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gluconeogenic gene expression in vivo

Thomas A Pedersen’?, Oxana
Bereshchenko', Susana Garcia-Silva', Olga
Ermakova’, Elke Kurz', Susanne Mandrup?,
Bo T Porse® and Claus Nerlov'*

'EMBL Mouse Biology Unit, Monterotondo, Italy, 2Department of
Biochemistry and Molecular Biology, University of Southern Denmark,
Odense M, Denmark and >Laboratory of Gene Therapy Research,
Copenhagen University Hospital, Copenhagen @, Denmark

The C/EBPa transcription factor regulates hepatic nitro-
gen, glucose, lipid and iron metabolism. However, how
it is able to independently control these processes is not
known. Here, we use mouse knock-in mutagenesis to
identify C/EBPa domains that specifically regulate hepatic
gluconeogenesis and lipogenesis. In vivo deletion of a
proline-histidine rich domain (PHR), dephosphorylated
at S193 by insulin signaling, dysregulated genes involved
in the generation of acetyl-CoA and NADPH for triglycer-
ide synthesis and led to increased hepatic lipogenesis.
These promoters bound SREBP-1 as well as C/EBPg, and
the PHR was required for C/EBPa-SREBP transcriptional
synergy. In contrast, the highly conserved C/EBPa CR4
domain was found to undergo liver-specific dephosphor-
ylation of residues T222 and T226 upon fasting, and
alanine mutation of these residues upregulated the hepatic
expression of the gluconeogenic G6Pase and PEPCK
mRNAs, but not PGC-1a, leading to glucose intolerance.
Our results show that pathway-specific metabolic regula-
tion can be achieved through a single transcription factor
containing context-sensitive regulatory domains, and in-
dicate C/EBPa phosphorylation as a PGC-1a-independent
mechanism for regulating hepatic gluconeogenesis.
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Introduction

The liver is central to metabolic control, and processes, stores
and releases glucose, nitrogen metabolites and lipids. It is
also central to detoxification and participates in iron meta-
bolism. Adjusting the production and consumption of
metabolites to the influx provided by nutrition requires
coordinated regulation of groups of genes (regulons) in-
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volved in a given metabolic pathway. Thus, sugar intake
leads to the suppression of hepatic glucose production and
initiation of energy storage in glycogen and lipids. This
process is controlled by pancreatic insulin release, and
involves the transcriptional suppression of hepatic enzymes
rate-limiting for gluconeogenesis (phosphoenol pyruvate car-
boxykinase (PEPCK) and glucose-6-phosphatase (G6Pc))
through insulin response elements (IREs) in their promoters
(O’Brien et al, 2001). This pathway can be activated during
fasting by cAMP/CREB-mediated induction of PGC-1a, which
acts as a coactivator for Foxol to upregulate a gluconeogenic
regulon consisting of PEPCK, G6Pc and fructose-1,6-bisphos-
phatase (FBP-1) (Yoon et al, 2001). Similarly, lipogenesis
is regulated by dedicated transcription factors, the sterol
regulatory element binding proteins (SREBPs), which co-
ordinately regulate a large group of genes required for lipid
biosynthesis through their cognate binding sites (SREs).
SREBP-2 primarily activates cholesterol biosynthetic genes,
whereas SREBP-1 preferentially upregulates genes involved
in fatty acid production (Horton et al, 2003). SREBPs are
activated by proteolysis in the endoplasmatic reticulum, a
process that is inhibited by sterols, providing negative feed-
back regulation. In addition, SREBP-1 is transcriptionally
induced by insulin signaling, and repressed by the gluca-
gon/cAMP pathway, providing a means to control energy
storage in triglycerides according to food supply (reviewed by
Horton et al, 2002).

C/EBPa is of particular interest to the understanding of
how the repertoire of hepatic transcription factors can pro-
vide independent control of multiple regulons participating in
distinct processes, as it has been genetically demonstrated to
regulate enzymes important for several metabolic pathways.
Loss-of-function studies have shown that at birth C/EBPa
is essential for gluconeogenesis (Wang et al, 1995). In adult
mice conditional knockout experiments have shown that
C/EBPa plays an important role in hepatic glucose, nitrogen,
bile acid and iron metabolism. The expression of carbamoyl-
phosphate synthase-1 (CPS-1), a rate-limiting enzyme in urea
synthesis, and of glucokinase (GcK), rate limiting for hepatic
glucose uptake, is strongly decreased in the absence of
C/EBPa (Kimura et al, 1998; Inoue et al, 2004). Decreased
expression of the bile-metabolizing Br-UGT and UGT-1 (Lee
et al, 1997), and of the iron metabolic regulator hepcidin
(Courselaud et al, 2002), has also been observed in liver-
specific C/EBPa knock-out models. However, how C/EBPa
co-operates with other hepatic transcriptional regulators to
endow its target genes with distinct regulatory properties,
and how it responds to metabolic signaling that requires
divergent regulation of target gene expression remain
unclear.

C/EBPa contains four highly conserved regions (CR1-4;
Ross et al, 1999) in its transactivation domain. CR1-3 interact
with the basal transcriptional apparatus (Nerlov and Ziff,
1995), the p300/CBP histone acetyl transferases (Erickson
et al, 2001; Kovacs et al, 2003) and the SWI/SNF chromatin-
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remodeling complex (Pedersen et al, 2001). In contrast, little
is known about the function of CR4, which is the most highly
conserved among vertebrates. CR4 contains a GSK3 consen-
sus consisting of residues T222, T226 and S230, phosphor-
ylation of which has been proposed to regulate adipogenesis
in response to insulin signaling (Ross et al, 1999). A serine
residue (S193 in the mouse) is present adjacent to CR4.
Phosphorylation of S193 has been reported to control
the ability of a proline-histidine rich (PHR) Cdk2/4-binding
motif (encompassing residues 180-194) to regulate cell
cycle progression of hepatoma cells (Wang et al, 2004).
Phosphorylation of S193 was required for Cdk2/4-C/EBPa
interaction, which was inhibited by dephosphorylation by
PP2A through its activation via the insulin-PI3K-Akt path-
way. Insulin signaling therefore controls multiple C/EBPa
phosphorylation sites, suggesting a role for these residues
in regulating distinct subsets of C/EBPu target genes.

