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In 1989, shortly after the discovery of CAAT/enhancer-binding
protein (C/EBP)! and in a period before it was clear that there was
more than one form of C/EBP, McKnight et al. (1) published a
review entitled: “Is C/EBP a Central Regulator of Energy Metabo-
lism?” This prediction of a critical metabolic role for this transcrip-
tion factor was based on the very slim evidence that C/EBP was
involved in the transcription of a number of metabolically impor-
tant genes such as 422/aP2, phosphoenolpyruvate carboxykinase
(PEPCK), and fatty acid synthase, in addition to its role in the
differentiation of adipocytes (2, 3). Over the decade since this
article was published, the prediction has proven to be remarkably
accurate. C/EBP is now known to comprise a gene family with a
number of closely related members, the biology of which has been
detailed in the first minireview in this series by Lekstrom-Himes
and Xanthopoulos (4). These C/EBP isoforms can stimulate or
inhibit transcription from a growing list of genes in a variety of
tissues in animals as diverse as chickens and rats. One of the
critical aspects of the biology of C/EBP that has emerged over the
past 10 years is the key role that members of the family of tran-
scription factors play in both the development and maintenance of
metabolically important processes (1, 5, 6). This review will focus
on the effects of C/EBP isoforms on the control of transcription of
the gene for the key gluconeogenic enzyme PEPCK (GTP) (EC
4.1.1.32) as a model for its regulation of other genes that code for
enzymes of metabolic importance.

Transcriptional Regulation of the PEPCK Gene Promoter

The transcriptional control of the gene for the cytosolic form of
PEPCK from the rat (7-9) and chicken (10, 11) has been exten-
sively studied. The promoter regulatory region of the gene from the
rat is shown in Fig. 1. Because the sequence of the promoter for the
PEPCK gene from the mouse, rat, and human has been remarkably
conserved (greater than 95% sequence identity), it is reasonable to
assume that the pattern of transcriptional regulation noted from
studies with the PEPCK gene promoter from rodents is character-
istic of the control in most mammalian species. The PEPCK gene
promoter contains several critical regions of transcription factor

* This minireview will be reprinted in the 1998 Minireview Compendium,
which will be available in December, 1998. This is the fifth article of five in
the “Biological Role of the Isoforms of C/EBP Minireview Series.” This work
was supported by Grant DK-22541 from the National Institutes of Health
and by Grant 96117 from the United States-Israel Binational Foundation.

% Trainee of the Metabolism Training Program of the National Institutes
of Health (Grant DK-07139).

9 To whom correspondence should be addressed. Tel.: 216-368-5302; Fax:
216-368-4544; E-mail: rwh@po.cwru.edu.

! The abbreviations used are: C/EBP, CAAT/enhancer-binding protein;
PEPCK, phosphoenolpyruvate carboxykinase; CRE, cAMP regulatory ele-
ment; NFI, nuclear factor I; CREB, cAMP regulatory element-binding pro-
tein, CBP, CREB-binding protein; GRU, glucocorticoid response unit;
HNPF-1, hepatic nuclear factor I; IRE, insulin regulatory element; PPAR,
peroxisome proliferator-activated receptor; PKAc, catalytic subunit of PKA;
PKC, protein kinase C.

This paper is available on line at http://www.jbc.org

This is an Open Access article under the CC BY license.

THE JOURNAL OF BIOLOGICAL CHEMISTRY

Vol. 273, No. 48, Issue of November 27, pp. 31629-31632, 1998

© 1998 by The American Society for Biochemistry and Molecular Biology, Inc.
Printed in U.S.A.

binding that are required for the regulation of PEPCK gene
transcription.

Region 1—This region contains a cAMP regulatory element
(CRE) (=91 to —84), which is about 60 base pairs 5’ from the TATA
box (—29 to —23) and is immediately adjacent to a nuclear factor 1
(NFI)-binding site (—116 to —104). The CRE has been shown to
bind members of the leucine zipper family of transcription factors,
including C/EBP« (12, 13), C/EBPB (14), D-binding protein (15),
AP-1 (16), cAMP regulatory element-binding protein (CREB) (17),
cAMP regulatory element modulator (CREM) (18), and Jun/Jun
homodimers (16). The CRE is required for the full induction of
transcription from the PEPCK gene promoter by cAMP (19). Re-
cently, we have demonstrated that NFI inhibits transcription from
the PEPCK gene promoter and suggested that an interaction be-
tween NFI and CREB-binding protein (CBP) is involved in the
control of the basal level of transcription of the PEPCK gene in the
liver (20).

