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CCAAT enhancer-binding protein � (C�EBP�), a basic-leucine zipper
transcription factor, is an important effector of signals in physio-
logic growth and cancer. The identification of direct C�EBP� targets
in vivo has been limited by functional compensation by other
C�EBP family proteins and the low stringency of the consensus
sequence. Here we use the combined power of expression profiling
and high-throughput chromatin immunoprecipitation to identify
direct and biologically relevant targets of C�EBP�. We identified 25
potential C�EBP� targets, of which 88% of those tested were
confirmed as in vivo C�EBP�-binding sites. Six of these genes also
displayed differential expression in C�EBP��/� livers. Computa-
tional analysis revealed that bona fide C�EBP� target genes can be
distinguished by the presence of binding motifs for specific addi-
tional transcription factors in the vicinity of the C�EBP� site. This
approach is generally applicable to the discovery of direct, biolog-
ically relevant targets of mammalian transcription factors.

CCAAT enhancer-binding proteins (C�EBPs) constitute a fam-
ily of basic-leucine zipper (bZIP) transcription factors that are

critical for the regulation of numerous biological processes, includ-
ing differentiation, metabolic homeostasis, proliferation, tumori-
genesis, inflammation, and apoptosis (1–9). C�EBP proteins are
regulated at multiple levels, including gene transcription, transla-
tion, and phosphorylation, in response to a variety of stimuli
including hormonal, cytokine and growth factor-signaling pathways
(1). C�EBP proteins are able to form hetero- and homodimeric
complexes with other C�EBP family members, thereby creating
additional diversity in target sequence recognition.

C�EBP� is an important effector of growth signals in experi-
mental models of physiologic and neoplastic growth, the acute-
phase response, and metabolic homeostasis (1–11). Livers from
C�EBP��/� mice exhibit a blunted regenerative response associ-
ated with prolonged hypoglycemia and altered expression of several
cell-cycle-associated genes (10). In addition, a recent microarray
analysis of human tumors has implicated C�EBP� as a downstream
mediator of cyclin D (12). Although these studies provide strong
support for the role of C�EBP� as a regulator of cell growth, at
present, neither the mechanism by which C�EBP� modulates the
growth effects of cyclin D1 nor the targets of C�EBP� in this
pathway have been elucidated.

A variety of approaches has been used to identify C�EBP�-
binding sites, including cell culture systems, C�EBP��/� mice, and
analyses of promoter sequences. However, several obstacles have
limited the identification of direct C�EBP�-dependent transcrip-
tional targets in vivo. All C�EBP family members with the exception
of C�EBP� possess identical in vitro DNA-binding affinity for
C�EBP consensus sequences, suggesting that other C�EBP family
members may be able to compensate for the loss of C�EBP� (13).
Second, the application of computational sequence analysis to
identify C�EBP promoter sequences has been impeded by the fact
that significant variations from the optimal C�EBP-binding se-
quence are tolerated, limiting the discriminative power of the
C�EBP consensus sequence. Furthermore, the ability of C�EBP�
to heterodimerize with other basic-leucine zipper (bZIP) and
non-bZIP transcription factors is associated with alterations in

transactivation and DNA-binding specificity that may not be pre-
dicted based on consensus C�EBP-binding sequences (14–17).
Here, we leverage the combined power of expression profiling and
high-throughput chromatin immunoprecipitation (ChIP) to char-
acterize direct and biologically relevant targets of C�EBP�.

Materials and Methods
Animals. The derivation of mice homozygous for the C�EBP�
null mutation has been described (2). Mouse partial hepatecto-
mies were performed as described (10).