In order to address the in vivo role of phosphorylated
C/EBPa domains in the control of cell proliferation and
metabolic processes, we generated two mouse strains: one
in which S193 and the associated PHR Cdk2/4 interaction
motif have been deleted (APHR mice), and one in which the
GSK3 phosphorylation sites have been eliminated by chan-
ging T222, T226 and S230 to alanines (TTS mice). In vivo,
these two mutations affected expression of specific subsets of
hepatic genes: in the APHR mice enzymes controlling the
production of metabolites (acetyl-CoA and NADPH) required
for fatty acid synthesis and B-oxidation were dysregulated
in the liver, but not in adipose tissue, leading to increased
hepatic triglyceride production. Dysregulated promoters
bound both C/EBPa« and SREBP-1 and these two factors
were found to interact and to cooperate in promoter activa-
tion in a PHR-dependent manner. The C/EBPa GSK3 con-
sensus was phosphorylated in all C/EBPa-expressing tissues
examined in the fed state, and upon fasting, specifically
dephosphorylated in the liver. Simulating the fasted state
through alanine mutation of the GSK3 consensus resulted
in increased C/EBPa activity of the IRE-controlled G6Pc
promoter. In vivo, this mutation led to hepatic upregulation
of IRE-controlled genes, including G6Pc and PEPCK, resulting
in glucose intolerance. These results show that in vivo
C/EBPua uses distinct regulatory motifs to control transcrip-
tion of genes involved in glucose and lipid metabolic path-
ways in the liver. Such mechanisms may provide a general
means for transcription factors to independently regulate
multiple metabolic pathways and other biological processes.

Results

Generation of mice lacking the proline-histidine rich
C/EBPo. Cdk2/4 interaction motif

CR4 is almost invariant in vertebrate C/EBPa proteins
(Figure 1A). In addition to a GSK3 consensus contained
within the CR4 a serine (corresponding to S193 in the
mouse) is consistently present N-terminally to CR4,
embedded in a proline-histidine-rich motif (PHR motif). An
in-frame deletion of C/EBPa amino acids 180-194 was intro-
duced into the Cebpa open reading frame in E14.1 embryonic
stem cells using the targeting strategy previously described
(Porse et al, 2001). Mice heterozygous for the mutant allele
(designated APHR) were generated by standard techniques.
Intercrosses between Cebpa®’™+ mice yielded homozygous
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mutant mice (APHR mice) at the expected Mendelian ratio
(Figure 1B). APHR mice were viable, fertile and displayed no
obvious physiological abnormalities. Western blot analysis of
liver nuclear extracts confirmed that the APHR allele gave rise
to C/EBPa proteins slightly smaller than, but equal in abun-
dance to, the p42 and p30 translation isoforms produced from
the wild-type (WT) allele (Figure 1C, a). However, no in-
crease in expression of the PCNA proliferation marker was
seen in APHR livers compared with WT controls, indicating
that hepatocyte proliferation was not increased (Figure 1C,
b). In addition, no differences in the amount and histological
appearance of white adipose tissue (Figure 1D and E) were
observed. A more detailed analysis of the cell cycle regulatory
and granulocyte differentiation properties of the APHR
mutant showed no differences compared with WT C/EBPa
(Porse et al, 2006). The PHR motif encoded by C/EBPa amino
acids 180-194, thus, did not appear to be required for the
normal development or proliferation control of the major
C/EBPa-expressing tissues.

Liver-specific deregulation of lipogenic gene expression
in APHR mice

Given the absence of a detectable cell-cycle or differentiation
defect in APHR mice, and the observation that dephosphor-
ylation of S193 is induced by insulin signaling in hepatocytes
(Wang et al, 2004), we analyzed whether expression of liver
genes regulated by the metabolic state was affected in mice
lacking the PHR motif. Affymetrix DNA microarray analysis
was performed on total liver RNA. A greater than two-fold
change in expression was consistently seen for 30 entries
(Table I). The upregulated genes (23) were generally ex-
pressed at low levels, several were of unknown function
and no correlation with any known function of C/EBPa was
evident. In contrast, of the seven downregulated entries, six
represented four enzymes involved in the biosynthesis of
fatty acids: ATP citrate lyase (ACL), malic enzyme (ME),
acetyl-CoA synthase 2 (ACAS2) and glutamate-oxaloacetate
transaminase (GOT1). Of these ACL, ACAS2 and ME are
involved in generating cytoplasmic acetyl-CoA and NAPDH
for fatty acid biosynthesis, and ME and GOT1 in the regen-
eration of mitochondrial TCA cycle metabolites to replace the
citrate consumed by ACL. ACL, ACAS2, ME and GOT1 thus
constitute a coherent functional unit (designated the PHR
regulon) that generates metabolites essential for fatty acid
biosynthesis.

