energy homeostasis
to changes in nutrient supply.

INTRODUCTION

Studies in cell culture and with mouse models have demon-

strated a key role for CCAAT/enhancer-binding protein alpha

(C/EBPa) in regulating the transcription of metabolic genes.

C/EBPa deficiency in mice results in severe metabolic pheno-

types, particularly affecting the liver tissue structure and its func-

tions in gluconeogenesis, glycogen synthesis, and bilirubin

clearance, and its deficiency affects fat storage in white adipose

tissue (WAT) (Wang et al., 1995; Darlington et al., 1995; Croniger

et al., 1997; Inoue et al., 2004; Lee et al., 1997; Yang et al., 2005).

In addition, C/EBPa and peroxisome proliferator-activated re-

ceptor gamma (PPARg) are key factors in the transcriptional

network controlling adipocyte differentiation (Lefterova et al.,

2008; Rosen et al., 2002; Siersbæk and Mandrup, 2011), and

mutations of phosphorylation sites in regulatory domains of

C/EBPa result in dysregulated transcription of genes involved

in glucose and lipid metabolism in vivo (Pedersen et al., 2007;

Lefterova et al., 2008). Hence, C/EBPa is a key factor for the dif-

ferentiation and function of hepatocytes and adipocytes and

plays an essential role in the regulation of energy homeostasis.

Protein lysine acetylation is a key post-translational modifica-

tion (PTM) that integrates cellular metabolic cues with other

physiological processes, including cell growth and proliferation,

circadian rhythm, and energy homeostasis (Menzies et al., 2016;

Choudhary et al., 2014; Xiong and Guan, 2012). Acetylation may

regulate various functions of the acetylated proteins, including

changes in DNA binding, protein stability, enzymatic activity,

protein-protein interactions, and subcellular localization. Protein

acetylation is a reversible process in which an acetyl group is

transferred from an acetyl coenzyme A (acetyl-CoA) to the target

lysine residue by lysine acetyl transferases (KATs) and is

removed by lysine deacetylases (KDACs). The KATs and KDACs

consist of a large group of enzymes originally identified to

acetylate histones as part of epigenetic mechanisms. Later

also non-histone proteins were identified as KAT targets (Men-

zies et al., 2016). Sirtuins (class III KDACs) are KDACs that

require nicotinamide adenine dinucleotide (NAD+) as co-factor

for their enzymatic activity and therefore are activated in times

of energy demand when NAD+ levels are high (high NAD+/

NADH ratio) (Houtkooper et al., 2012).

Involvement of KATs in C/EBPa-mediated transcription has

been reported in the past (Bararia et al., 2008; Erickson et al.,

2001; Jurado et al., 2002; Yoshida et al., 2006), but the role

C/EBPa protein lysine acetylation in the transcriptional regula-

tion of metabolic genes has not been addressed. Because

C/EBPa is a key regulator of metabolism, we hypothesized that

reversible acetylation of C/EBPa is decisively involved in regu-

lating metabolic homeostasis. Here we show that C/EBPa is

acetylated on lysines K159 and K298 by the KAT p300, which

modulates the transcriptional activity of C/EBPa. We show that

acetylation of C/EBPa is dependent on glucose availability,

and we identify sirtuin1 (SIRT1) as the sole sirtuin that mediates

NAD+-dependent deacetylation of C/EBPa. A hypoacetylated

mutant of C/EBPa induces the expression of genes involved in
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Figure 1. Acetylation of C/EBPa by p300 Enhances Its Transactivation Activity

(A) Immunoblot analysis of immunoprecipitated (IP) C/EBPa and total lysates (Input) of Fao cells cultured overnight in either high-glucose (25 mM) or low-glucose

(5 mM) medium. Antibody staining as indicated.

(B) Immunoblot analysis of immunoprecipitated (IP) C/EBPa and total lysates (Input) of HEK293T cells ectopically expressing C/EBPa or empty vector (E.V.)

control. Antibody staining as indicated.

(C) HEK293T cells were transiently transfectedwith C/EBP-responsive firefly reporter vector, aRenilla expression vector for normalization, C/EBPa, and/or one of

the lysines acetyl transferases (KATs) expressing vector as indicated. Luciferase activity was measured 48 hr later (n = 4).

(D) HEK293T cells were transiently transfected with luciferase C/EBP-responsive firefly reporter vector, Renilla expression vector for normalization, C/EBPa, and

increased amounts of either WT p300-HA or DKATp300-HA (p300 with its lysine acetyl transferase domain deleted) expression vectors. Luciferase activity was

measured 48 hr later (n = 4).

(E) Immunoblot analysis of HA-immunoprecipitated (IP) p300-HA and total lysates (Input) of HEK293T cells ectopically expressing C/EBPa and p300-HA or empty

vector (E.V.) control. Antibody staining as indicated.

(legend continued on next page)
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the function of the mitochondrion and oxidation-reduction pro-

cesses, which is accompanied by an increase in mitochondrial

mass and cellular oxygen consumption rates. Our study shows

that reversible acetylation of C/EBPa in response to changed

metabolic conditions alters its transcriptional function to adapt

metabolic gene expression and plays an important role in

SIRT1-controlled cellular metabolic homeostasis.

RESULTS

Acetylation of C/EBPa by p300 Enhances Its
Transactivation Activity
The presence of 15 conserved lysines in sequences of verte-

brate C/EBPa orthologs suggests that C/EBPa is a potential

target for lysine acetylation (Figure S1). Glucose-rich cell cul-

ture conditions are known to increase protein-acetylation

through increased availability of acetyl-CoA as substrate for

KATs to donate an acyl group to the target lysine (Shi and

Tu, 2015). Acetylation of endogenous C/EBPa in lysates from

the Fao rat hepatoma cell line was detected using an anti-acet-

ylated lysine (anti-Ac-K) antibody following immunoprecipita-

tion (IP) of C/EBPa under high-glucose (25 mM) conditions,

which was reduced under low-glucose (5 mM) conditions (Fig-

ure 1A). Acetylation of immunoprecipitated C/EBPa was also

detected in HEK293T cells lacking endogenous C/EBPa that

were transfected with a C/EBPa expression vector (Figure 1B).

Next we investigated whether co-expression of the four major

KATs, p300, P/CAF, GCN5, and Tip60, alters the transcriptional

activity of C/EBPa using a luciferase-based reporter solely con-

taining two natural C/EBP-binding sites of the cMGF promoter

(Sterneck et al., 1992). Co-transfection with p300 resulted in an

increase in C/EBPa-induced promoter activity in a dose-depen-

dent manner, whereas co-transfection with the other KATs had

no significant effect (Figures 1C, 1D, and S2A). To investigate

a direct interaction between C/EBPa and p300 as well as

three additional major KATs, we co-expressed C/EBPa with

p300-HA, P/CAF-FLAG, GCN5-FLAG, or Tip60 in HEK293T

cells and performed coimmunoprecipitation (coIP) experiments

using anti-C/EBPa antibodies. C/EBPa co-precipitated with

p300, P/CAF, and GCN5, but not Tip60 (Figure S2B), which

was confirmed by reciprocal coIP of the C/EBPa with the

same KATs (Figures 1E and S2C). To examine whether the

intrinsic KAT function of p300 is involved in C/EBPa acetylation

and transactivation potential, we co-expressed C/EBPa with

either p300 or p300 with its KAT domain deleted (p300DKAT-

HA) and analyzed C/EBPa acetylation and p300 binding by

C/EBPa coIP. C/EBPa acetylation was abolished by expression

of p300DKAT-HA (Figure 1F). In addition, the p300-dependent

C/EBPa transactivation activity is abrogated by deletion of

the p300-KAT (Figure 1D). In addition, p300-mediated acetyla-

tion of C/EBPa in HEK293 cells is strongly reduced under low-

glucose conditions (5 mM), confirming that protein acetylation

is facilitated under conditions of high acetyl-CoA availability

(Figure 1G). Moreover, in Fao cells, acetylation of endogenous

C/EBPa was abolished by treatment with the p300 inhibitor

C646 (Figure 1H). Therefore, we propose that p300 catalyzes

the acetylation of C/EBPa and thereby alters its transcriptional

function.