Region 2—This region contains an hepatic nuclear factor 1
(HNF-1) regulatory element (—190 to —185), which, despite its
name, is critical for the expression of the PEPCK gene in the kidney
of transgenic mice. There is a C/EBP-binding domain (—234 to
—235), termed P3(I), which is required for the liver-specific expres-
sion of the PEPCK gene (21); members of the C/EBP family are the
only transcription factors that are known to bind to the P3(I) site.
This site is involved in the cAMP stimulation of transcription from
the PEPCK gene promoter since its deletion results in a 60-70%
drop in expression from the promoter in the presence of cAMP in
both hepatoma cells (19) and in transgenic mice (21). C/EBP also
binds to the P4 site (—282 to —274) (12). A thyroid hormone
regulatory element is located at —332 to —316 of the PEPCK gene
promoter (22, 23).

Region 3—This region contains the glucocorticoid response unit
(GRU) composed of two glucocorticoid regulatory elements, three
accessory factor-binding sites, and a CRE (24). The entire element
lies between —321 and —455 of the PEPCK gene promoter (24). The
GRU also contains an insulin regulatory element (IRE) (—414 to
—400), which lies within the AF2 domain of the GRU (the AF2 site
binds C/EBP and HNF-3) and is responsible for about 50% of the
inhibitory effect of insulin on hepatic PEPCK gene transcription
(25). However, deletion of the IRE completely inhibits the diabetes-
induced increase of PEPCK gene transcription in the liver of trans-
genic mice and renders the PEPCK gene promoter refractory to
induction by glucocorticoids (26).

Region 4—This region contains a PPARy regulatory element
(=999 to —987), which is required for the adipose tissue-specific
expression of the PEPCK gene in both cultured adipocytes (27) and
in adipose tissue of transgenic mice in which the region containing
the PPARYy element has been deleted (28).

The Role of C/IEBP Isoforms in the Regulation
of PEPCK Gene Transcription

Of the C/EBP isoforms, only C/EBP« (6, 23, 29), C/EBPS (14),
and D-binding protein (15) have been implicated in the control of
PEPCK gene transcription; all three of these isoforms of C/EBP
bind to the PEPCK gene promoter and can stimulate transcription
from the promoter when transfected into hepatoma cells. It is likely
that these three transcription factors, either individually or in
combination, regulate PEPCK gene transcription in the liver.
Wang et al. (29) partially resolved the issue of which isoform of
C/EBP controls the development of hepatic PEPCK gene transcrip-
tion when they reported that PEPCK and glucose 6-phosphatase
mRNAs were absent in the livers of mice with a deletion in the gene
for C/EBPa (C/EBPa—/— mice). Subsequently, Flodby et al. (30)
demonstrated that C/EBPa—/— mice also have immature lung
development. The complete analysis of those genes whose expres-
sion is affected by a deletion in the gene for C/EBPa has not been
performed to date, but it is clear from the available data that a
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Fic. 1. Transcriptional regulatory ele-
ments of the PEPCK promoter. The posi-
tions of regulatory elements in the PEPCK
gene promoter are represented by ovals, and
the various proteins that regulate transcrip-
tion of the PEPCK gene are shown relative to
their binding sites on the promoter. The ab-
breviations used are: TRE, thyroid hormone
regulatory element; GRE, glucocorticoid reg-
ulatory element; TBP, TATA-binding pro- ; L/
tein(s); PPARRE, PPAR regulatory element; L 1L
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number of these genes are involved in integrative metabolic func-
tions (5). These proteins include enzymes involved in gluconeogen-
esis, glycogen synthesis, and fatty acid synthesis that are markedly
altered in the absence of C/EBP«. For example, C/EBPa—/— mice
have no hepatic glycogen at birth (there is no detectable glycogen
synthase in the liver), and in the absence of PEPCK and glucose
6-phosphatase, they cannot synthesize glucose to maintain glucose
homeostasis in the perinatal period; both brown and white adipose
tissues also fail to develop normally (29).