The downregulation of mRNAs encoding these four bio-
synthetic enzymes was confirmed by real-time RT-PCR ana-
lysis (Figure 2A). There was no general deregulation of fatty
acid synthetic genes, as SREBP-1 and fatty acid synthase
(FAS) mRNA expression was unaffected by APHR mutation,
as was expression and processing of SREBP-1 (Figure 2B).
Likewise, no change in the expression of CPS-1 was seen.
However, using real-time PCR, we found that expression of
mRNA encoding GcK was significantly upregulated in the
APHR mice. As C/EBPa S193 dephosphorylation was ob-
served in adipose cells upon insulin stimulation (Wang
et al, 2004), the expression of ACL and ME was analyzed in
adipose tissue from WT and APHR mice. This showed no
difference (Figure 2C), nor was expression of GLUT4, FAS, or
the differentiation markers PPARy, aP2 and adipsin altered,
indicating a hepatocyte-specific requirement for this C/EBPa
motif. Analysis of a number of gluconeogenic and
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Figure 1 C/EBPa PHR motif is dispensable for WAT development and control of hepatocyte proliferation. (A) Alignment of C/EBPa CR4
fragments from vertebrates. The region required for CDK2/4 interaction (PHR motif) and the CR4 are indicated. The bars and * denote residues
shown to be dephosphorylated in response to insulin signaling. The sequences of the APHR and TTS alleles are shown, with the altered area
underlined. The position of the first amino acid shown is indicated. (B) Ratios of weaned pups from 15 litters (104 pups) from intercrosses
between Cebpa®™™ * mice. (C) Levels of C/EBPo (panel a) and PCNA (panel b) in rat H4IIE hepatoma cells and mouse liver were determined
by Western blotting. Protein from approximately 3 x 10° H4IIE cells or from nuclei of 2 mg liver was loaded. The Western blot was normalized
by probing with Sp1 antibody (panel c). The bands corresponding to C/EBPa p42 and p30 are indicated. (D) Ratio of epididymal fat pad (mg)
and total body (g) weight of fed wild-type control (+/+; N=9) or APHR (A/A; N=8) mice. (E) Sections of epididymal fat pads from control
(+/+) and APHR (A/A) mice stained with hematoxylin-eosin.

IRE-regulated genes (PEPCK, G6Pc, FBP-1, glucose transpor- content of triglycerides and cholesterol. It was found that
ter-2 (GLUT2), glycogen synthase (GS), tyrosine aminotrans- hepatic triglyceride, but not cholesterol, was significantly
ferase (TAT) and insulin-like growth factor binding protein-1 increased (Figure 2F and G). In addition, primary hepatocytes
(IGFBP-1)) (Figure 2D) did not identify any that were sig- in APHR mice displayed an increase in lipid content similar
nificantly altered in APHR liver, indicating that the mutation to that observed in vivo, when cultured under serum free
specifically affected fatty acid metabolic genes. conditions (Figure 2H). Analysis of genes involved in fatty

When hepatic metabolic regulation of ME, ACL and ACAS2 acid transport and degradation showed that, whereas LDL
was analyzed, all were found to be downregulated upon receptor (LDL-R), Cyp4Al0, carnitine-palmitoyl transferase
fasting in the liver of WT mice. However, in APHR mice, (CPT)-I and -II were unaffected, a clear trend toward lower
metabolic regulation of ACL and ACAS2 was severely com- levels of the B-oxidation enzymes long-chain acyl-CoA dehy-
promised, and in the case of ME, inverted; FAS regulation was drogenase (LCAD), medium-chain acyl-CoA dehydrogenase
preserved (Figure 2E). The PHR motif thus appeared to be (MCAD), enoyl-CoA hydratase (ECH) and thiolase B was
specifically required in the liver for coordinated metabolic observed (decrease only significant for MCAD; Figure 2I),
regulation of genes encoding enzymes generating acetyl-CoA indicating that C/EBPa PHR deletion affects rate-limiting
and NADPH for fatty acid biosynthesis. The consequence of steps in hepatic triglyceride production and degradation,
this deregulation was evaluated by measuring the hepatic resulting in a net increase in hepatic triglyceride levels.
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Table I Genes regulated by PHR domain in vivo

Affy ID Gene description Ratio

Downregulated in APHR liver
1416632_at Malic enzyme, supernatant 5.20
1430307_a_at Malic enzyme, supernatant 3.72
1422479_at Acetyl-coenzyme A synthetase 2 (ADP forming) 3.26
1425326_at ATP citrate lyase 2.80
1450970_at Glutamate oxaloacetate transaminase 1, soluble 2.78
1422478 _a_at Acetyl-coenzyme A synthetase 2 (ADP forming) 2.72
1434216_a_at DNA segment, Chr 7, Roswell Park 2 complex, expressed 2.35

Upregulated in APHR liver
1435716_x_at Small nuclear ribonucleoprotein N 0.44
1449109_at Suppressor of cytokine signaling 2 0.41
1438676_at Expressed sequence AI595338 0.35
1436058_at Mus musculus transcribed sequences 0.35
1424126_at Aminolevulinic acid synthase 1 0.35
1449009_at T-cell specific GTPase 0.34
1416443 _a_at Ubiquitin-like 1 (sentrin) activating enzyme E1A 0.34
1418837_at RIKEN cDNA 2410027J01 gene 0.30
1449793 _at AV329014 RIKEN 0.29
1417185_at Lymphocyte antigen 6 complex, locus A 0.29
1420835_at RIKEN c¢DNA 4933433D23 gene 0.29
1425127 _at Hydroxysteroid dehydrogenase-2, delta<5>-3-beta 0.26
1448724 _at Cytokine inducible SH2-containing protein 0.25
1425120_x_at RIKEN cDNA 2310061N23 gene 0.24
1428022_at cDNA sequence BC027556 0.21
1456212_x_at BB831725 RIKEN 0.19
1450018_s_at RIKEN cDNA 4933433D23 gene 0.19
1418835_at Pleckstrin homology-like domain, family A, member 1 0.17
1420836_at RIKEN cDNA 4933433D23 gene 0.17
1423696_a_at RIKEN cDNA 2400006A19 gene 0.10
1434496_at Cytokine inducible kinase 0.08
1425394 _at cDNA sequence BC023105 0.07
1418086_at Protein phosphatase 1, regulatory (inhibitor) subunit 14A 0.06

Affymetrix M430A arrays were used to analyze total liver RNA from two wild-type and two APHR mice (fed state). Genes consistently up- or
downregulated in the APHR (i.e. two-fold change in all +/+ versus APHR pairwise comparisons), and which were scored as ‘present’ or
‘marginally present’ in both of the samples with the highest expression are shown. Ratio indicates the ratio of normalized values (+/+/

APHR).