Lysine (K) 298 of C/EBPa was recently identified as an acety-

lation site using the anti-Ac-K298-C/EBPa antibody (Bararia

et al., 2016). Using this antibody, a co-expression experiment

with p300 in HEK293T cells showed that K298 of C/EBPa is

also acetylated by p300 (Figure S2D). In addition, both the

endogenously expressed C/EBPa isoforms p42 and p30 (Calk-

hoven et al., 2000) in Fao cells are acetylated at K298, which is

dependent on high-glucose conditions (Figure S2E). Changes

in nutrient and calorie intake can influence acetylation of regula-

tory proteins through changes in cellular concentrations of

acetyl-CoA and NAD+ (Houtkooper et al., 2012; Verdin and Ott,

2015). To examine C/EBPa acetylation under different metabolic

conditions in vivo, we analyzed livers from mice that were sub-

jected to either calorie restriction (CR; 4 weeks) or a high-fat

diet (HFD; 20 weeks). By using anti-Ac-K298-C/EBPa, we found

a decrease in C/EBPa K298-acetylation in livers of CR mice and

an increase of its acetylation in livers of HFD mice (Figures S2F

and S2G; shown is the p30-C/EBPa). Taken together, our data

show that C/EBPa acetylation changes with nutritional status

in vivo.

The IP experiments described above do not reveal to what

extent or which of the lysines in C/EBPa are acetylated by

p300 beyond K298. To examine the distribution of lysine acety-

lation, we purified acetylated C/EBPa protein derived from

HEK293T cells co-expressing C/EBPa and p300 and examined

protein acetylation by mass spectrometric analysis (Figure 2).

Of the 15 lysines in C/EBPa, 11 were covered by the analyzed

peptides, of which 5 (K159, K250, K273, K275, and K276) were

found acetylated and 6 (K92, K169, K280, K304, K313, and

K352) not acetylated (Figure 2). Taken together, our analyses

suggest that C/EBPa is subject to extensive acetylation medi-

ated by p300 and that acetylation enhances its transactivation

activity.

C/EBPa Binds to and Is Deacetylated by SIRT1
Lysine acetylation is a reversible PTM, which implies that spe-

cific KDACs may be responsible for C/EBPa deacetylation. The

dependence of C/EBPa acetylation on glucose (Figures 1A

and 1G) and the fact that C/EBPa and sirtuins both regulate

glucose and fatty acid metabolism suggested that the NAD+-

dependent sirtuin deacetylases (SIRTs) could be involved. We

examined the potential involvement of the four cytoplasmic

(F) Immunoblot analysis of immunoprecipitated (IP) C/EBPa and total lysates (Input) of HEK293T cells ectopically expressing C/EBPa and p300-HA or

DKATp300-HA. Antibody staining as indicated.

(G) Immunoblot analysis of immunoprecipitated (IP) C/EBPa and total lysates (Input) of HEK293T cells ectopically expressing C/EBPa and p300-HA or empty

vector (E.V.) control and cultured overnight in either high-glucose (25 mM) or low-glucose (5 mM) medium. Antibody staining as indicated.

(H) Immunoblot analysis of immunoprecipitated (IP) C/EBPa and total lysates (Input) of Fao cells treated overnight with either DMSO or p300 inhibitor (C646,

10 mM). Antibody staining as indicated.

Statistical differences were analyzed using Student’s t tests. Error bars represent ± SD. ***p < 0. 001; NS, not significant.
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and nuclear sirtuins, SIRT1, SIRT2, SIRT6, and SIRT7, as well

as SIRT3, which is mainly mitochondrial but may have nuclear

functions in addition (Houtkooper et al., 2012). The mitochon-

drial SIRT4 and SIRT5, which can act in both the mitochondria

and cytosol (Nishida et al., 2015; Park et al., 2013), were

not tested. To examine possible C/EBPa-sirtuin interactions,

C/EBPa was co-expressed together with one of the FLAG-

tagged sirtuins in HEK293T cells. CoIP using an anti-C/EBPa

antibody followed by immunoblotting with an anti-FLAG anti-

body revealed that only SIRT1 interacts with C/EBPa (Fig-

ure 3A). The interaction between C/EBPa and SIRT1 was

confirmed by reciprocal coIP using an anti-FLAG antibody (Fig-

ure 3B). Next we examined the capacity of SIRT1 to deacety-

late C/EBPa. HEK293T cells were co-transfected by C/EBPa

and p300 expression plasmids to obtain acetylated C/EBPa

in the presence of either SIRT1 or SIRT2 expression plasmids

or empty vector control. Following C/EBPa IP, immunoblotting

with an anti-HA or anti-Ac-K antibody showed binding to p300

and a high level of C/EBPa acetylation, respectively, which are

abrogated by co-expression of SIRT1 (Figure 3C). Co-expres-

sion of SIRT2, which does not interact with C/EBPa, has no ef-

fect on C/EBPa acetylation (Figure 3C). In addition, the ASEB

computer algorithm (http://bioinfo.bjmu.edu.cn/huac/; Wang

et al., 2012) for prediction of SIRT1-mediated deacetylation

lists all the mass spectrometry-identified lysines and K298 as

potential SIRT1 deacetylation sites (Table S1). Furthermore, a

progressive increase in expression levels of SIRT1 resulted in

a progressive decrease in the acetylation level of C/EBPa (Fig-

ure 3D), which is accompanied by a progressive decrease in

p300-dependent C/EBPa transactivation potential (Figure 3E).

To examine whether C/EBPa deacetylation by SIRT1 is

attributed to the enzymatic activity of SIRT1, we set up an

in vitro deacetylation assay. Purified FLAG-tagged acetylated

C/EBPa was obtained by anti-FLAG-IP from HEK293T cells

that were co-transfected with C/EBPa-FLAG and p300 expres-

sion plasmids. Purified FLAG-tagged SIRT1 was obtained

separately by anti-FLAG-IP from HEK293T cells transfected

with a SIRT1-FLAG expression plasmid. The deacetylation

reaction assay revealed that SIRT1 efficiently deacetylates

C/EBPa in the presence of NAD+ in vitro (Figure 3F). Moreover,

the deacetylation of C/EBPa by SIRT1 was inhibited in the

presence of the sirtuin inhibitor nicotinamide (NAM). Taken

together, our data show that lysine residues in C/EBPa can

be deacetylated by SIRT1.