The administration of dibutyryl cAMP to C/EBPa—/— mice at
day 19 of fetal life resulted in a blunted induction of PEPCK mRNA
in the liver (about 10% of the control value) but caused a marked
increase in the level of C/EBPB mRNA in the livers of the
C/EBPa—/— mice (6). It is thus possible that C/EBPS assumes the
function of regulating PEPCK gene transcription in the absence of
C/EBPa. The temporal pattern of expression of the isoforms of
C/EBP could be critical for the programmed initiation of gene
transcription in the liver. In preliminary studies from our labora-
tory we have shown that C/EBPa—/—/C/EBPB+/— mice do not
survive past day 18 of fetal life,? suggesting that the at least one
allele for C/EBPa must be present in the mouse to ensure that
development proceeds.

The role of C/EBP« in mediating cAMP-stimulated transcription
of the PEPCK gene was first demonstrated by Liu et al. (19). They
reported that a mutant PEPCK gene promoter, in which the CRE
has been replaced by the P3(I) site (which binds only C/EBP), is as
responsive to the catalytic subunit of PKA (PKAc) as the native
PEPCK gene promoter. Recently, Roesler et al. (31) demonstrated
that C/EBPa (but not C/EBP) can substitute for CREB in cAMP-
stimulated PEPCK gene transcription and mapped the C/EBP«
activation domain to a region between amino acids 176 and 217. In
addition, Roesler et al. (32) also reported that a dominant repressor
of C/EBPqa, when transfected into hepatoma cells, significantly
inhibited induction of transcription from the PEPCK gene pro-
moter by PKAc. Interestingly, the DNA-binding domain of C/EBP«
was not required for its effect on PEPCK gene transcription in
hepatoma cells but was required in non-hepatoma cells, suggesting
that there is an interaction between C/EBP and other factors,
which are critical for the full effect of C/EBPa on PEPCK gene
transcription.

A major problem in studying the long term effects of a deletion in
the gene for C/EBP« in mice is the lethality of the deletion in the
perinatal period. Lee et al. (33) constructed a conditional knockout
allele of C/EBPa using the Cre/loxP recombinase system. The Cre
recombinase was delivered to the livers of adult mice containing
the gene for C/EBPa flanked by loxP sites, using a recombinant
adenoviral vector carrying the cre gene. The hepatic expression of
the genes for both C/EBPa and PEPCK was reduced by 90% in the
livers of these mice, indicating that C/EBP« is required for main-
taining the basal levels of PEPCK in the livers of adult mice. It is
surprising that this requirement for C/EBP« could not be compen-
sated for by C/EBPB or other C/EBP isoforms, which are abun-
dantly expressed in the liver of adult animals.

Mice homozygous for a deletion in the gene for C/EBPB (C/
EBPB—/— mice) were initially generated to study the effects of
C/EBP on the interleukin-6 signaling pathway. Screpanti et al.
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(34) reported that the mice developed a pathology similar to ani-
mals that overexpress interleukin-6; they have splenomegaly, pe-
ripheral lymphadenopathy, enhanced hemopoiesis, and altered T-
helper cell function. Despite these problems with the immune
system, the mice had no overt disruption of glucose homeostasis
(34). However, both Screpanti et al. (34) and Tanaka et al. (35)
noted a failure to obtain the expected Mendelian ratio of mice
heterozygous for a deletion in the gene for C/EBPS, although the
appropriate number of C/EBPS—/— mice was present at 20 days of
fetal life. In a recent study we reported that there are two pheno-
types noted with the C/EBPB—/— mice (6). Animals with phenotype
A live until about 4—6 months of age and die of problems associated
with a severely compromised immune system, whereas the other
half of the C/EBPB—/— mice, those with phenotype B, die within
the first hour after birth of profound hypoglycemia.