Consistent with the lack of effect on gluconeogenic gene
expression, blood glucose levels and glucose tolerance were
normal in APHR mice (data not shown), indicating intact
glucose homeostasis.

C/EBPa. and SREBP-1 coregulate PHR-dependent genes
Of the genes identified as dysregulated in APHR mice ACL,
ME and ACAS2 have been previously described as SREBP
target genes (Horton et al, 2003). Chromatin immunopreci-
pitation (ChIP) of mouse liver showed association of both
C/EBPa and SREBP-1 with the ACL and ACAS2 promoters. In
contrast, the G6Pc, IGFBP-1 and GcK promoters showed
strong C/EBPa association and no or little SREBP-1 binding
(Figure 3A). No binding to the B-globin promoter was
detected. Re-ChIP experiments confirmed that SREBP-1 and
C/EBPa co-occupied the ACAS2 promoter (Figure 3B); con-
sistent with the ChIP analysis, only weak C/EBPa-SREBP-1
co-occupancy of the GcK promoter was detected. These
results suggested a functional interaction between C/EBPa
and SREBP on PHR-dependent promoters. Consistent with
this, SREBP-1c co-immunoprecipitated with C/EBPa in tran-
siently transfected S293 cells (Figure 3C). This interaction
was not PHR-dependent. We next used a knock-in mouse
strain in which a tandem affinity purification (TAP) tag
(Rigaut et al, 1999) has been fused to the C terminus of
C/EBPa to determine whether it associates with SREBP-1 in
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the liver in vivo. Nuclear extracts from WT (+/+) and
tagged (T/+) mice were subjected to pull-down with a
protein A matrix in the presence or absence of rabbit im-
munoglobulin (Ig), which induces the association of the
protein A moiety of the TAP tag with the matrix through its
Fc domain. This led to the selective pull down of TAP-tagged
C/EBPa from nuclear lysates, as assayed by Western blotting
with an anti-C/EBPa antibody (Figure 3D, lower panel; weak
pull-down in the absence of added Ig is likely due to
endogenous mouse Ig). Western blotting using an anti-
SREBP-1 antibody showed similar levels of processed nuclear
SREBP-1 in both lysates, but SREBP-1 was detected only in
the pull-down from T/+ mice (Figure 3D, upper panel),
providing evidence that SREBP-1 and C/EBP« form a complex
in normal liver.

WT C/EBPa and C/EBPa APHR did not differ in their
capacity to directly activate the ACAS2 promoter
(Figure 3E). However, whereas WT C/EBPa was found to
synergize efficiently with SREBP-1c in ACAS2 promoter acti-
vation, the APHR allele was impaired in this function
(Figure 3F). Similar results were obtained using the ACL
promoter (Figure 3G). The ACAS2 promoter contains numer-
ous SREs. We mutated those previously found to be most
important for promoter activity in hepatoma cells (Ikeda et al,
2001), which are found in the vicinity of the C/EBP consensus
binding site (see Supplementary Figure S1), and found that
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Figure 2 Deregulation of hepatic lipogenic gene expression in APHR mice. (A) Relative mRNA expression of the indicated genes determined by
RT-PCR was determined as described in Materials and methods using cDNA prepared from livers of wild-type control (+/+) or APHR mice
(N=5). The expression level of mRNA in control mice was set to 1. (B) Western blot of liver nuclear extract (100 pg/lane) from fed and
overnight fasted + /+ and APHR mice using anti-SREBP-1 (upper panel) and anti-tubulin (lower panel) antibodies. The positions of full-
length (FL) and proteolytically cleaved (PR) SREBP-1c are indicated. (C) Relative mRNA expression of the indicated genes determined as in (A)
using cDNA prepared from epididymal fat pads (N>5). (D) Relative mRNA expression of the indicated genes determined as in A (N>5).
(E) Relative mRNA expression of the indicated genes determined by RT-PCR as in (A) using cDNA prepared from livers of at least four fed and
four overnight fasted (16 h) control (+/+) and APHR mice. (F) Triglyceride content was determined in livers of fed control (4 /+; N=3) or
APHR (N=3) mice. (G) Cholesterol content in livers of fed control (+/+; N=4) or APHR (N=4) mice. (H) Total triglyceride content of
primary hepatocytes isolated from fed control (+ /4 ) or APHR mice. Triplicate cultures of each genotype were analyzed. (I) Relative mRNA
expression of the indicated genes involved in lipid metabolism was determined by RT-PCR using cDNA prepared from livers of fed wild-type
control (+/+) or APHR mice as in (A) (N>5). *Indicated a significant difference (P<0.05, Student’s t-test) from the wildtype value.
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Figure 3 Co-localization and cooperation of C/EBPa and SREBP-1 on PHR-dependent promoters. (A) Chromatin immunoprecipitation on
increasing amounts of X-linked liver extracts from fed mice was performed as described in the Materials and methods section using 4 pg anti-C/
EBPo, anti-SREBP1 or unspecific rabbit IgG. Input material corresponding to 8 mg liver (In.) was loaded as control. M: 100-bp DNA marker.
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(-) or presence (Ig) of 1 mg rabbit IgG. Bound protein, as well as 5% of the Input (100 pg) was subjected to Western blotting with anti-C/EBPa
and anti-SREBP-1 (2A4) antibodies. (E) S293 cells were cotransfected with a pACAS2-LUC and increasing amounts of expression vectors
encoding wild-type C/EBPa (WT) or C/EBPaAPHR, as indicated. Luciferase activity was measured 40 h post transfection, and are expressed as
fold activation relative to the basal level of the reporter. C/EBPo expression levels were determined by Western blotting. Western blots where
normalized by probing with anti-tubulin antibody (not shown). (F) S293 cells were cotransfected with pACAS2-LUC, expression vectors
encoding WT C/EBPa or C/EBPaAPHR and increasing amount of vector encoding (SREBP1c 1-403) as indicated (N=75). Luciferase activity and
protein expression were determined as in (E). (G) S293 cells were cotransfected with pACL-LUC, expression vectors encoding SREBP1c (1-403)
and increasing amounts of vector encoding WT C/EBPa or C/EBPaAPHR as indicated. Luciferase activity and protein expression was
determined as in E (N=4). (H) S293 cells were cotransfected with pACAS2-LUC (left panel) or pACAS2mSRE-LUC and expression vectors
encoding SREBP1c (1-403) and increasing amounts of vector encoding C/EBPa as indicated (N = 3). Luciferase activity was determined as in
(E). *Indicated a significant difference (P<0.05, Student’s t-test) from the wildtype value.
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pad (mg) and total body (g) weight of fed WT (N=7) or TTS (N=7)
mice. (C) Sections of epididymal fat pads from WT and TTS mice
stained with hematoxylin-eosin.