Acetylation of C/EBPa Does Not Alter Its Subcellular
Localization or DNA Binding
Lysine acetylation of a transcription factor may serve to alter its

transcriptional function, its DNA-binding properties, or its sub-

cellular localization (Choudhary et al., 2014). We first examined

whether the presence of either p300 or SIRT1 alters the subcel-

lular localization of C/EBPa. Immunofluorescent staining of

C/EBPa in HEK293T cells showed no difference in its nuclear

localization between hyperacetylated C/EBPa derived from cells

co-expressing p300 or hypoacetylated C/EBPa derived from

cells co-expressing SIRT1 (Figures 4A and S3A). To determine

whether co-expression of p300 or SIRT1 alters the binding of

C/EBPa to a DNA recognition sequence, purified (IP) FLAG-

tagged C/EBPawild-type (WT) was incubated with DNA oligonu-

cleotide probes of either a C/EBP-consensus sequence or a

mutated sequence, and DNA-protein complexes were analyzed

in an electrophoretic mobility shift analysis (EMSA). SYBR Green

DNA and SYPRO Ruby protein staining revealed that there is no

difference in the DNA binding of C/EBPa between cells co-ex-

pressing p300 or co-expressing SIRT1 (Figure 4B). NoDNAbind-

ing was detected with the C/EBPa-mutated binding sites. These

data show that acetylation status of C/EBPa does not affect DNA

binding in a significant way.

To examine the involvement of acetylation of individual

C/EBPa lysines on the transactivation activity of C/EBPa, we

generated mutations that mimic either acetylation (lysine [K] to

glutamine [Q]) or non-acetylation (lysine [K] to arginine [R]) at

the acetylated lysines identified by mass spectrometry, K159,

K250, K273, K275, and K276, and the established acetylation

site, K298. Figure 4C shows that only the single K159Q or

K298Q acetylation-mimicking mutations in C/EBPa result in

enhanced C/EBPa transactivation capacity compared with the

WT C/EBPa, using the C/EBP-binding site reporter. None of

the K-to-R acetylation-preventing mutations altered the reporter

activity (Figure 4D).

Next we examined subcellular localization of the dual K159Q/

K298Q acetylation-mimicking and K159R/K298R non-acetyla-

tion mutants of C/EBPa. Neither mutation affected the subcellu-

lar localization (Figure 4E). In addition, the mutations do not

affect DNA binding in an EMSA (Figure 4F). Furthermore, binding

to the C/EBP-binding site in the reporter was not altered by the

lysine mutations as was measured by C/EBPa IP and qRT-

PCR quantification of bound DNA (Figures 4G and S2B). Finally,

chromatin IP (ChIP) experiments showed that there is no
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K - not acetylated
K - not covered

1 358
LZIPDBDTAD2TAD1

K90 961K29K K250 K280 K352K313
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Figure 2. C/EBPa Is Acetylated by p300 at

Multiple Lysines

MS analyses identify the C/EBPa acetylation sites

in HEK293T cells transfected with expression

plasmids for C/EBPa and p300-HA. Mascot

scores (top) >40 were most confident for the true

detection of acetylation. The lower graph repre-

sents the C/EBPa protein with the acetylation

status of its 15 lysines and locations of the trans-

activation domains (TADs), DNA-binding domain

(DBD), and leucine-zipper dimerization domain

(LZIP).
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Figure 3. C/EBPa Binds to and Is Deacetylated by SIRT1

(A) Immunoblot analysis of immunoprecipitated (IP) C/EBPa and total lysates (Input) of HEK293T cells ectopically expressing C/EBPa and one of the FLAG-

tagged sirtuins. Antibody staining as indicated.

(B) Immunoblot analysis of FLAG-immunoprecipitated (IP) SIRT1 and total lysates (Input) of HEK293T cells ectopically expressing C/EBPa and SIRT1-FLAG or

empty vector (E.V.) control. Antibody staining as indicated.

(C) Immunoblot analysis of immunoprecipitated (IP) C/EBPa and total lysates (Input) of HEK293T cells ectopically expressing C/EBPa and p300-HA, and SIRT1-

FLAG or SIRT2-FLAG. Antibody staining as indicated.

(D) Immunoblot analysis of immunoprecipitated (IP) C/EBPa and total lysates (Input) of HEK293T cells ectopically expressing C/EBPa and p300-HA and

increased amounts of SIRT1-FLAG. Antibody staining as indicated.

(legend continued on next page)
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difference in binding between WT C/EBPa, the K159Q/K298Q

C/EBPa mutant, or K159R/K298R C/EBPa mutant to natural

C/EBP-binding sites in promoters of the endogenous genes

G-CSFR and PEPCK1 (Figures 4H and S3B). Therefore we

conclude that acetylation of the lysines K159/K298 enhanced

C/EBPa transactivation without affecting subcellular localization

or DNA binding.

Acetylation of Lysine 298 of C/EBPa Stimulates
Acetylation of Subsequent Lysines
Next we asked whether prevention of acetylation of K159, K298,

or all six lysines by K-to-R mutations affects p300 binding and

acetylation or the transactivation potential of C/EBPa. K-to-R

mutated C/EBPa mutants were co-expressed with p300 in

HEK293T cells, and p300 binding and C/EBPa acetylation were

analyzed after C/EBPa IP. Notably, the mutation K298R strongly

reduced binding to p300, associated with a strong reduction in

C/EBPa acetylation (Figure 5A). The K159R single mutation had

no effect on p300 binding and C/EBPa acetylation, although in

the double mutant K159/298R, the level of C/EBPa acetylation

was further decreased (Figure 5A). As expected, mutation of all

six lysines (K159, K250, K273, K275, K276, and K298) in the

K6R mutant reduced C/EBPa acetylation by p300 to very low

levels. In accordance, the transactivation of the C/EBP reporter

is similar for co-expression of WT or K159R-C/EBPa, decreased

for K298R-C/EBPa, and further decreased for K159/298R- and

K6R-C/EBPa (Figure 5B). Complementary results were obtained

with theopposite lysine acetylation-mimickingK-to-Qmutations.

The K159Q mutant did not significantly improve binding of

C/EBPa to p300 or C/EBPa acetylation, while with the K298Q

mutant, p300 binding and C/EBPa acetylation were strongly

increased, and therewas a further increase for the doublemutant

K159/298Q (Figure 5C). The K6Q mutation also results in

enhanced binding of p300 and a stronger acetylation signal,

although the anti-L-Ac antibody does not recognize the KQ mu-

tations. This suggests that in theK6Qmutant, acetylation of other

lysines increases, which normally are not efficiently acetylated.

Co-expression of the K-to-Q C/EBPa mutants, p300, and the

luciferase C/EBP reporter resulted in a gradual increase in re-

porter activity from K159Q- to K298Q- to K159/298Q- and

K6Q- C/EBPa (Figure 5D). Finally, increasing amounts of SIRT1

co-expression did not reduce the transactivation potential

throughdeacetylation of eitherK159/298Q-or K6Q-C/EBPa (Fig-

ure S4). Together, these results suggest that K298 acetylation is a

priming acetylation event stimulating the recruitment of p300,

acetylation of K159, and further acetylation of C/EBPa.