ChIP. Mouse liver was minced in cold PBS and passed through a
21-gauge needle. The minced tissue was crosslinked in 1% form-
aldehyde�PBS for 15 min with constant shaking. Crosslinking was
quenched by the addition of glycine to a final concentration of 0.125
M with constant shaking for an additional 5 min. The tissue was
rinsed in PBS and homogenized with a Dounce homogenizer. The
cells were pelleted by centrifugation at 13,000 � g for 5 min,
resuspended in cell lysis buffer (5 mM Pipes, pH 8.0�85 mM
KCl�0.5% Nonidet P-40�10 �M aprotinin�10 �M leupeptin�1 mM
PMSF), and incubated on ice for 15 min. Nuclei were pelleted by
centrifugation at 13,000 � g for 5 min, resuspended in nuclear lysis
buffer (50 mM Tris�Cl, pH 8.1�10 mM EDTA�1% SDS�10 �M
aprotinin�10 �M leupeptin�1 mM PMSF), and incubated on ice for
10 min. The lysate was divided into 500-�l aliquots and sonicated
by using the Sonic Dismembrator Model 100 (Fisher Scientific)
with a microtip probe set to a power output of 4–6 W for three
cycles of 20 s each. Insoluble debris was removed by centrifugation
and the supernatant was collected and flash frozen in liquid
nitrogen. Quantitative PCR was performed on the input DNA
fractions to ensure that equal amounts of chromatin DNA were
used in all immunoprecipitations. Immunoprecipitations were per-
formed as described (18). Enrichment of the target gene phos-
phoenolpyruvate carboxykinase (PEPCK) relative to the 28S rRNA
gene was calculated as follows: enrichment � 2∧ [(28SChIP � PEP-
CKChIP) � (28SInput � PEPCKInput)]. Potential C�EBP�-binding
sites in candidate target genes were identified by searching the
region represented on the mouse promoter microarray plus 500 bp
on either end, by using the transcriptional element search system
(TESS) program (19). Primer sequences are available on request.

Mouse Promoter Microarray. The mouse promoter microarray was
constructed by intersecting the Refseq gene collection with genes
expressed in fetal and adult pancreas and liver. The first nucleotide
of the Golden Path BLAT alignment of the Refseq sequence onto
the mouse genome was taken as the transcriptional start site (TSS).
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PRIMER3 was used to design PCR primers amplifying �1 kb of
genomic promoter sequence in the region of (�2,000, �200) the
TSS, including the TSS when possible (20). These primers were
used to generate PCR products from CD1 mouse genomic DNA.
All the PCR products were purified by using the Qiaquick PCR kit
(Qiagen, Valencia. CA), eluted with deionized sterile water, diluted
with an equal volume of DMSO (Sigma), and printed on poly-L-
lysine-coated slides with a Biorobotics Microgrid II (Genomic
Solutions, Ann Arbor, MI).

Genome-Wide Location Analysis. Amplification and labeling of im-
munoprecipitated DNA were performed as described (21) with
modifications as noted below. Purified DNA obtained from ChIP
was treated with T4 DNA polymerase to generate blunt ends and
was then ligated to the annealed linker and amplified by PCR. After
amplification, �1 �g of amplified ChIP DNA was labeled for each
hybridization. The PCR products were purified by using the QIA-
quick PCR purification kit (Qiagen). Labeling was performed with
Ready-To-Go labeling beads (Amersham Pharmacia) according to
the manufacturer’s instructions. Each 50-�l reaction included 5 �l
of Cy3- or Cy5-dCTP (Amersham Pharmacia). Each hybridization
comprised a nonimmune IgG ChIP labeled with Cy3 and a
C�EBP�-specific ChIP labeled with Cy5. The labeling reactions for
each slide were pooled and purified by using the Minelute PCR
purification kit (Qiagen). Hybridization, washing, and scanning
were performed as described below. Genes with a difference in
intensity between wild-type and C�EBP��/� not exceeding the
background intensity were excluded. All slides were normalized
globally to the same average intensity. Genes having a ratio of
wild-type�C�EBP��/� signal �1.2 were included in the combined
location and expression microarray analyses.