Animals with the B phenotype have normal levels of hepatic
glycogen but do not mobilize this glycogen and do not initiate
hepatic PEPCK gene transcription, which is characteristic of the
neonatal period (36). However, PEPCK gene transcription and
glycogen mobilization from the liver can be induced during the
perinatal period in C/EBPB—/— mice by the administration of
dibutyryl cAMP.2 It is possible that C/EBPB—/— mice are less
responsive to cAMP and are thus not able to maintain the level of
glucose in the blood by either glycogenolysis or gluconeogenesis.
C/EBPB—/— mice have about 25% of the total hepatic cAMP, and
the administered dose of glucagon to adult C/EBPB—/— mice (A
phenotype) does not cause the same level of increase in the concen-
tration of cAMP as with C/EBPB+/+ mice.> C/EBPB—/— mice (A
phenotype) also have a diminished ability of the liver and adipose
tissue to respond to glucagon and epinephrine administration.® The
rate of glucose production by the liver after glucagon administra-
tion is less than control mice, and the rate of free fatty acid release
from adipose tissue in vitro after the addition of epinephrine is
greatly reduced. It thus seems likely that the inability of
C/EBPB—/— mice with the B phenotype (mice die immediately
after birth) to maintain the appropriate level of hepatic cAMP is
responsible for the failure of these animals to initiate glucose
homeostasis at birth. We are currently investigating the mecha-
nism(s) responsible for the lower level of cAMP in the livers of these
mice.

C/EBPB—/— mice (A phenotype) also are less responsive to ad-
ministered glucocorticoids.? Dexamethasone induces transcription
of the gene for PEPCK in the kidney of C/EBPB—/— mice (A
phenotype) to about 10% of the level noted in control mice. There is,
however, no defect in the cAMP induction of PEPCK gene tran-
scription, indicating that C/EBP, although critical for the full
response of metabolically important genes to hormones such as
glucocorticoids, glucagon, and epinephrine, is not required for the
induction of PEPCK by cAMP.

The reason there are two different phenotypes noted with the
C/EBPB—/— mice is not clear. We assume that there are factors
produced in the mice with phenotype A that allows them to tran-
scribe genes critical for survival during the perinatal period. These
“modifier genes” are expressed as a result of the genetic back-
ground of the mice, which are not inbred. This possibility is sup-

3 8. Liu, C. Croniger, J. Ren, M. Shiba, V. Poli, R. W. Hanson, and J. E.
Freedman, submitted for publication.
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ported by preliminary experiments in which mice homozygous for a
deletion the gene for C/EBPS were backcrossed with C57/BL6 mice;
no C/EBPB—/— offspring from these matings survived after birth.*
One simple explanation for this result is that the gene(s) for other
C/EBP isoforms are up-regulated in mice with the A phenotype,
permitting their survival through the perinatal period. However,
there is no apparent up-regulation in the expression of the gene for
C/EBPa or C/EBP&* in the livers of the C/EBPB—/— mice; the level
of expression of the genes for the other members of the C/EBP
family has not as yet been investigated in detail in these mice.

Mechanism of the Effect of CIEBP on PEPCK Gene
Transcription; Interaction with CBP/p300

C/EBP isoforms bind to three major sites on the PEPCK gene
promoter, the CRE, the P3(I) site, and the AF2 element; all three
are critical for the regulated transcription of the PEPCK gene in
the liver. A deletion in the CRE or the P3(I) site results in 70% loss
of transcriptional induction from the PEPCK gene promoter by
cAMP, whereas mutating both sites virtually eliminates the induc-
tive effects of the cyclic nucleotide (19). In addition, mice containing
a transgene with the PEPCK gene promoter lacking the P3(I) site
(only isoforms of C/EBP are known to bind to this site) have a
greatly diminished level of expression of the transgene in the liver
(21). A deletion in the AF2 site in the PEPCK gene promoter
eliminates the stimulatory effect of diabetes on transcription from
that promoter when it is introduced into transgenic mice.® The
results of gene deletion studies outlined above offer further support
for the importance of C/EBP isoforms in both the liver-specific
expression of the PEPCK gene and the cAMP-regulated transcrip-
tion from the PEPCK promoter. The mechanism by which C/EBP
regulates transcription from the PEPCK gene promoter remains to
be determined. There are, however, a number of recent research
studies, and work in our own laboratory now sheds some light on
this critical question.

C/EBP isoforms have been shown to bind to the dyad-symmetric
sequence ATTGCGCAAT (38). The sequences for the CRE and the
P3(D) sites in the PEPCK gene promoter are not identical to this
consensus sequence, which is consistent with the varying affinity of
C/EBP for different gene promoters. Phosphorylation of C/EBPa by
protein kinase C (PKC) results in an attenuation of its binding to
DNA (39, 40). PKC inhibits transcription from the PEPCK gene
promoter in hepatoma cells (41), suggesting a connection between
C/EBPa and the signaling pathways involved in the cellular effect
of PKC on the PEPCK gene.