C/EBPa Acetylation Status Determines the
C/EBPa-Regulated Transcriptome
To investigate the consequences of C/EBPa acetylation on

global C/EBPa-controlled gene transcription, we generated

Hepa1–6 mouse hepatoma cell lines with cumate-inducible

expression of WT, K159Q/K298Q-, or K159R/K298R-C/EBPa-

FLAG proteins (Figure 6A). Comparative transcriptome analysis

identified 110 upregulated transcripts and 122 downregu-

lated transcripts in the hypoacetylation K159R/K298R-C/EBPa

mutant versus hyperacetylation K159Q/K298Q-C/EBPa mutant

expressing cells (Figure 6B). We considered genes to be differ-

entially regulated between the hypo- and hyperacetylation

C/EBPamutants only if their expression levels were intermediate

in the WT C/EBPa-expressing cells. Ten of each up- or downre-

gulation genes were re-analyzed by qRT-PCR, confirming their

regulation shown by the transcriptome analysis (Figure 6C).

Gene Ontology (GO) analysis using the DAVID database (Huang

et al., 2009) revealed that the upregulated transcripts in the

K159R/K298R-C/EBPa mutant-expressing cells are enriched

for genes in oxidation-reduction processes and mitochondrial

biology, while the downregulated transcripts are enriched

for glycoprotein genes (Figure 6D; Table S2). Most of the regu-

lated genes have C/EBPb-associated DNA fragments in the

ENCODE database (http://genome.ucsc.edu/ENCODE/; Table

S2). C/EBPb is closely related to C/EBPa, and because they

bind to the same recognition sequences, C/EBPbmay substitute

for C/EBPa, for which data are not available. In the metabolic

context, these results suggest that deacetylation of C/EBPa is

involved in the SIRT1-controlled increase in mitochondrial

biogenesis and function under conditions of low glucose and

low energy.

Hypoacetylated C/EBPa Enhances Mitochondrial
Function
In line with a role of hypoacetylated C/EBPa in mitochondrial

regulation, we found that cumate induction of the K159R/

K298R-C/EBPa mutant in Hepa1–6 cells that are cultured in

acetylation-favoring high-glucose medium results in increased

accumulation of MitoTracker fluorescent dye as a measure

for mitochondrial mass, compared with the hyperacetylation

K159Q/K298Q- or WT C/EBPa (Figures 7A and S5A). In addition,

under low-glucose deacetylation-favoring conditions (2.5 mM),

WT reaches similar mitochondrial mass compared with hy-

poacetylation K159R/K298R-C/EBPa, while the acetylation-

mimicking K159Q/K298Q-C/EBPa fails to increase mitochon-

drial mass (Figure 7A). The relative mtDNA copy number did

not change upon expression of theC/EBPa variants (Figure S5B).

To examine whether C/EBPa is required for SIRT1-dependent

induction of mitochondrial mass, we stimulated SIRT1 activity

by treatment with SIRT1 activator II and comparedmitochondrial

mass of cells with short hairpin C/EBPa (sh-C/EBPa) knockdown

to control short hairpin RNA (shRNA). Treatment with SIRT1

activator II resulted in a clear increase in mitochondrial mass in

control cells that was almost completely abrogated in C/EBPa-

knockdown cells (Figure 7B). Taken together, these data show

(E) HEK293T cells transfected with luciferase C/EBPa responsive promoter vector, Renilla expression vector for normalization, C/EBPa, p300-HA, and increased

amounts of SIRT1 expression vectors as indicated. Luciferase activity was measured 48 hr later (n = 3). Statistical differences were analyzed using Student’s

t tests. Error bars represent ±SD. *p < 0.05, ***p < 0.001; NS, not significant.

(F) In vitro SIRT1 deacetylation assay for C/EBPa. C/EBPa-FLAG and SIRT1-FLAG proteins were purified from HEK293 cells by IP with anti-FLAGM2 beads. The

indicated proteins were incubated at 30�C for 1 hr with NAD+ or NAM as indicated, followed by immunoblotting with anti-acetylated lysine, anti-C/EBPa, and anti-

FLAG antibodies.

502 Cell Reports 22, 497–511, January 9, 2018

http://genome.ucsc.edu/ENCODE/


wt  mt  wt  mt  wt  mt  wt  mt
No Pro

tei
n

  wt  mt  wt  mt  wt  mt  wt  mt
No Pro

tei
n

free 

bound 

 wt  mt  wt  mt  wt  mt  wt  mt
No Pro

tei
n

free 

bound 

HA-p300

SIRT1

DAPI

DAPI

DAPI

6

6

wt
E.V.

**
***

6

6

wt
E.V.

wt wt  mt  wt  mt  wt  mt  wt  mt
No Pro

tei
n

wt

Promoter Promoter

wt

.

.

.6

.

.

.

.

.6

.

.

.

.

.6

.

.

A B

C D

E F

G H

(legend on next page)

Cell Reports 22, 497–511, January 9, 2018 503



that deacetylation of C/EBPa is required for the SIRT1-induced

increase in mitochondrial mass.

To investigate whether mitochondrial function is affected by

C/EBPa acetylation, we measured using the Seahorse XF extra-

cellular flux analyzer basal oxygen consumption rate (OCR),

maximal OCR (treatment with mitochondrial uncoupler 2,4-dini-

trophenol [DNP]), and spare respiratory capacity (SRC) as indi-

cators of mitochondrial respiration. In addition, we measured

extracellular acidification rate (ECAR) and maximal ECAR (treat-

ment with oligomycin) as measurement of glycolysis. Under

high-glucose (25 mM) acetylation-favoring conditions, expres-

sion of the hypoacetylation K159/298R-C/EBPa mutant results

in an increases in basal OCR, maximal OCR, and SRC (Figures

7C and S5C). This indicates that the hypoacetylated C/EBPa in-

duces mitochondrial respiration. In addition, the hypoacetylation

K159/298R-C/EBPamutant increases basal and maximal ECAR

(Figures 7D and S5D).

Under low-glucose (2.5 mM) deacetylation-favoring condi-

tions, expression of WT C/EBPa increased mitochondrial respi-

ration (basal OCR, maximal OCR, and SRC) to similar extents as

the hypoacetylation K159/298R-C/EBPa mutant. Expression of

the hyperacetylation K159/298Q-C/EBPa mutant did not result

in a comparable increase in respiration (Figures 7E and S5E).

Induction of the hypoacetylation K159/298R-C/EBPa did not

increase ECAR compared with WT C/EBPa, while the K159/

298Q-C/EBPa mutant mildly decreased the maximal ECAR

(Figures 7F and S5F). These data indicate that induction of

respiration by C/EBPa requires its lysine residues either to be

available for deacetylation or being mutated to mimic hypoace-

tylation. To test whether SIRT1 activation is required for the

induction of respiration by WT C/EBPa under low-glucose con-

ditions, the cells were treated with the SIRT1 inhibitor Ex-527

(selisistat), which completely inhibited the WT C/EBPa-induced

basal OCR, maximal OCR, and SRC under the low-glucose

(2.5 mM) deacetylation-favoring condition (Figures 7G and

S5G).

Taken together, our data suggest that deacetylation of

C/EBPa is part of the SIRT1-controlled increase in mitochondrial

biogenesis and function.