Microarray Analysis of Gene Expression. Liver RNA was isolated
from four wild-type and four C�EBP��/� mice at 0, 2, and 16 h after
partial hepatectomy. Twenty micrograms of RNA for each sample
was prepared by guanidine isothiocyanate and cesium chloride
ultracentrifugation. In addition, 200 �g of RNA containing a pool
of both wild-type and C�EBP��/� RNA was used as a common
control in each hybridization. All samples were analyzed by using
a Bioanalyzer Nano 6000 (Agilent Technologies, Palo Alto, CA) to
determine the integrity and the concentration of the samples. RNA
was labeled with amino-allyl dUTP and d(T)21 to prime reverse
transcription. The fluorescent label was coupled to the cDNA and
the cDNA was hybridized to PANCCHIP V. 5.0 (22, 23). The median
intensities of each spot were measured by an Agilent scanner with
the GENEPIX software. These data were normalized by using print
tip lowess normalization, and the ratio of specific intensity to
common control intensity was used in all further comparisons. For
the combined location and expression microarray analyses, we
included genes with altered expression (�50% change in
C�EBP��/� mutant liver versus wild type) in quiescent liver and
genes with abnormal induction after hepatectomy. The latter were
defined as those genes showing a 50% change in expression level at
either 2 or 16 h after partial hepatectomy in the wild-type mice but
a �25% change at the corresponding time point in the C�EBP��/�

mice.

Quantitative Real-Time PCR. PCR reaction mixes were assembled by
using the Brilliant SYBR Green QPCR Master Mix (Stratagene),
10 �M primers, and the included reference dye at a 1:200 dilution
according to manufacturer’s instructions. Reactions were per-
formed with the SYBR Green (with dissociation curve) program on
the Mx4000 Multiplex Quantitative PCR System (Stratagene).
Cycling parameters were 95°C for 10 min and then 40 cycles of 95°C
(30 s), 58°C or 60°C (1 min), and 72°C (30 s) followed by a
melting-curve analysis. All reactions were performed with two to six
biological replicates and three technical replicates with reference

dye normalization. The median cycle threshold value was used for
analysis. Primer sequences are available on request.

DNA-Binding Site Detection. All 674 position-sensitive scoring ma-
trices (PSSM) in TRANSFAC V7.3 were scored against a training set
of the 15 ChIP-confirmed C�EBP target genes and 138 negative
control genes. The negative control genes were selected on the basis
of a lack of binding to the mouse promoter microarray in our study
and a lack of dependence on C�EBP� for mRNA expression based
on our PANCCHIP 5.0 microarray experiment. Sites that scored a
log-likelihood ratio score of at least 5.0 were considered. This
threshold was adjusted upward if needed to ensure that no more
than three sites were predicted on average for each promoter. For
each PSSM, we created a receiver operating characteristics (ROC)
graph by counting the fraction of genes in each group that con-
tained a site with a score at least as high as a threshold that ranged
between the minimum and maximum observed scores. We then
computed the area under the ROC graph (AUC), which can range
from 0 to 1; a higher number indicates that the PSSM has a stronger
preference for the C�EBP�-binding amplicons. PSSMs were
ranked by their AUC score, and those that are not expressed in the
adult mouse liver (based on the gene expression database GXD)
were excluded. We retained the top three PSSMs (M00624�
DBP�Q6, M00258�ISRE�01, and M00763�PPAR�DR1�01) and
the C�EBP PSSM (M00109, CEBPB�02), and computed ROC
graphs for all pairs and sets of three or four PSSMs. In all cases, we
allowed the PSSMs to occur in any order and orientation. We
computed the ROC graph by varying the individual score thresh-
olds and the maximum allowed distance from the 5� most to the 3�
most PSSM in the group. We noted the scoring and distance
thresholds for the point on the ROC curve that yielded the largest
difference of positives between the 15 C�EBP� target genes (true
positives, TP) and the negative control set. We then counted the
number of the 2,122 genes represented on the promoter chip that
contained a PSSM set that passed these thresholds (chip positives,
CP). Using the hypergeometric distribution, we computed the P
value of seeing at least TP matches when drawing 15 samples from
a population of 2,122 that contains CP-marked instances. We
compensated for multiple testing effects by multiplying each P value
by the number of groups (with repetition) of two, three, or four
PSSMs that include at least one of the eight PSSMs for C�EBP.