The various isoforms of C/EBP have been shown to bind to a
number of other transcription factors (42) and also can interact
with the glucocorticoid receptor to regulate gene transcription (43).
For example, both C/EBPa and C/EBP form a heterodimeric com-
plex with ATF-2, a transcription factor that binds to the CRE of a
number of gene promoters and activates transcription (42).
C/EBPa diminishes the inductive effect of ATF-2 on transcription
from a hybrid promoter, containing the thymidine kinase minimal
promoter and a C/EBP-binding site, when expression vectors with
genes coding for both proteins are transfected into Fao hepatoma
cells; this supports a functional interaction of C/EBPa and ATF-2.
Recently, Mink et al. (44) reported that the transcriptional co-
activator CBP binds C/EBPS at a region from amino acids 1752 to
1859 of CBP and that this domain, when transfected into cells in
culture, was a dominant-negative inhibitor of C/EBPB-induced
transcription. CPB can stimulate the synergy between C/EBPS and
the transcription factor Myb for binding to a minimal promoter-
containing binding sites for both transcription factors. The amino-
terminal region of C/EBPB binds to CBP; this region contains
several stretches of amino acids that are conserved in the various
isoforms of C/EBP, suggesting that other members of the C/EBP
family of transcription factors bind to CBP via this site.

CBP/p300 is the designation of a group of co-activator proteins of
which CBP and p300 are the prototypes (45, 46). CBP and p300 are
highly related proteins, with 75% similarity and 63% sequence
identity across the entire length of the protein (see Ref. 47 for a
review). CBP from the mouse is composed of 2440 amino acids; the
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genes for both CBP and p300 in this species have been deleted by
homologous recombination (48). Mice homozygous for a deletion in
the gene for p300 (p300—/— mice) die between embryonic days 9
and 11, exhibiting defects in neurulation, cell proliferation, and
heart development (48). Interestingly, mice that are heterozygous
for a deletion in the gene for p300 also show increased lethality,
whereas mice that are heterozygous for a deletion in genes for both
CBP and p300 die as embryos (48). Not all of the functions of CBP
and p300 are similar; fibroblasts prepared from p300—/— mice
(normal CBP) were defective in their response to retinoic acid but
responded normally to CREB (48). These results strongly support
the critical role of both CBP and p300 in mammalian cell prolifer-
ation and development.

CBP/p300 has a number of discrete functions in regulating gene
transcription. It binds to RNA polymerase II and can integrate
regulatory signals from transcription factors and chromatin by
virtue of its intrinsic acetyltransferase activity (49). CBP/p300 can
itself be phosphorylated on serine and threonine residues during
retinoic acid-induced differentiation of F9 embryonal carcinoma
cells (50), suggesting that phosphorylation of the protein by a
cyclin-dependent kinase can control its transcriptional activity. At
the present time there are more than 30 proteins known to bind to
CBP/p300, and the list is growing (47). Nakajima et al. (51) have
suggested a model in which CREB is phosphorylated by PKA and
then binds to CBP, resulting in an association of CBP with TFIIB
and RNA polymerase II. Because isoforms of C/EBP can also bind
to CBP (but at a different location), it is reasonable to assume that
they act in the same manner in controlling the transcription of a
subset of cAMP-responsive genes such as PEPCK, acetyl-CoA car-
boxylase, and glucose-6-phosphatase. These genes are expressed at
high levels in the liver, where the concentration of C/EBP is highest
and the level of CREB is relatively low. However, there are no data
indicating that PKA phosphorylation of C/EBPa results in activa-
tion of transcription so that some mechanism involving the direct
phosphorylation of CBP may be responsible for induction of PEPCK
gene transcription by cAMP.

The CRE of the PEPCK promoter lies immediately adjacent to an
NFI-binding domain (12), and NFT inhibits the induction of tran-
scription from the PEPCK gene promoter by PKAc (20). However,
it has been demonstrated in gene transfection studies that the
NFI-binding site of the PEPCK gene promoter is not required for
the effect of NFI. This suggests that there is an interaction between
NFI and another protein(s), neither of which need to bind to the
PEPCK gene promoter to form a productive complex. Recently,
Leahy et al.® provided evidence that this interaction is with CBP,
because co-transfection of CBP with NFI overcomes the strong
negative effect of NFI on transcription from the PEPCK gene
promoter. This effect is concentration-dependent for both CBP and
NFI. Preliminary data suggest that NFI binds to the CREB-bind-
ing domain of CBP. In support of the role of CBP in the regulation
of PEPCK gene transcription is our observation that E1A, the
adenoviral early protein, strongly inhibits cAMP-induced tran-
scription from the PEPCK gene promoter (52).° Because E1A bind-
ing to CBP/p300 is well characterized as a major mechanism by
which adenovirus controls host cell function, it is likely that CBP/
p300 is also a critical factor in the transcriptional response of
PEPCK to hormones (see Fig. 2).