DISCUSSION

In this study, we demonstrate that C/EBPa is acetylated by p300

and deacetylated by SIRT1 and that the acetylation status of

C/EBPa determines its transcriptional functions. By using acety-

lation-mimicking (KQ) or acetylation-preventing (KR) mutations,

our data suggest that acetylation of lysine residue K298 primes

for p300-catalyzed acetylation at various additional lysines and

that the K159/298Q dual mutation can substitute for maximal

acetylation levels. We show that the acetylation status of

C/EBPa modified by p300, SIRT1, and K159/298Q mutations

or by K159/298R mutations does not alter its cellular localization

or DNA binding. Whole coding transcriptome analysis revealed

that the hypoacetylation K159/298R-C/EBPa mutant induces

transcripts involved in mitochondrial function and oxidation-

reduction processes. Accordingly, expression of K159/298R-

C/EBPa increases mitochondrial mass and respiration whereas

C/EBPa knockdown abrogates the increase in mitochondrial

mass induced by SIRT1 activation. Furthermore, inhibition of

SIRT1 blunts WT C/EBPa-induced mitochondrial respiration

under low-glucose conditions. Our data fit into a model in which

C/EBPa functions downstream of SIRT1 to transcriptionally

adapt mitochondrial function in response to alterations in the

cellular energy and nutrition state. The more subtle increase in

ECAR upon K159/298R-C/EBPa induction, suggesting an in-

crease in glycolysis, is observed only under high-glucose condi-

tions. Possibly, the higher metabolic (respiration) rate of the

K159/298R-C/EBPa-expressing cells allows more glucose up-

take under high-glucose conditions that is constrained by low-

glucose availability.

The results of the transcriptome analysis, revealing differential

up- or downregulation of distinct endogenous genes by the hy-

poacetylated K159/298R-C/EBPa mutant versus the hyperace-

tylated K159/298Q-C/EBPa mutant (Figure 6B), are seemingly

contradictory to the results obtained with the naked (non-chro-

matinized) promoter-reporter assays. The reporter used in our

study is activated by WT C/EBPa, and its activation is further

increased by co-transfection of p300 (Figure 1D). The reporter

is also strongly activated by the transfection of hyperacetylated

Figure 4. Acetylation of C/EBPa Does Not Alter Its Subcellular Localization or DNA Binding

(A) HEK293T cells transfected with C/EBPa alone, C/EBPa with p300-HA, or C/EBPa with SIRT1-FLAG expression vectors. Immunohistochemistry was per-

formed using anti-C/EBPa, anti-HA, and anti-FLAG antibodies. DNA was stained with DAPI to visualize the nucleus. Scale bars, 10 mm. See Figure S2A for

acetylation status of C/EBPa.

(B) HEK293T cells transfected with C/EBPa-FLAG alone, C/EBPa-FLAG with p300-HA, or C/EBPa-FLAG with SIRT1 expression vectors. C/EBPa-FLAG protein

was purified by IP with anti-FLAG M2 beads. EMSA was performed using a double-stranded oligonucleotides containing either WT or mutated (mt) C/EBPa

binding site.

(C and D) HEK293T cells were transiently transfected with C/EBP-responsive luciferase reporter, Renilla expression vector for normalization, WT C/EBPa, or

either (C) lysine-to-glutamine (KQ) or (D) lysine-to-arginine (KR) mutated C/EBPa expression vectors. Luciferase activity was measured 48 hr later (n = 3).

Statistical differences were analyzed using Student’s t tests. Error bars represent ±SD. **p < 0.01, ***p < 0.001; NS, not significant.

(E) HEK293T cells were transiently transfected with WT, K159/298Q, or K159/298R mutated C/EBPa-FLAG expression vectors. Immunohistochemistry was

performed using anti-FLAG antibody. DNA was stained with DAPI to visualize the nucleus. Scale bars, 10 mm.

(F) HEK293T cells were transiently transfected withWT, K159/298Q, or K159/298Rmutated C/EBPa-FLAG expression vectors. C/EBPa proteins were purified by

IP with anti-FLAG M2 beads. EMSA was performed using a double-stranded oligonucleotides containing either WT or mutated (mt) C/EBPa binding site.

(G) Fold enrichment of C/EBP-binding site DNA used in the C/EBP-responsive firefly reporter by DNA IP with WT, K159/298Q-, or K159/298R-C/EBPa-FLAG,

using mouse anti-FLAG antibody versus non-specific mouse IgG. The experiment was performed in HEK293T cells, analyzed by real-time qPCR. Mean ± SD

(n = 3).

(H) Fold enrichment of DNA from endogenous C/EBPa target genes G-CSFR and PEPCK1 obtained by chromatin immunoprecipitation (ChIP) with WT, K159/

298Q-, or K159/298R-C/EBPa-FLAG, using mouse anti-FLAG antibody versus non-specific mouse IgG. The experiment was performed in HEK293T cells,

analyzed by real-time qPCR. Mean ± SD (n = 3).
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K298Q-C/EBPa (Figures 4C and 4D) or K159/298Q-C/EBPa

mutants (Figures 5B and 5D), while the effect of the hypoacety-

lated K298R- and K159/298R-C/EBPa mutants is similar to WT

C/EBPa in the absence of p300 and inhibitory in the context of

p300 co-transfection. This suggests that acetylation of C/EBPa

increases its transcriptional activity, but it also shows that hypo-

acetylated K298R- and K159/298R-C/EBPa mutants still have a

transactivation potential that is similar to WT C/EBPa in the

absence of p300. Promoter-reporters have the limitation that

the readout is determined by a selected naked DNA fragment;

in our case it solely contains two natural C/EBP-binding sites

of the cMGF promoter (Sterneck et al., 1992). Therefore, they

cannot fully substitute for themore complex regulation of endog-

enous transcription that is influenced by chromatin modifiers

and by other transcription factors that bind at the promoter

and enhancer regions. Although we do not know whether the

observed changes in the transcriptome are a result of direct pro-

moter regulation through C/EBPa or of an indirect effect, the

presence of C/EBP-binding sites in most of the genes speaks

in favor of direct regulation (Table S3). Thus, the acetylation state

of C/EBPa might discriminate between interaction partners

and/or co-factors and thereby affect different endogenous

promoters in opposite ways. The finding that upregulated genes

in cells expressing the hyperacetylation K159/298Q-C/EBPa

mutant fall into different GO categories compared with those

induced by the hypoacetylation K159/298R-C/EBPa mutant

supports such a scenario.
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Figure 5. Acetylation of Lysine 298 of

C/EBPa Stimulates Acetylation of Subse-

quent Lysines

(A) Immunoblot analysis of immunoprecipitated

(IP) C/EBPa and total lysates (Input) of HEK293T

cells ectopically expressing WT or one of the

KR-C/EBPa mutants C/EBPa and p300-HA. Anti-

body staining as indicated.

(B) HEK293T cells were transiently transfected

with luciferase C/EBP-responsive firefly reporter,

Renilla expression vector for normalization, p300-

HA, and either WT or one of the KR-C/EBPa

mutant expression vectors. Luciferase activity

was measured 48 hr later (n = 3).