Results
To identify target genes regulated by C�EBP� in normal liver
and during the process of liver regeneration, we performed an
orthogonal analysis by combining genome-wide location analysis
and mRNA expression profiling. A prerequisite for the identi-
fication of these target genes is the detection C�EBP� DNA-
binding activity in mouse liver, as cultured cells cannot repro-
duce the state of hepatocytes responding to a growth stimulus.
We confirmed the binding of C�EBP� to its well characterized
binding site in the PEPCK gene by using chromatin prepared
from adult mouse liver and immunoprecipitated with an anti-
body specific for C�EBP� (Fig. 1A). To quantify the degree of
C�EBP� target sequence enrichment, we performed real-time
PCR of the immunoprecipitated material (Fig. 1B). The
C�EBP� antibody provided a 17.4-fold enrichment of PEPCK
DNA from wild-type liver chromatin, whereas minimal enrich-
ment was obtained when a nonimmune IgG was used. To further
confirm the specificity of the C�EBP� antibody, we performed
ChIP using chromatin obtained from C�EBP��/� liver chroma-
tin. The 3.1-fold enrichment of PEPCK DNA observed (Fig. 1)
indicates that the antibody used has a slight degree of nonspecific
binding activity, either to other C�EBP family members or to
other factors. For this reason, use of the mutant chromatin as a
control throughout the location analysis is crucial (see below),
because this results in enhanced specificity for bona fide
C�EBP�-bound DNA sequences.
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Orthogonal Analysis of C�EBP� Target Genes. We proceeded to
identify genes that are both bound by C�EBP� and depend on
C�EBP� for proper induction during liver regeneration (Fig.
2A). Toward this end, we manufactured a mouse promoter
microarray by PCR amplification of �1 kb of genomic sequence
in the immediate vicinity of the promoters of 2,122 genes
expressed in the liver. Using this microarray, we performed
location analysis with chromatin obtained from quiescent adult
mouse liver and chromatin obtained 2 h after partial hepatec-
tomy. Livers from mice homozygous for a null mutation of the
C�EBP� gene were used as a negative control throughout for
antibody specificity. Purified DNA obtained from ChIP by using
the C�EBP� antibody was amplified by ligation-mediated PCR,
fluorescently labeled, and hybridized to the mouse promoter
microarray. Genes with at least 20% greater signal intensity in
the wild-type versus C�EBP��/� samples were considered pos-
itive. This low stringency was chosen to maximize the sensitivity
of the location analysis; specificity was enhanced by applying the
additional screen provided by expression profiling (Fig. 2B).
Furthermore, we have noted that amplification, labeling, and
microarray hybridization result in a compression of enrichments
when compared with quantitative PCR of unamplified ChIP
samples (P.P.L., J.R.F., and K.H.K., unpublished results). For
the expression profiling, partial hepatectomies were performed
on four wild-type and four C�EBP��/� mutant mice, and liver
RNA was extracted at 0, 2, and 16 h after partial hepatectomy.
This RNA was reverse-transcribed, f luorescently labeled, and
hybridized to the PANCCHIP 5.0 cDNA microarray (22). (Com-
plete results of the PANCCHIP 5.0 and mouse promoter microarray
hybridizations are listed in Tables 3 and 4, which are published
as supporting information on the PNAS web site.) We focused
our analysis on genes that require C�EBP� for proper expression

in quiescent liver (i.e., those having a �50% change in
C�EBP��/� mutant liver versus wild-type) and genes with
abnormal induction after hepatectomy. The latter were defined
as those genes showing a 50% change in expression level at either
2 or 16 h after partial hepatectomy in the wild-type mice but a
�25% change at the corresponding time point in the
C�EBP��/� mice. Direct C�EBP� target genes in quiescent and
regenerating liver identified by this combined screening method
are listed in Table 1. Three of these [Aldh1a1 (24), Pepck (25, 26),
and Saa1 (27–29)] have been reported to be targets of C�EBP�,
providing support for the utility of our orthogonal analysis.