this ablated C/EBPa-SREBP synergy (Figure 3H). The PHR
motif was therefore not required for C/EBPa and SREBP-1 to
interact, but rather to functionally cooperate in promoter
activation when associated with adjacent binding sites.

Liver-specific metabolic regulation of C/EBPy. GSK3 site
phosphorylation

In parallel to generation of the APHR knock-in mice, a triple
alanine mutation (T222A, T226A and S230A, designated TTS
allele) was introduced into the mouse germ line. Also in this
case, homozygous mice (TTS mice) were obtained from
intercrosses between Cebpa'™" mice at the expected
Mendelian frequency (Figure 4A), and TTS mice had no
apparent physiological abnormalities. White adipose tissue,
lung tissue and granulopoiesis were normal in both amount
and morphology, compared with control mice containing an
equivalent knockin of WT C/EBPa (WT mice; Porse et al,
2001) (Figure 4B and C and data not shown). In these
experiments the WT mice were preferred owing to possible
confounding effects of minor amino-acid differences, due to
the presence of rat sequences in the knock-in construct, on
the phosphorylation state analysis shown below; + /4 con-
trols behaved identically in all cases tested.

To assess the metabolic regulation of C/EBPa phosphor-
ylation at the GSK3 consensus in vivo, we analyzed three
C/EBPa-expressing tissues (liver, adipose tissue and lung)
from normally fed TTS mice, as well as from fed and fasted
WT mice by Anderson PAGE, which allows resolution of
phosphorylated states. We found that C/EBPa from livers of
fasted WT mice co-migrated with C/EBPa from TTS mice
(Figure 5A, Liver panel), indicating that in this metabolic
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state hepatic C/EBPa is dephosphorylated. Instead, in livers
of fed WT, mice slower migrating, phosphorylated C/EBPa
was detectable. This metabolic regulation of C/EBPa phos-
phorylation on the GSK3 consensus sites was seen only in the
liver. In adipose and lung tissue, C/EBPa phosphorylation
was constitutive, demonstrating liver-specific metabolic
regulation of C/EBPa GSK3 consensus phosphorylation. To
confirm that the observed differences reflected phosphoryla-
tion of the GSK3 consensus we generated monoclonal anti-
bodies (mAbs) against a peptide representing C/EBPa doubly
phosphorylated on T222 and T226, which mutation analysis
indicated as the major phosphorylated residues (Ross et al,
1999; data not shown). Two mAbs that recognized this
phosphopeptide, but not the corresponding non-phospho
peptide, were isolated. Both of these reacted with WT
C/EBPa derived from virally transduced NIH3T3 cells, but
not a T222A, T226A mutant, confirming that they specifically
recognized the phospho-form of full-length C/EBPa
(Figure 5B; data not shown). These anti-phospho-TT mAbs
detected high levels of phospho-C/EBPa in livers from fed,
but not fasted, mice, and in adipose tissue in both conditions
(Figure 5C), confirming the phosphorylation pattern inferred
above. Injection of glucose into fasted WT and TTS mice
showed that the GSK3 consensus was rephosphorylated
within 60 min of elevation of blood glucose levels, as detected
by both Anderson PAGE and anti-phospho-C/EBPa antibodies
(Figure 5D and E). In contrast, we did not observe rephos-
phorylation by direct insulin challenge (data not shown),
indicating that glucose induces phosphorylation of these sites
through an insulin-independent mechanism.

Deregulation of IRE controlled gene expression in TTS

mice

The above results indicated that the C/EBPa GSK3 consensus
functions as a liver-specific nutritional sensor in vivo. As the
TTS allele mimicks the fasted state of C/EBPa in fed mice, we
focused our analysis of the downstream effects of the muta-
tion on mRNAs that are regulated in response to a feeding
to fasting transition, as well as known C/EBPa target genes,
using quantitative RT-PCR analysis of mRNA from livers of
fed TTS and WT mice. We found that a group of four genes
consisting of G6Pc, IGFBP-1, PEPCK and TAT were signifi-
cantly upregulated in the TTS mutants (Figure 6A). These
genes all contain IRE sequences in their promoters and are all
known to be repressed by insulin signaling through these
IREs (O’Brien et al, 2001). In contrast, a number of other
genes, including known or putative hepatic C/EBPu target
genes involved in glucose (GS, GcK) and nitrogen metabo-
lism (CPS-1), were unaffected by the TTS mutation
(Figure 6A). Both PEPCK and GG6Pc are part of the gluco-
neogenic regulon induced by forced hepatic expression of
the PGC-1a coactivator (Yoon et al, 2001). We analyzed the
expression of PGC-1a, as well the PGC-1a targets FBP-1 and
CPT-1 (Louet et al, 2002), which were found not to coregulate
with the IRE-controlled genes (Figure 6B). ACL and ME, both
dysregulated in APHR mice, were also expressed normally in
TTS mice (Figure 6B). To determine if the phosphorylation
state of the GSK3 consensus directly affected the activity of
C/EBPa on an IRE-containing promoter, we used the prox-
imal G6Pc promoter, which contains three IREs (O’Brien et al,
2001). In transiently transfected HepG2 hepatoma cells,
as well as S293 cells, the TTS allele displayed increased
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Figure 5 Phosphorylation of the TTS site is metabolically regulated. (A) Protein extracts from approximately 10 mg liver, 20 mg lung and
200 mg epididymal fat pad isolated from fed and fasted WT and fed TTS mice were analyzed by Anderson PAGE and Western blotting. Western
blots were developed using anti C/EBPa antibody (14AA). The phosphorylated and non-phosphorylated C/EBPa p42 and p30 forms are
indicated. * indicates a nonspecific cross-reactive band. (B) NIH3T3 cells were infected with virus encoding wild-type C/EBPa or mutant
C/EBPa T222A,T226A. Cells were analyzed for C/EBPa expression and Thr 222,226 phosphorylation by Western blotting using polyclonal anti-
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as in (C).