(C) Immunoblot analysis of immunoprecipitated

(IP) C/EBPa and total lysates (Input) of HEK293T

cells ectopically expressing WT or one of the

KQ-C/EBPa mutants C/EBPa and p300-HA.

Antibody staining as indicated.

(D) HEK293T cells were transiently transfected

with luciferase C/EBP-responsive firefly reporter,

Renilla expression vector for normalization, p300-

HA, and either WT or one of the KR-C/EBPa

mutant expression vectors. Luciferase activity

was measured after 48 hr (n = 3).

Statistical differences were analyzed using

Student’s t tests. Error bars represent ±SD. *p <

0.05, **p < 0.01, ***p < 0.001; NS, not significant.

K6, K159, K250, K273, K275, K276, and K298.

The C/EBPa acetylation switch

involving p300 and SIRT1 is reminiscent

of the acetylation of C/EBPε regulated

by these same factors (Bartels et al., 2015). C/EBPε is expressed

exclusively in myeloid cells, and acetylation of two lysines (K121

and K198) is indispensable for C/EBPε-induced terminal neutro-

phil differentiation. C/EBPε-K121 is homologous to K159 of

C/EBPa, and both are subject to sumoylation, and C/EBPε-

K198 is homologs to K276, which we found acetylated in

C/EBPa, further supporting the similarities in the acetylation of

both proteins. In agreement with our results, p300-mediated

acetylationofC/EBPεenhances transactivationof aC/EBP-bind-

ing site containing M-CSFR-promoter reporter, and the acetyla-

tion status does not affect cellular localization of C/EBPε. In

contrast to our findings obtained with deacetylated C/EBPa,

non-acetylated C/EBPε mutations are shown to reduce DNA

binding, but DNA binding of WT C/EBPε upon co-transfection

with p300 or SIRT1 was not investigated (Bartels et al., 2015).

It has been shown that C/EBPa expression is essential for

mitochondrial biogenesis and proper expression of both nuclear

and mitochondrial genome-encoded genes in brown fat (Car-

mona et al., 2002). Our study shows that this function of

C/EBPa depends on the hypoacetylated state of C/EBPa, which

is provided by the energy-sensing deacetylase SIRT1, suggest-

ing that C/EBPa mediates effects of SIRT1 on mitochondrial

function. This is corroborated by the finding that the reduction

of glucose concentration can induce mitochondrial respiration

in WT C/EBPa-expressing cells but not in cells expressing either

the acetylation-mimicking K159/298Q-C/EBPa mutant or the

hypoacetylated K159/298R-C/EBPa mutant; while K159/298R
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mutant has already increased mitochondrial respiration at high-

glucose concentrations compared withWT C/EBPa, the respira-

tion stays at a low level in the K159/298Q mutant-expressing

cells.

SIRT1 is known to control mitochondrial biogenesis and

gene expression by deacetylating the transcriptional coactivator

PPARg coactivator 1-alpha (PGC1a) (Houtkooper et al., 2012;

Rodgers et al., 2005; Gerhart-Hines et al., 2007; Nemoto et al.,
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Figure 6. C/EBPa Acetylation Status Determines the C/EBPa-Regulated Transcriptome

(A) Immunoblot analysis of C/EBPa-FLAG and total lysates (Input) of Hepa1–6 cells expressing WT, K159/298Q-, and K159/298R-C/EBPa-FLAG cumate-

inducible constructs or empty vector (E.V.) control. Antibody staining as indicated.

(B) Heatmap of 232 differentially expressed genes (DEGs) in cumate-induced Hepa1–6 cells expressing K159/298R-C/EBPa-FLAG compared with the cells

expressing K159/298Q-C/EBPa-FLAG as measured by RNA sequencing (RNA-seq). Low expression is shown in cyan, and high expression is in yellow. False

discovery rate [FDR] adjusted p value < 0.01, and themedians in theWT condition are located between themedians of K159/298Q and K159/298R. See Table S2

for a complete list of DEGs.

(C) Relative mRNA expression levels (qRT-PCR) of ten upregulated (left) and ten downregulated (right) genes in cumate-induced Hepa1–6 cells expressing K159/

298R-C/EBPa-FLAG compared with the cells expressing K159/298Q-C/EBPa-FLAG (n = 3). Corresponding p values are depicted as determined using Student’s

t test. Error bars represent ±SD.

(D) Representative functional annotation clusters of upregulated and downregulated genes in the 232 DEGs (Davis analysis adjusted enrichment score > 1.3). See

Table S2 for the list of clustered genes.
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Figure 7. Hypoacetylated C/EBPa Enhances Mitochondrial Function
(A) Cumate-induced Hepa1–6 cells expressing WT, K159/298Q-, or K159/298R-C/EBPa-FLAG were cultured in either high-glucose (25 mM) or low-glucose

(2.5 mM) glucose medium, and mitochondrial mass was measured using MitoTracker fluorescent dye.

(B) Hepa1–6 cells with C/EBPa-KD (shC/EBPa) or control cells (shCTRL) were treated overnight with either DMSO as solvent or SIRT1 activator II. Mitochondrial

mass was measured using MitoTracker fluorescent dye. Immunoblots of C/EBPa and b-actin loading control are shown at the right.

(C, E, and G) Basal and maximal OCR and SRC in cumate-induced Hepa1–6 cells expressing WT, K159/298Q-, or K159/298R-C/EBPa-FLAG proteins and

cultured in medium with 25 mM glucose (C), 2.5 mM glucose (E), or 2.5 mM glucose (G) and treated with the SIRT1 inhibitor Ex-527 (selisistat) 16 hr before the

measurement.

(legend continued on next page)
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2005). In addition, SIRT1 controls the acetylation and function of

forkhead box O (FOXO) transcription factors, which are impor-

tant regulators of lipid and glucose metabolism as well as of

stress responses (Houtkooper et al., 2012; Brunet et al., 2004;

Motta et al., 2004; van der Horst et al., 2004). SIRT1 regulates

adiponectin gene expression through stimulation of a FOXO1-

C/EBPa transcriptional complex (Qiao and Shao, 2006). Here,

FOXO1 is thought to be the target and deacetylated by SIRT1,

but deacetylation of C/EBPa was not investigated in this study.

By using a hypoacetylation (K159/298R) mutant, we demon-

strate that C/EBPa deacetylation alone is sufficient for stimu-

lating mitochondrial function. Whether deacetylated C/EBPa

induces PGC1a expression (eventually in collaboration with

FOXO transcription factors), collaborates with PGC1a in the acti-

vation of mitochondrial genes, or acts independently of PCG1a

remains to be analyzed in future experiments.