Confirmation of C�EBP� Target Genes. Seventeen target genes were
selected for further confirmation. To ascertain whether the selected
gene promoters are directly bound by C�EBP�, we performed
conventional ChIP (Fig. 3A). Fifteen (88.2%) of the genes were
specifically enriched in the ChIPs from wild type but not the
C�EBP��/� mouse liver chromatin. This finding is likely to be an
underestimate, because some of the negative genes may by bound
by C�EBP� at a location too distant from the ChIP PCR amplicon
to be detected by this method. Using quantitative reverse transcrip-
tion�real-time PCR, we found that the selected genes were induced
or repressed in a variety of patterns in quiescent liver or after partial
hepatectomy in wild-type mice (Fig. 3B). The pattern and�or timing
of expression of six of these genes (35%) is significantly altered in
C�EBP��/� mice relative to wild-type mice. Several of the genes

Fig. 1. ChIP of C�EBP� bound to the PEPCK gene in mouse liver. Crosslinked
chromatin prepared from wild-type or C�EBP��/� mouse liver was immuno-
precipitated with anti-C�EBP�, anti-C�EBP�, or nonimmune IgG as indicated.
(A) Input chromatin and precipitated material were amplified with primers
specific for PEPCK or the negative control gene HPRT. (B) Quantitative real-
time PCR analysis of ChIP performed by using C�EBP� or nonimmune antibody.
Enrichment of the target gene PEPCK was calculated by using the 28S rRNA
gene as a nonspecific control.

Fig. 2. Combining location and expression microarray analysis. (A) Schematic
representation of the experimental approach. Partial hepatectomies were per-
formed on wild-type and C�EBP��/� mice. RNA and crosslinked chromatin were
prepared at 0, 2, and 16 (RNA only) h after partial hepatectomy. ChIP was
performed by using an antibody specific for C�EBP�, and the resulting material
was amplified by ligation-mediated PCR (see Materials and Methods), fluores-
cently labeled, and hybridized to the mouse promoter microarray. The RNA was
reverse-transcribed and the cDNA was labeled and hybridized to PANCCHIP 5.0. (B)
Candidate genes directly regulated by C�EBP� after partial hepatectomy were
defined as those within the intersection of the set of genes identified by location
analysis with those genes with altered expression in quiescent or post-partial
hepatectomy (Post-PH) liver (see Materials and Methods).
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that we have shown to be bound by C�EBP� are nevertheless ex-
pressed at normal levels in the livers of C�EBP��/� mice, illus-
trating the redundancy present in complex regulatory networks. We
conclude that the combination of location analysis and expression
profiling makes it possible to identify genes that are not only directly
bound by C�EBP�, but also particularly those for which this binding
is functionally relevant in quiescent and�or regenerating liver.

Identification of Potential C�EBP�-Binding Partners. Random oligo-
nucleotide-binding selection has identified the consensus C�EBP
family DNA-binding sequence as ATTCGGCAAT (13). This and
closely related sites appear at a high frequency in mammalian
genomic sequence; indeed, an analysis of C�EBP� binding in vitro
to random fragments of genomic DNA implied that there are 3 �
107 C�EBP� sites in the rat genome (30). It is likely that only a
subset of these sites are actually bound in vivo, and we hypothesize
that this specificity arises in part from the binding of other tran-
scription factors to nearby sites. The binding of such factors may
promote the binding of C�EBP� through direct interactions with
C�EBP� or by relieving repressive chromatin structure. Our dis-
covery of 15 genes bound in vivo by C�EBP� provided an oppor-
tunity to identify some of these sites. Using all 674 transcription
factor-binding sites in the TRANSFAC database, we performed a
computational search for sites that are found more frequently in the