Model for the Control of PEPCK Gene Transcription

Our current model (Fig. 2) for the role of C/EBP isoforms in the
control of PEPCK gene transcription is from Leahy et al.® and
shows the PEPCK gene promoter arranged to stress the role of CBP
in coordinating the transcriptional response of cAMP, glucocorti-
coids, and insulin. C/EBP, which binds to both the CRE and the
P3(I) site of the PEPCK gene promoter, interacts with CBP, prob-
ably in response to stimulation by PKA. The effect of glucocorti-
coids on PEPCK gene transcription is also exerted via the interac-
tion of the glucocorticoid receptor with its well characterized
binding site on CBP. It is also likely that insulin exerts its effect on
PEPCK gene transcription by interfering with this interaction. The
removal of the AF2 domain in the PEPCK gene promoter results in

4V. Poli, unpublished observations.
5P. S. Lechner, C. Croniger, and R. W. Hanson, unpublished observations.

6 P. Leahy, D. R. Crawford, G. Grossman, A. Chaudhry, R. Gronostajski,
and R. W. Hanson, submitted for publication.
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FiG. 2. Interaction of transcription factors involved in the control
of PEPCK gene transcription. The PEPCK gene promoter is shown em-
phasizing the role of the transcriptional co-activator CBP in integrating the
action of several transcription factors, which regulate PEPCK gene tran-
scription. The binding site of E1A on CBP is shown schematically, whereas
the glucocorticoid receptor and the thyroid hormone receptor are shown
binding to both the PEPCK gene promoter and the co-activator CBP. NFI
binds to the CREB-binding domain of CBP whereas C/EBP binds to the E1A
region of CBP (see text for details). The abbreviations are the same as those
used in Fig. 1 except: Pol II, RNA polymerase II; TR, thyroid receptor. This
figure is taken from Leahy et al.®

a total loss of transcriptional induction from the promoter in livers
from diabetic mice.* Although the glucocorticoid receptor does not
bind to the AF2 region of the PEPCK gene promoter (24) it may
exert its effect on transcription via an interaction with CBP. Other
hormonal effectors of PEPCK gene transcription, such as the thy-
roid hormone receptor or the retinoic acid receptor, also are known
to bind to CBP at well characterized sites (47) and most likely
influence PEPCK gene transcription via that mechanism. Finally,
NFI interacts with CBP to maintain PEPCK gene transcription in
the liver at a low basal level in the absence of PKA-mediated
phosphorylation of either C/EBPa or CBP.® The mechanism by
which phosphorylation of either or both of these proteins alters
transcription of the PEPCK gene remains to be determined.

Acknowledgment—We thank Dr. Martin Snider for critically reading the
manuscript before publication.