Recently, Bararia et al. (2016) showed that C/EBPa is acety-

lated by the KAT GCN5 at lysines K298 and K302 in the DNA-

binding domain and K326 in the leucine zipper dimerization

domain by using in vitro acetylation of short C/EBPa peptides

and confirmation by mass spectrometry and western blotting

using specific antibodies raised against acetylated C/EBPa. In

the latter study, acetylated C/EBPa was found to be enriched

in human myeloid leukemia cell lines and primary acute myeloid

leukemia (AML) samples, and the data show that C/EBPa acet-

ylation results in impaired DNA binding and thus loss of tran-

scriptional activity, resulting in inhibition of C/EBPa granulo-

poietic function. We did not observe effects on DNA binding

per se between hypo- or hyperacetylated C/EBPa. These differ-

ences may be the result of the different mutations used and the

different experimental systems, hematopoietic cells in the study

of Bararia et al. (2016) versus HEK293T and liver Hepa1–6 cells

in our study. Bararia et al. (2016) showed loss of DNA binding

and transactivation activity using dual K298Q/K302Q or triple

K298Q/K302Q/K326Q mutants, which all reside in the basic

leucine-zipper (bZIP) DNA-binding domain. Importantly, they re-

ported that single acetylation-mimicking mutants of one of the

three lysines showed no effect on DNA binding and transactiva-

tion. In our mass spectrometry analysis, K298Q, K302Q, and

K326Q were not covered. K298 is predicted to be acetylated

by p300 and deacetylated by SIRT1 (Table S1) and was identi-

fied as a p300 acetylation site by using Ac-K298-specific anti-

bodies. We did not include K302 and K326, because they are

not predicted as targets for p300 or SIRT1 (Table S1). Here

we examined the dual K159Q/K298Q mutation, of which K159

lies outside the bZIP domain. Because we also do not see any

effect on DNA binding with co-transfection of p300 and rather

a stimulation of reporter promoter activity, we believe that

at least in the experimental systems we use, acetylation of

C/EBPa does not alter DNA binding. Bararia et al. (2016) found

that co-transfection of p300 and C/EBPa resulted in stimulation

of a C/EBP-binding site reporter, while co-transfection with

GCN5 repressed the reporter. Similar to these results and to

other studies (Erickson et al., 2001; Bararia et al., 2016), we

also found that co-expression of p300 and C/EBPa stimulates

a C/EBP-dependent promoter reporter, but in our system,

GCN5 did not alter the reporter activation in a dose-dependent

manner (although GCN5 binds C/EBPa). Possibly, in different

cellular systems, acetylation of C/EBPa can occur at different

lysine residues by different KATs with different outcomes on

DNA binding and/or transactivation. Different KAT regulatory

pathways, C/EBPa-interacting proteins, or other PTMs of

C/EBPa might influence this process. Overall, our data are

more in agreement with the effects of acetylation and deacety-

lation of C/EBPε by p300 and SIRT1 (Bartels et al., 2015), as

discussed above.

C/EBPa is subject of extensive PTMs, including phosphoryla-

tion, methylation, sumoylation, and ubiquitination (Leutz et al.,

2011; Nerlov, 2008). Sumoylation of C/EBPa at lysine residue

K159 reduces C/EBPa transactivation of the albumin gene in

fetal primary hepatocytes and abrogates the interaction with

Brahma-Related Gene-1 (BRG1), resulting in reduced inhibitory

effect on cell proliferation (Kim et al., 2002; Sato et al., 2006).

Acetylation and sumoylation at K159 are obviously mutually

exclusive, and prevention of sumoylation by acetylation could

be involved in the observed higher transcriptional efficacy of

the K159Q mutant measured with the C/EBP-binding site re-

porter. However, the K159R that similarly prevents sumoylation

at this site shows no enhanced activity, suggesting that lysine

acetylation modulates the transcriptional activity of C/EBPa

through other mechanisms.

Taken together, our results suggest that C/EBPa acetylation

depends on nutrient (glucose) availability and is negatively

controlled by the class III KDAC SIRT1. Our observations

that hypoacetylation-mimicking C/EBPa mutant-expressing

cells show increased expression of mitochondrial genes, higher

mitochondrial mass, and mitochondrial respiration suggest that

C/EBPa is a critical downstream mediator of SIRT1 mitochon-

drial function.

EXPERIMENTAL PROCEDURES

DNA Constructs

The pcDNA3-based full-length (p42) rat C/EBPa and rat C/EBPa-FLAG have

been described earlier (M€uller et al., 2010); cloning details are available upon

request. See Supplemental Experimental Procedures for other plasmids used.

Cell Culture, Transfection, and Immunofluorescence

All cells were cultured in DMEM plus 10% fetal calf serum (FCS) (Invitrogen)

and penicillin/streptomycin at 5% CO2 and 37�C. HEK293T cells were seeded

at 2.53 106 cell in 10 cm dishes and transfected the next day with 5 mg expres-

sion vectors using calcium phosphate. The immunofluorescence staining pro-

tocol was described previously (M€uller et al., 2010). The primary antibodies

used were anti-C/EBPa (14AA; Santa Cruz Biotechnology), anti-FLAG (M2,

F3165; Sigma-Aldrich), and anti-HA (MMS-101R; Convace). Secondary anti-

bodies used were Alexa Fluor 488 or 568 conjugated (Invitrogen). p300 inhib-

itor C646 (CAS 328968-36-1; Sigma-Aldrich) was used at final concentration of

10 mM.

(D and F) Basal and maximal ECAR in cumate-induced Hepa1–6 cells expressing WT, K159/298Q-, or K159/298R-C/EBPa-FLAG proteins and cultured in

medium with 25 mM (D) or 2.5 mM (F) glucose.

For all experiments (n = 5), statistical differences were analyzed using Student’s t tests. Error bars represent ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; NS, not

significant.
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CoIP

CoIPwas performed as described previously (M€uller et al., 2010). Anti-C/EBPa

(14AA; Santa Cruz Biotechnology), anti-FLAG (M2, F3165; Sigma-Aldrich),

anti-HA (MMS-101R; Convace), and anti-Tip60 (NBP2-20647; Novus Biologi-

cals) were used for precipitation as indicated. To detect the acetylation

of C/EBPa in Fao cells, endogenous level, or in transiently transfected

HEK293T cells, the cells were treated with the deacetylase inhibitors 1 mM

TSA (T8552; Sigma-Aldrich) and 5 mM NAM (47865U; Sigma-Aldrich) 8 hr

before harvesting. The IP lysis buffer and IP wash buffer were supplemented

with these inhibitors as well.

Immunoblotting

Western blotting was performed following a general protocol. The following

antibodies were used: anti-C/EBPa (14AA), anti-SIRT1 (H-300), anti-a-tubulin

(TU-02), anti-p300 (C-20), and anti-P/CAF (H-369) (Santa Cruz Biotechnology);

anti-acetyl-Lys (05-515, clone 4G12; Millipore); anti-FLAG (M2, F3165; Sigma-

Aldrich); anti-HA (MMS-101R; Convace), anti-b-actin (clone C4, 691001; MP

Biomedicals), anti-Tip60 (NBP2-20647; Novus Biologicals), and anti-Ac-

K298-C/EBPa (Bararia et al., 2016). Horseradish peroxidase (HRP)-conju-

gated secondary antibodies were purchased from Amersham Life Technolo-

gies. The bands were visualized by chemiluminescence (ECL; Amersham

Life Technologies).

Luciferase Assay

The luciferase construct containing two consensus C/EBPa-binding sites

(pM82; lacking the AP-1-binding site) was described previously (Sterneck

et al., 1992). For the luciferase assay, 25,000 HEK293T cells per well were

seeded in 96-well plates. After 24 hr, cells were cotransfected with the

luciferase reporter, Renilla expression vector, and other expression vectors

as indicated using FuGENE HD (Promega). After 48 hr, luciferase activity

was measured by Dual-Glo Luciferase Assay System (2920; Promega)

following the manufacturer’s protocol using a GloMax-Multi Detection System

(Promega).