set of C�EBP�-bound genes (n � 15) than in genes that were
neither bound by C�EBP� in our location analysis nor dependent
on C�EBP� for expression (n � 138). The highest ranking sites
were the IFN-stimulated response element, the peroxisome prolif-
erator-activated receptor direct-repeat 1 site (PPAR-DR1), and the
albumin D-site-binding protein consensus site (Table 2). Remark-
ably, higher-order combinations of a C�EBP� site and these three
sites were present at a significantly increased frequency in the
C�EBP�-bound genes relative to the total sequences present on the
mouse promoter microarray (80% versus 4–12%). These results
suggest that in vivo, the binding of C�EBP� to target genes is
determined by the binding of multiple additional tissue-specific
factors.

Discussion
The direct C�EBP� targets identified in our study segregate into
two categories: those that depend on C�EBP� in quiescent liver
but are normally induced after partial hepatectomy, and those
that depend on C�EBP� only after partial hepatectomy. Two of
the genes in the former category (Car3 and Saa1) are involved
in the prevention of oxidative damage (31, 32), and C�EBP� has
been implicated in this process as well (33–35). The C�EBP�-
dependent induction of Car3 and Saa1 after partial hepatectomy
reinforces the concept that gene regulation is a dynamic process

Table 1. Candidate direct C�EBP� target genes in quiescent and�or regenerating liver

Gene name Function

Expression analysis Location analysis

Quiescent
liver

Post-PH, 2 h,
16 h

Quiescent
liver

Post-PH,
2 h

Aldh1a1 (aldehyde dehydrogenase
1A1)

Retinoic acid synthesis, xenobiotic
transformation

�2.5 �2.3, �2.1 8.5 1.1

Anxa5 (Anx5, annexin V) Unknown 1.5 1.9, �1.1 6.7 1.0
Bcap37 (B cell receptor-associated

protein 37)
Signal transduction 1.4 �1.1, 1.4 1.3 1.2

Car3 (carbonic anhydrase 3) CO2�bicarbonate conversion �2.5 �3.1, �3.9 2.1 1.9
Cln8 (mnd, motor neuron

degeneration)
Ceramide�lipid synthesis 1.1 1.1, 1.3 0.8 2.0

Clic4 (chloride intracellular channel
4, mitochondrial)

Unknown 1.4 1.4, 1.0 1.5 0.9

Chd1 Chromatin modification or RNA splicing? 1.0 1.6, 1.1 1.5 1.6
Csrp1 (CRP1) Unknown 1.5 1.4, 1.4 1.6 0.6
Dnm2 (dynamin 2) Cytoskeletal organization 3.3 4.9, 1.8 1.3 1.3
Es1 (Ee-1, Es-1, Es-4, Es-N) Carboxylesterase 2.1 1.9, 1.6 ND 1.5
Fad2 (fatty acid coenzyme A ligase,

long chain 2)
Fatty acid metabolism �2.5 �2.1, 1.6 1.5 1.3

Fkbp11 FKBP-type peptidyl-prolyl-cis-trans-isomerase 1.2 1.1, 1.7 1.8 1.0
Foxa3 (Hnf3g, Tcf-3g) Transcription factor 1.7 1.2, 1.9 0.7 1.2
Gstt1 (Gstt1–1) Glutathione-S-transferase �1.3 1.4, �1.6 0.7 1.3
Grb2 (growth factor receptor

bound protein 2)
SH2�SH3 adaptor �1.4 1.0, �2.6 1.8 ND

Krt1–18 (keratin complex 1, acidic,
gene 18)