REFERENCES

1. McKnight, S. L., Lane, M. D., and Glueckshon-Waelch, S. (1989) Genes Dev. 3,
2021-2024
2. Yeh, W.-C., Bierer, B., and McKnight, S. L. (1995) Proc. Natl. Acad. Sci.
U. S. A. 92, 11086-11090
3. Cristy, R. J., Yang, V. W., Ntambi, J. M., Geiman, D. E., Landschulz, W. H.,
Freidman, A. D., Kelly, J. T., and Lane, M. D. (1989) Genes Dev. 3,
1323-1235
4. Lekstrom-Himes, J., and Xanthopoulos, K. G. (1998) <J. Biol. Chem. 273,
28545-28548
5. Darlington, G. J., Wang, N., and Hanson, R. W. (1995) Curr. Opin. Genet. Dev.
5, 565-570
6. Croniger, C., Trus, M., Lysek, S. K., Cohen, H., Liu, Y., Darlington, G. J., Poli,
V., Hanson, R. W., and Reshef, L. (1997) J. Biol. Chem. 272, 26306—-26312
7. Hanson, R. W., and Patel, Y. M. (1994) in P-enolpyruvate Carboxykinase: the
Gene and the Enzyme. Advances in Enzymology (Meister, A., ed) Vol. 69, pp.
203-281, John Wiley & Sons, Inc., New York
8. O’'Brien, R. M., Lucas, P. C., Yamasaki, T., Noisin, E. L., and Granner, D. K.
(1994) J. Biol. Chem. 269, 30419-30428
9. Quinn, P. G., and Granner, D. L. (1990) Mol. Cell. Biol. 10, 3357-3364
10. Savon, S., Hakimi, P., and Hanson, R. W. (1993) Biol. Neonate 64, 62—68
11. Savon, S. P., Hakimi, P., Crawford, D. R., Klemm, D. J., Gurney, A. L., and
Hanson, R. W. (1997) J. Nutr. 127, 276285
12. Roesler, W. J., Vandenbark, G. R., and Hanson, R. W. (1989) J. Biol. Chem.
264, 9657-9664
13. Trus, M., Benvenisty, N., Cohen, H., and Reshef, L. (1990) Mol. Cell. Biol. 10,

Minireview: C/EBP Regulation of PEPCK Gene Transcription

2418-2422

14. Park, E. A., Gurney, A. L., Nizielski, S. E., Hakimi, P., Cao, Z., Moorman, A.,
and Hanson, R. W. (1993) J. Biol. Chem. 267, 613—619

15. Roesler, W. J., McFie, P. J., and Dauvin, C. (1992) J. Biol. Chem. 2617,
21235-21243

16. Gurney, A. L., Park, E. A,, Giralt, M., Liu, J., and Hanson, R. W. (1992) J. Biol.
Chem. 267, 18133-18139

17. Quinn, P. G. (1993) J. Biol. Chem. 268, 16999-17009

18. Goraya, T. Y., Kessler, S. P., Stanton, P. W., H. R., and Sen, G. C. (1995)
J. Biol. Chem. 270, 19078-19085

19. Liu, J., Park, E. A., Gurney, A. L., Roesler, W. J., and Hanson, R. W. (1991)
J. Biol. Chem. 266, 19095-19102

20. Crawford, D. R., Leahy, P., Hu, C. Y., Gronostajski, R., Grossman, G., Woods,
J., Hakimi, P., Roesler, W. J., and Hanson, R. W. (1998) J. Biol. Chem. 273,
13387-13390

21. Patel, Y. M., Yun, J. S., Liu, J., McGrane, M. M., and Hanson, R. W. (1994)
J. Biol. Chem. 269, 5619-5628

22. Giralt, M., Park, A. E., Gurney, A., Liu, J. S., Hakimi, P., and Hanson, R. W.
(1991) J. Biol. Chem. 266, 21991-21996

23. Park, E. A, Song, S., Oliver, M., and Roesler, W. J. (1996) Biochem. J. 322,
343-348

24. Scott, D. K., Stromstedt, P.-E., Wang, J.-C., and Granner, D. K. (1998) Mol.
Endocrinol. 12, 482—491

25. O’Brien, R. M., Lucas, P. C., Forest, C. D., Magnunson, M. A., and Granner,
D. K. (1990) Science 249, 533-537

26. Friedman, J. E., Yun, J. S., Patel, Y. M., McGrane, M. M., and Hanson, R. W.
(1993) oJ. Biol. Chem. 268, 12952-12957

27. Tontonoz, P., Hu, E., Devine, J., Beale, E. G., and Spiegelman, B. M. (1995)
Mol. Cell. Biol. 15, 351-357

28. Short, M. K., Clouthier, D. E., Schaefer, I. M., Hammer, R. E., Magnunson,
M. A., and Beale, E. G. (1992) Mol. Cell. Biol. 12, 1007-1020

29. Wang, N. D., Finegold, M., Bradley, A., Ou, C. N., Abdelsayed, S. V., Wilde,
M. D., Taylor, L. R., Wilson, D. R., and Darlington, G. J. (1995) Science 269,
1108-1112

30. Flodby, P., Barlow, C., Kylefjord, H., Ahrlund-Richter, L., and Xanthopoulos,
K. G. (1996) oJ. Biol. Chem. 271, 24753-24760