transactivation on this promoter compared with WT C/EBPa.
(Figure 6C and E). In contrast, no significant difference was
observed between the WT C/EBPa and the TTS mutant on
the ACAS2 promoter in S293 cells (Figure 6F), and a slight,
but significant, decrease was observed in HepG2 cells
(Figure 6D). Importantly, C/EBPa was phosphorylated on
the GSK3 consensus in S293 cells (Figure 6G). ChIP analysis
showed similar association of C/EBPa with the G6Pc and
ACAS2 promoters in the liver in fed and fasted mice
(Figure 6H), whereas SREBP-1 occupancy of the ACAS2
promoter was restricted to the fed state. Together, these
results support the notion that phosphorylation of the GSK3
consensus selectively decreases C/EBPa activity on IRE-con-
trolled promoters, and show that the genes regulated by
phosphorylation of the C/EBPa GSK3 consensus are distinct
from those whose regulation depends on the PHR motif.

TTS motif is required for glucose tolerance

The elevated expression of IRE-controlled gluconeogenic
genes (G6Pc and PEPCK) in fed TTS mice suggested that
phosphorylation of the GSK3 consensus contributes to limita-
tion of hepatic glucose output in response to a high metabolic
state, a regulation lost if these sites are mutated. Consistent

1088 The EMBO Journal VOL 26 | NO 4 | 2007

with this, hepatic glycogen was decreased in fed TTS mice
(Figure 7A) and small, but significant, increase in blood
glucose and insulin levels was seen in TTS mice, relative
to WT controls (Figure 7B and C), whereas serum-free fatty
acids were not elevated (Figure 7D). TTS and WT mice were
therefore subjected to a glucose tolerance test. True wildtype
(+/+) mice, derived from TTS/ + and WT/ + intercrosses,
were tested in parallel to ensure that background differences
played no role in the observed effects. TTS mice displayed
significant glucose intolerance, compared with both WT and
+ /4 mice (Figure 7E), and the glucose uptake in skeletal
muscle was significantly lowered, with a similar trend in
white adipose tissue (Figure 7F), indicating that the dereg-
ulation hepatic glucose metabolism caused by C/EBPa GSK3
consensus mutation leads to disturbed systemic glucose
tolerance.

Discussion

The results presented here demonstrate that the C/EBPa
PHR motif and GSK3 consensus are required for regulation
of distinct gene subsets in the liver, showing in vivo target
gene specificity of these two regulatory motifs. Second, these
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Figure 6 TTS mice show increased hepatic IRE controlled gene expression. (A) mRNA expression was analyzed by RT-PCR as in Figure 2A
using cDNA prepared from livers from at least four fed WT or TTS mice. cy2b39: cytochrome 2b39; IR: insulin receptor; HMGCS-2:
hydroxymethylglutaryl-CoA synthetase-2 (mitochondrial). (B) mRNA expression as in (A). (C) HepG2 cells were cotransfected with pG6Pc-LUC
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Luciferase activity was measured 40 h post transfection (N=5). (D) As in (C), except pACAS2-LUC reporter was used (N=4). (E) S293 cells
were transfected as in C. The amounts of C/EBPa expression vector was 100ng, 300ng and 1pug (N=4). C/EBPa expression levels in
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gene subsets controlled distinct metabolic processes, and
define two regulons involved in lipogenesis (APHR mutant)
and gluconeogenesis (TTS mutant), respectively. The PHR
regulon is characterized by coregulation by C/EBPa and
SREBP-1, whereas the TTS regulon is composed of genes
containing IREs in their promoters, providing genetic in vivo

©2007 European Molecular Biology Organization

evidence that promoter context determines the responsive-
ness of genes to regulation through the two C/EBPa amino-
acid motifs. Finally, the tissue-specific glucose regulation
of C/EBPa GSK3 consensus phosphorylation shows that
C/EBPa is a hepatic sensor of the metabolic state, and its
ability to control hepatic gluconeogenic gene expression in
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from the wildtype value.

the absence of PGC-1a regulation identifies C/EBPa phos-
phorylation as a PGC-1a-independent mechanism for control-
ling hepatic glucose efflux. Together, these observations
suggest a model in which independent regulation of meta-
bolic pathways is achieved by context-dependent sensitivity
to metabolically regulated signaling via discrete domains
within transcriptional regulators.