Structural protein 6.2 10.7, 1.8 1.2 1.1

Pck1 (PEPCK, Pck-1) Gluconeogenesis 1.4 1.4, 2.1 ND 2.8
Arhb (Arh6, RhoB) Ras homologue, multiple functions 1.5 1.1, 1.5 1.6 1.2
RIKEN cDNA 2310008M10 Unknown 1.2 �1.1, 1.5 1.2 1.0
RIKEN cDNA 2010203J19 Unknown 1.4 1.2, 1.3 1.8 1.1
RIKEN cDNA 2900019C14 Unknown 1.1 1.1, 1.9 1.4 1.4
RIKEN cDNA 3930402F23 Unknown 1.8 1.6, 1.2 1.7 1.1
Rnf19 Centrosomal protein 1.2 �1.1, 1.3 1.3 0.9
S100a10 (annexin II, p11, Cal11) Unknown 1.7 2.0, 1.1 1.2 3.0
Saa1 (serum amyloid A1) High-density apolipoproteins 92.7 24.9, 101.9 1.4 1.2

The expression analysis in quiescent liver is given as the fold expression change in wild-type versus C�EBP���� liver. The post-partial hepatectomy (post-PH)
results are given as the ratio of induction (i.e., expression at 2 or 16 h after partial hepatectomy divided by expression in quiescent liver) in wild-type versus
C�EBP���� liver. The location analysis is given as the intensity ratio of wild-type chromatin versus C�EBP���� chromatin obtained from quiescent liver or 2 h after
partial hepatectomy. ND, no data.
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in which different transcription factors may regulate a single
gene, depending on the state of the cell.

The second class of C�EBP� targets includes Foxa3 and
Rnf19. The identification of Foxa3 as a direct C�EBP� target in

the regenerating liver is of particular interest because Foxa3 is
required for maintenance of glucose homeostasis during a
prolonged fast (36). It is conceivable that decreased activation of
Foxa3 may contribute to the prolonged hypoglycemia observed

Fig. 3. Confirmation of C�EBP� targets identified by orthogonal analysis. (A) Conventional ChIP of C�EBP� target genes. Chromatin was prepared from
quiescent wild-type or C�EBP��/� mutant mouse livers and immunoprecipitated by using C�EBP� or nonimmune antibody. The immunoprecipitates and input
chromatin were subjected to PCR by using primers specific for the indicated genes. Typical results from experiments performed in duplicate are presented. (B)
Expression of C�EBP� targets in quiescent and regenerating liver. Quantitative real-time PCR was performed by using reverse-transcribed RNA obtained from
wild-type and C�EBP��/� mutant mouse livers before and at 2, 16, 24, 40, and 48 h after partial hepatectomy. The expression of each gene is presented as a ratio
to the expression of TATA binding protein. Error bars indicate standard error of the mean. *, P � 0.05.

Table 2. Transcription factor-binding sites associated with C�EBP� sites bound in vivo

Binding sites
Maximum total

length, bp

Frequency in
C�EBP targets
(n � 15), %

Frequency in
microarray set
(n � 2,122), %

P value
(corrected)