31. Roesler, W. J., Park, E. A., and McFie, P. J. (1998) J. Biol. Chem. 273,
14950-14957

32. Roesler, W. J., Crosson, S. M., Vinson, C., and McFie, P. J. (1996) J. Biol.
Chem. 271, 8068-8074

33. Lee, Y.-H., Sauer, B., Johnson, P. F., and Gonzales, F. J. (1997) Mol. Cell. Biol.
17, 6014-6022

34. Screpanti, 1., Romani, L., Musiani, P., Modesti, A., Fattori, E., Lazzaro, D.,
Sellitto, C., Scarpa, S., Bellavia, D., Lattanzio, G., Bistoni, F., Frati, L.,
Cortese, R., Gulino, A., Ciliberto, G., Costantini, F., and Poli, V. (1995)
EMBO J. 14, 1932-1941

35. Tanaka, T., Akira, S., Yoshida, K., Umemoto, M., Yoneda, N., Shirufuji, N.,
Fujiwara, H., Suematsu, S., Yoshida, N., and Kishimoto, T. (1995) Cell 80,
353-361

36. Ballard, F. J., and Hanson, R. W. (1967) Biochem. J. 102, 952-958

37. Nizielski, S., Lechner, P. S., Croniger, C., Wang, N., Darlington, G. J., and
Hanson, R. W. (1996) J. Nutr. 126, 2697-2708

38. Johnson, P. F. (1993) Mol. Cell. Biol. 13, 6919—-6930

39. Mahoney, C. W., Shuman, J., McKnight, S. L., Chen, H.-C., and Huang, K.-P.
(1992) J. Biol. Chem. 267, 19396-19403

40. Trautwein, C., Van der Geer, P., Karin, M., Hunter, T., and Chojkier, M. (1994)
oJ. Clin. Invest. 93, 25542561

41. Crawford, D. R., and Hanson, R. W. (1993) Life Sci. Adv. 12, 165-170

42. Shuman, J. D., Cheong, J., and Coligan, J. E. (1997) J. Biol. Chem. 272,
12793-12800

43. Gotoh, T., Chowdhury, S., Takiguchi, M., and Mori, M. (1997) «J. Biol. Chem.
272, 3694-3698

44, Mink, S., Haenig, B., and Klempnauer, K.-H. (1997) Mol. Cell. Biol. 17,
6609-6617

45. Chrivia, J. C., Kwok, R. P., Lamb, N., Hagiwara, M., Montminy, M. R., and
Goodman, R. H. (1993) Nature 356, 855—-859

46. Eckner, R., Ewen, M. E., Newsome, D., Gerdes, M., DeCaprio, J. A., Lawrence,
J. B., and Livingston, D. M. (1994) Genes Dev. 7, 869—884

47. Shikama, N., Lyon, J., and LaThangue, N. B. (1997) Trends Cell Biol. 7,
230-236

48. Yao, T.-P., Oh, S. P., Fruchs, M., Zhou, N.-D., Ch’'ng, L-E., Newsome, D.,
Bronson, R. T., Li, E., Livingston, D. M., and Eckner, R. (1998) Cell 93,
361-372

49. Chen, H., Lin, R. J., Schiltz, R. L., Chakavarti, D., Nash, L., Privalsky, M. L.,
Nakatani, Y., and Evans, R. M. (1997) Cell 90, 569-580

50. Kitabayshi, I., Eckner, R., Arnay, Z., Chui, R., Gachelin, G., Livingston, D. M.,
and Yokoyama, K. K. (1995) EMBO J. 14, 3496-3509

51. Nakajima, T., Uchida, C., Anderson, S. F., Parvin, J. D., and Montminy, M.
(1997) Genes Dev. 11, 738747

52. Kalvakalanu, D. V. R., Liu, J., Hanson, R. W., Harter, M. L., and Sen, G. C.
(1992) J. Biol. Chem. 267, 2530—2536



	C/EBP and the Control of Phosphoenolpyruvate Carboxykinase Gene Transcription in the Liver* 
	Transcriptional Regulation of the PEPCK Gene Promoter
	The Role of C/EBP Isoforms in the Regulation  of PEPCK Gene Transcription
	Mechanism of the Effect of C/EBP on PEPCK Gene Transcription; Interaction with CBP/p300
	Model for the Control of PEPCK Gene Transcription
	ACKNOWLEDGEMENT
	REFERENCES