In Vitro Deacetylation

In vitro deacetylation assay was performed as previously described (Li et al.,

2008). Acetylated C/EBPa was obtained by co-transfecting HEK293T cells

with C/EBPa-FLAG and p300 expression plasmids. Cells were treated with

10 mM TSA and 5 mM NAM 8 hr before harvest. Anti-FLAG M2 beads

(M8823; Sigma-Aldrich) were used for precipitation, and 3X-FLAG peptide

(F4799; Sigma-Aldrich) was used for elution.

Lentiviral Transduction and Cumate-Inducible System

Hepa1–6 cells were infected with SparQ All-in-One Cumate Switch Vector

(QM812B-1; System Bioscience) containing WT rC/EBPa-FLAG cDNA,

K159/298Q-rC/EBPa-FLAG cDNA, K159/298R-rC/EBPa-FLAG cDNA, or

empty vector and propagated under puromycin selection (1.5 mg/mL). Cu-

mate-inducing solution was added to the cells at a dilution (1:1,000) 3 days

before any experiment. To obtain the C/EBPa-knockdown (KD) Hepa1–6 cells,

the cells were infected with pLKO.1 lentiviral constructs containing shRNAs

against mouse C/EBPa: sh:50-CCG GCA ACG CAA CGT GGA GAC GCA

ACT CGA GTT GCG TCT CCA CGT TGC GTT GTT TTT-30 or non-target

shRNA control (Sigma-Aldrich) and propagated under puromycin selection

(1.5 mg/mL).

EMSA

HEK293T cells were transfected with expression vectors using the calcium

phosphate method. Anti-FLAG M2 beads (M8823; Sigma-Aldrich) were used

for precipitating C/EBPa-FLAG, and 3X-FLAG peptide (F4799; Sigma-Aldrich)

was used for elution. Purified C/EBPa-FLAG was incubated with double-

strand oligodeoxynucleotides containing either C/EBP consensus binding

site or mutated one. The sense and antisense sequences are as follows:

C/EBP consensus: sense 50-CTA GCA TCT GCA GAT TGC GCA ATC TGC

AC-30; antisense 50-TCG AGT GCA GAT TGC GCA ATC TGC AGA TG-30;
mutant C/EBP consensus: sense 50-CTA GCA TCT GCA GAG GTA TAC

CTC TGC AC-30; antisense 50-TCG AGT GCA GAG GTA TAC CTC TGC AGA

TG-30. The C/EBP consensus and mutant sequences are underlined.

C/EBPa DNA-binding affinity was analyzed using EMSA (EMSA) kit, with

SYBRGreen and SYPRORuby EMSA stain (E33075; Thermo Fisher Scientific),

following the manufacturer’s protocol.

Measurement of OCR

OCRs and ECARs were determined using a Seahorse XF96 Extracellular Flux

analyzer (Seahorse Bioscience). Cumate-induced Hepa1–6 cells (2.5 3 104

per well) were seeded into a 96-well XF cell culture microplate 24 hr prior to

the assay (Supplemental Experimental Procedures).

Mass Spectrometry Analysis

HEK293T cells were transiently transfected with C/EBPa and p300-HA expres-

sion vectors. C/EBPa was immunoprecipitated using rabbit anti-C/EBPa anti-

body followed by SDS-PAGE and the proper C/EBPa protein band cut and

used for further mass spectrometry (MS) protocol (Supplemental Experimental

Procedures).

RNA Sequencing Analysis

Transcriptome analysis was done in triplicates. Hepa1–6 cells treated for

3 days with cumate solution to express WT, K159/298Q-, and K159/298R-C/

EBPa proteins were harvested, and the total RNAswere isolated using RNeasy

Plus Mini Kit (74136; QIAGEN) according to the manufacturer’s protocol (Sup-

plemental Experimental Procedures).

Real-Time qPCR Analysis

Total RNA was isolated using the RNeasy Kit (QIAGEN). For cDNA synthesis,

1 mg RNA was reverse-transcribed with the Transcriptor First Strand cDNA

Synthesis Kit (Roche) using Oligo(d)T primers. qRT-PCR was performed using

the LightCycler 480 SYBRGreen IMasterMix (Roche). Primer pairs are listed in

Table S3.

Chromatin and Reporter C/EBP-Binding Site IP

HEK293T cells were transfectedwithWT, K159/298Q-, or K159/298R-C/EBPa

expression vectors for the ChIP. HEK293T cells were cotransfected with

C/EBP-binding site reporter construct and WT, K159/298Q-, or K159/298R-

C/EBPa-FLAG expression vectors for the C/EBP-binding site IP. ChIP assay

was performed with 53 106 cells using a Bioruptor (Diagenode) for sonication

(details are available on request). ChIP antibodies were against FLAG (M2,

F3165; Sigma-Aldrich) and non-specific mouse IgG (Santa Cruz Biotech-

nology). The fold enrichment was calculated relative to the background de-

tected with non-specific rabbit IgG. For the semi-quantitative PCR, 1/50

(1 ml) of DNA obtained from the ChIP assay was used as template in a PCR

with 28 cycles. Primer pairs are listed in Table S3.

Mitochondrial Content and mtDNA Copy Number

Mitochondrial mass was measured using the MitoTracker Red 480 kit

following the manufacturer’s protocol (M22425; Thermo Fisher Scientific).

Fluorescence was measured using a GloMax-Multi Detection System (Prom-

ega). SIRT1 activator II (CAS 374922-43-7; 566313; Merck) was used at final

concentration of 10 mM. MtDNA was co-purified with genomic DNA from

Hepa1–6 cells using standard protocol, Ct values were determined for cyto-

chrome b gene encoded by mtDNA and b-actin gene encoded by the nuclear

DNA, and the relative mtDNA copy number was calculated by normalizing to

b-actin gene copy number. Primer pairs are listed in Table S3.

Mice

C57BL/6 male mice were housed individually with a standard 12-hr light/dark

cycle at 22�C in a pathogen-free animal facility and were used for all experi-

ments. Numbers of mice used in the separate experiments are given in the

figure legends. Single caged mice 3 months of age were fed ad libitum or

fed calorie restricted (70% of normal food intake) for 4 weeks. For the other

experiment, mice were fed a HFD or normal control diet (Research Diets; prod-

uct D12492: 60% fat, 20% carbohydrates, 20%protein; control diet D12450B:

10% fat, 70% carbohydrates, 20% protein) for 20 weeks. Mice were sacrificed

by isoflurane at the end of each study. All animal experiments were performed

in compliance with protocols approved by the Institutional Animal Care and

Use Committee.
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Statistics

Data were analyzed using two-tailed independent-samples Student’s t tests

for comparisons between two different groups and are expressed as

mean ± SD. The data met the assumptions of this test. Differences were

considered to be significant when p < 0.05. The RNA-seq Analysis section in

Supplemental Experimental Procedures contains details of statistical

methods. No statistical methods were used to determine sample size, and

randomization was not used for analyses.

DATA AND SOFTWARE AVAILABILITY

The accession number for the transcriptome RNA sequencing data reported in

this paper is ArrayExpress: E-MTAB-6323.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and three tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2017.12.061.
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