C�EBP�, DBP 342 80 16 4.0 � 10�4

C�EBP�, ISRE 608 80 14 7.7 � 10�5

C�EBP�, PPAR-DR1 736 73 19 0.04
C�EBP�, DBP, ISRE 790 80 6.4 1.9 � 10�6

C�EBP�, DBP, PPAR-DR1 963 80 12 3.5 � 10�3

C�EBP�, ISRE, PPAR-DR1 663 80 9.3 1.9 � 10�4

C�EBP�, DBP, ISRE, PPAR-DR1 768 80 4.2 2.7 � 10�6

Potential C�EBP� DNA-binding partners were evaluated as described in Materials and Methods. For each combination, the maximum distance between the
outermost sites is given, and the frequency of positive genes in the 15 ChIP-positive targets and in the entire set of genes present on the mouse promoter
microarray. The sites may be in any order or orientation. The P value is corrected for multiple testing. The LOD scores for each site are as follows: C�EBP�, 8.9;
D-site-binding protein (DBP), 9.2; ISRE, 9.0; PPAR-DR1, 9.0 for the pair with C�EBP� and 8.1 for the higher order combinations. The TRANSFAC V. 7.3 position-sensitive
scoring matrices used are as follows: M00109�C�EBPB_01, M00624�DBP_Q6, M00258�ISRE_01, and M00763�PPAR_DR1_01.
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in C�EBP��/� mice after partial hepatectomy. Another
C�EBP� target identified by our analysis is Rnf19, a ubiquitin
ligase localized to the centrosomes of somatic cells (37, 38). Its
centrosomal localization and ubiquitin ligase activity suggest that
Rnf19 may function in the microtubule organizing center
(MTOC). Ubiquitin-ligase-mediated degradation of centro-
some-associated proteins contained in the MTOC is required for
centrosome duplication, a necessary component of the G1�S
phase transition (39). Expression of Rnf19 was significantly
reduced in C�EBP��/� livers 16 h after partial hepatectomy,
corresponding to mid-G1 phase of the hepatocyte cell cycle. This
reduced expression could result in increased levels of proteins
inhibitory to G1�S phase progression and might contribute to the
decrease in DNA synthesis observed in C�EBP��/� livers after
partial hepatectomy.

The high frequency of C�EBP�-binding sites predicted by in vitro
and computational analysis (13, 30) suggests that additional fea-
tures must distinguish bona fide C�EBP� target genes. This added
specificity may be achieved through a requirement that other
factors be bound in the region surrounding the C�EBP� site. These
other factors may interact directly with C�EBP� and cooperate in
DNA binding. In the former case, looping of the DNA may allow
C�EBP� to simultaneously interact with its own DNA-binding site
and with the other DNA-bound transcription factor; this is analo-
gous to the mechanism whereby a transcriptional activator bound
to a distant enhancer element brings the RNA polymerase II
complex to the target gene promoter. The frequent occurrence of
ISREs in proximity to C�EBP� sites identified in this study lends
support to this model, as C�EBP� and the IFN-response factor 1
(IRF-1) have been shown to physically interact and jointly regulate
the IL-18-binding protein promoter (40). Our studies suggest that
IRF-1 and C�EBP� may cooperate in a similar manner to activate
liver-specific genes.

The binding of C�EBP� to its consensus sequence may also be
facilitated in vivo by local changes in chromatin structure that are
induced by other bound transcription factors, as proposed to occur
at the albumin enhancer during embryonic liver development after
the binding of Foxa3 and GATA-4 (41). In this light, the high
frequency of PPAR-DR1 sites near C�EBP� sites is particularly
suggestive, because members of the PPAR family have been shown
to interact with the SWI�SNF chromatin remodeling complex (42).
The joint presence of C�EBP� and PPAR sites is also consistent
with the cooperative nature of gene regulation by these two factors
in fat metabolism in liver and adipogenesis (43, 44). The coinci-
dence of D-site-binding protein and C�EBP� sites is also consistent
with previous findings of synergy between these two factors in
activating the factor IX gene (45). Finally, we were surprised to find
a high frequency of combinations of a C�EBP� site with two or
three other transcription factor-binding sites. This finding suggests
that several mechanisms may be used simultaneously to achieve
tissue-specific binding of C�EBP� to target genes.

In conclusion, we have leveraged the combined power of expres-
sion profiling and high-throughput ChIP to identify direct and
biologically relevant targets of C�EBP�. The combination of
screening approaches identified 26 potential C�EBP� targets. Of
these, 17 were tested and confirmed as in vivo C�EBP�-binding
sites by conventional ChIP and six of these were shown to be
physiological targets by their altered expression in C�EBP��/�

mice. We expect that this technique should be generally applicable
to the discovery of biologically relevant target genes of other
transcription factors.
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