Regulation and function of the C/EBP». GSK3 consensus
Mutation of the GSK3 consensus leads to increased C/EBPa
activity on the IRE-containing G6Pc promoter and specific
upregulation in the fed state of a regulon consisting of IRE-

VOL 26 | NO 4 | 2007

controlled genes, including G6Pc and PEPCK. The factors
associated with IREs have been extensively investigated,
mainly in hepatoma cell lines, and the main candidates
identified include Foxol and C/EBPJ (Hall et al, 2000;
Ghosh et al, 2001). For Foxol, this notion is supported by
the observation that its ectopic expression in kidney cells
confers negative insulin regulation upon G6Pc (Nakae et al,
2001). C/EBPa expression, while high in normal liver, is
generally low or absent in hepatoma cell lines (see e.g.
Figure 1C), and the role of C/EBPa may have been
underestimated for this reason. However, in one study,
IRE regulation has been shown to be sensitive to antisense
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C/EBPa downregulation in H4IIE cells (Crosson and Roesler,
2000). Here we show that C/EBPa binds to IRE promoter
regions in vivo, both in the fed and fasted states, and our
results thus indicate that mutation of the TTS motif specifi-
cally affects C/EBPa activity on IRE-containing promoters.
This provides direct genetic evidence that C/EBPa partici-
pates in IRE regulation in vivo.

In vivo, we find dephosphorylation of the GSK3 consensus
to be restricted to fasting hepatocytes, whereas adipose and
lung tissue did not show regulation. Since insulin signaling is
lower in the fasted state, and GSK3 activity is inhibited by
insulin signaling (Cross et al, 1995), this indicates that under
physiological conditions C/EBPa GSK3 consensus phosphor-
ylation does not correlate with GSK3 activity. Significantly,
hepatic PGC-la-regulated genes are not systematically af-
fected in TTS mice, and its expression is not changed, and
GSK3 consensus phosphorylation was not insulin sensitive
in vivo. PGC-1a expression is induced in the liver via the
cAMP-CREB axis (Herzig et al, 2001), and regulates gluco-
neogenic gene expression by acting as a co-factor for Foxol,
an interaction disrupted by insulin-mediated Foxol phos-
phorylation (Puigserver et al, 2003). More recently, the
metabolic regulation of gluconeogenic genes, including
those containing IREs, was found to be blunted but not
absent in mice lacking PGC-1a in the liver (Handschin et al,
2005), indicating the existence of parallel regulatory mechan-
isms. Our data show that C/EBPa regulates IRE-containing
promoters, including those of key gluconeogenic genes,
through a mechanism distinct from that defined by the
PGC-la-Foxol axis, and C/EBPa GSK3 consensus phosphor-
ylation may therefore constitute a PGC-la- and insulin-
independent mechanism for controlling hepatic glucose efflux.

The physiological consequences of promoter deregulation
in TTS mice are decreased liver glycogen, subtle increases
in serum insulin and glucose, and glucose intolerance. This
phenotype is very similar to that induced by hepatic over-
expression of G6Pc in rats (Trinh et al., 1998), and is therefore
consistent with the observed changes in gene expression.
Nevertheless, the possibility has to be considered that the
effects of the TTS mutation on gene expression are caused by
metabolic changes in other tissues, and not vice versa. This is
unlikely to be the case, because in transient transfection
assays in both S293 and HepG2 cells the intrinsic activity
of C/EBPa on the G6Pc promoter was increased by mutation
of the GSK3 consensus to an extent similar to the increase of
G6Pc expression seen in mutant mice. Also, increased blood
glucose and insulin would normally downregulate IRE-con-
trolled gene expression, whereas the opposite is in fact
observed. We therefore propose that phosphorylation of the
C/EBPa GSK3 consensus, induced by elevated blood glucose
levels, serves to limit hepatic glucose output through negative
regulation of IRE-containing promoters, thereby providing
negative feedback regulation, and that in the absence
of such control homeostasis occurs at a slightly elevated
blood glucose concentration, resulting in systemic glucose
intolerance.

Contol of lipogenic gene expression by the C/EBPy. PHR
motif

The genes in the PHR regulon are involved in the generation
of cytoplasmic acetyl-CoA and NADPH, the two main meta-
bolites required for synthesis of fatty acids. ACL, ME and
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ACAS2 showed the expected metabolic regulation, being
repressed in the fasted state, and this regulation was lost
when the PHR motif was deleted. In addition, lowered
expression of several B-oxidation enzymes was observed.
The net result of this was increased triglyceride levels in
livers of APHR mice, and hepatocytes isolated from APHR
mice had increased triglyceride accumulation. Although more
work is required to pinpoint the precise mechanism under-
lying the increased triglyceride levels observed in the APHR
mice, this suggests that the downregulation of the PHR
regulon during periods of low food intake may be critical
for limiting hepatic triglyceride production. Elevated levels
of GcK mRNA and lower B-oxidation may contribute to this
effect by increasing hepatic glucose influx and lowering fatty
acid degradation, respectively.

At the molecular level, we find that PHR-dependent pro-
moters bind both SREBP-1 and C/EBPq, that the two factors
interact in vivo and in cotransfection assays, and synergize in
ACAS2 and ACL promoter activation, and that this synergy
requires the PHR motif and promoter SREs. The specificity in
gene regulation by the PHR motif is therefore most likely
provided simply by the SREBP-1 containing promoter con-
text. It is interesting to note that chicken strains selected
for high and low levels of abdominal adipose tissue show
divergent hepatic expression of ME and ACL: both were
upregulated in fat compared with lean animals, whereas
FAS and SREBP-1 expression were not significantly altered
(Daval et al, 2000; Assaf et al, 2004). This is consistent with
ME and ACL being controlled by signaling that does not affect
FAS/SREBP-1 expression, and further indicates that specific
deregulation of genes from the PHR regulon is sufficient to
increase hepatic lipid production. The concept of coregula-
tion of genes constituting functional modules is central to
our understanding of genome function, as such modules are
predicted to provide regulatory and evolutionary flexibility by
allowing pathways, rather than individual molecules, to be
used as building blocks when modifying the phenotype
of cells, and ultimately organisms (Aderem, 2005). The fat
versus lean chickens mentioned above may be an example of
how a regulatory mutation, yet to be identified, by changing
the expression of the PHR regulon affects the physiology of
the whole organism. These studies did not correlate the fat
phenotype with increased C/EBPa or SREBP-1 expression.
Our results suggest that controlling the functional interaction
between these molecules, for example, by phosphorylation/
dephosphorylation of C/EBPa, may instead be critical.

In summary, the data presented provide genetic evidence
that in vivo the coordinated expression of hepatic enzymes
participating in specific metabolic pathways (acetyl-CoA/
NADPH generation and gluconeogenesis) is controlled by
distinct motifs within the C/EBPa transactivation domain.
Neither of the mutations studied had any effect on expression
of CPS-1, a key nitrogen metabolic enzyme critically depen-
dent on C/EBPua for its expression (Inoue et al, 2004; Kimura
et al, 1998) or other C/EBPua target genes (Albumin, GS).
ChIP analysis showed the constitutive presence of C/EBPa on
both PHR-(ACAS2) and TTS (G6Pase)-regulated genes. The
function of the two motifs is therefore to sensitize target
promoters to specific signals, in this case SREBP-1 upregula-
tion and glucose-regulated TTS dephosphorylation,
respectively. Regulation via the TTS and PHR motifs also
showed cell type specificity: dephosphorylation of the GSK3
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consensus in response to fasting was observed only in the
liver, and although the lipogenic enzymes constituting the
PHR regulon are highly expressed in adipocytes, no effect of
the APHR mutation was seen in adipose tissue. The identified
C/EBPa motifs and their context-specific gene regulatory
properties thus provide a mechanism for how gene and tissue
specificity of transcriptional regulation of C/EBPa target
genes is achieved.

Materials and methods

DNA constructs and generation of knock-in mice

The C/EBP2APHR and TTS mutants were generated by PCR or by
using the Quickchange mutagenesis kit (Stratagene) and confirmed
by sequencing. Cloning of targeting constructs, electroporation and
selection of 14.1 ES cells were performed as described (Porse et al,
2001). The C/EBPa-TAP knock-in mice, containing a tandem affinity
tag consisting of a calmodulin binding peptide, a TEV protease
cleavage site and a protein A Ig binding domain (Rigaut et al, 1999)
fused to the C terminus of C/EBPa, will be described elsewhere
(Lopez et al, in preparation). Mouse strains were maintained on
a 75% C57BL/6: 25% 129/0la background. Mice were kept in a
12-hour light/dark cycle on a standard pellet chow diet (Harlan)
and water ad libitum, except when otherwise stated. Only male
mice between 7 and 8 weeks were used for analysis.

Histology
Analysis of white adipose tissue was performed as described (Porse
et al, 2001).

Generation of monoclonal antibodies

Monoclonal antibodies were raised against the peptide
QPGHPT[P]PPPT[P]PVPSPH (Sigma Genosys). mAb generation
was performed as described (De Masi et al, 2006) by the EMBL
Monoclonal Antibody Core Facility. mAbs were screened against
both the phosphopeptide and the corresponding non-phospho
peptide. Two hybridomas (2C6 and 9G11) were identified that
selectively recognized the phospho-form. The 2C6 mAb was used
for all experiments, except Figure 6G.

Protein extraction, co-IP, TAP pull-down and Western blotting
Details can be found in Supplementary data.

RNA preparation, affymetrix and real time PCR analysis

Total liver RNA was prepared as described (Chomczynski and
Sacchi, 1987). Total RNA was prepared from fat using Trizol (Sigma)
as specified by the manufacturer. For microarray analysis, total RNA
from liver was analyzed at the RH Microarray Center (Copenhagen
University Hospital, Denmark) using Affymetrix Mouse Genome
430 2.0 GeneChips™. For Real-time PCR, cDNA was prepared
using the Ready-To-Go T-primed first strand kit (Amersham
Bioscience). Genespring software (Silicon Genetics) was used for
data mining (see Supplementary data). Real-time PCR protocols,
primer sequences and cycling conditions are available as Supple-
mentary data.
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Transient transfections
Mouse promoters for ACAS2 (—2059 to + 1), ACL (—850 to + 50)
and G6Pc (—250 to +65) were amplified by PCR from genomic
DNA and cloned into pGL3 (Invitrogen) to generate pACAS2-LUC,
PACL-LUC and pG6Pc-LUC, respectively. For mutation of three
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successive rounds of PCR mutagenesis were carried out using the
the Quickchange mutagenesis kit (Stratagene) and the following
primers:

Acas SRE-397* s: CTAACTTGGGAATTCCACAGCCTT;

Acas SRE-397* as: AAGGCTGTGGAATTCCCAAGTTAG;

Acas SRE-352/47* s: AGCCGGGCTAAAGCTTGAATTCACGGG
CCCGCCT;

Acas SRE-352/47* as: AGGCGGGGTGAATTCAAGCTTTAGCCC
GGCT.

$293 and HepG2 cells were cotransfected with expression vectors
encoding SREBP-1c (aa 1-403), WT or mutant rC/EBPq, and, for
luciferase assys, reporter construct. Forty hours post transfection,
cells were washed with PBS and prepared for use in luciferase
assays as described (Porse et al, 2001) or for co-IP.

Preparation of primary hepatocytes and measure of
triglyceride content

Hepatocytes were isolated from fed mice as described (Berry
and Friend, 1969) and kept in M199 with Earles salts (Sigma)
supplemented with 2% ultroser (Biosepra), 0.1% BSA and 1%
penicillin/streptomycin (Gibco) before triglyceride content was
determined as described (Pedersen et al, 2001).

ChIP

ChIP experiments were performed on chromatin prepared from
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anti-C/EBPa (14AA) or unspecific rabbit IgG (Santa Cruz Biotech-
nology). For a detailed protocol and PCR primer sequences, see
Supplementary data.

Mouse physiology
Details can be found in Supplementary data.

Statistics

Differences between two data sets were tested by calculating
P-values using two-tailed Student’s t-test. Statistical significance
(P<0.05) is indicated by *. Error bars indicate standard deviations.
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Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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