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1l organisms confront intermittent pe-

riods of fasting during which energy
intake is insufficient to meet energy de-
mands. Consequently, mechanisms have
evolved for synthesizing and storing energy
nutrients during times of caloric sufficiency
that can be used during periods of caloric
limitation. In mammals, the predominant
storage form of energy is triglycerides. Tri-
glycerides can be synthesized from fatty
acids obtained through the diet. Alterna-
tively, fatty acids can be produced through
de novo synthesis from the metabolic inter-
mediate acetyl-CoA. The latter pathway is
termed lipogenesis. Although all cells can
synthesize fatty acids, production of triglyc-
erides for energy storage occurs principally
in the liver and adipose in mammals. Lipo-
genesis is regulated through the acute con-
trol of key enzyme activities by means of
allosteric and covalent modifications (1).
Moreover, the production of many glyco-
lytic and lipogenic enzymes is regulated in
response to dietary status (1-4). This latter
response is thought to be adaptive and oc-
curs in large part through transcriptional
regulation of genes encoding lipogenic
enzymes.

Glucose, in particular, is a vital energy
nutrient in mammals and a major source
of acetyl-CoA for triglyceride production.
The pancreatic hormones insulin and glu-
cagon play a central role in controlling
glucose and fatty acid homeostasis. Insu-
lin promotes glucose utilization and stor-
age as glycogen and triglycerides. Gluca-
gon opposes these actions and promotes
glucose production and triglyceride catab-
olism. In addition to these hormonal fac-
tors, glucose has also been implicated as
an independent signal for controlling the
synthesis of lipogenic enzymes. The intra-
cellular mechanism by which glucose can
generate a signal to affect transcription of
lipogenic enzyme genes is poorly under-
stood (2-4). However, in this issue of
PNAS, Kawaguchi and colleagues present
a significant step forward in unraveling
this pathway (5). These authors have iden-
tified a hepatic transcription factor, des-
ignated carbohydrate response element-
binding protein or ChREBP (6). They
now demonstrate that this factor is regu-

lated at two levels—nuclear entry and
DNA binding—through phosphorylation-
dependent mechanisms in response to sig-
nals from glucose and cAMP.

Feeding a diet high in simple carbohy-
drates to rats or mice results in increased
transcription of at least 15 genes involved
in glucose uptake, glycolysis, and lipogen-
esis (2). This dietary regimen leads to
secretion of insulin from the pancreatic
beta cell, as well as increased glucose
metabolism in the liver. Studies using cul-
tured primary hepatocytes have demon-
strated that both insulin and increased
glucose metabolism are necessary for the
induction of most of these genes. A path-
way by which insulin can impact this pro-
cess has recently come to light through the
investigation of the transcription factor
sterol regulatory element binding protein
(SREBP). SREBP was discovered as a

to the diet, raising the question of what
factor(s) might be responsible for induc-
tion in the absence of SREBP-1. The
ChREBP gene product identified by Uye-
da’s (5) laboratory is a strong candidate to
fulfill this role.

Earlier studies on the glucose pathway of
lipogenic enzyme gene induction focused on
an examination of the L-type pyruvate ki-
nase and S4 genes. The expression of these
two genes is induced transcriptionally in
primary hepatocytes by changes in glucose
levels in the media (in the presence of a
fixed-insulin concentration). Through pro-
moter-mapping studies, a glucose- or carbo-
hydrate-response element was identified in
both of these genes (14-16). This site con-
sists of two E box-related motifs separated
by a defined distance (16). Most recently,
similar elements have been found in the
promoters of the acetyl-CoA carboxylase
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transcription factor that controls genes
involved in cholesterol uptake and biosyn-
thesis (7). Most recently, SREBP, and
particularly the SREBP-1c isoform, has
been shown to control expression of genes
involved in the lipogenic pathway too (8).
The phenotype of transgenic mice that
overexpress SREBP in the liver dramati-
cally illustrated this point (9). These mice
exhibit liver steatosis and increased
mRNA levels of most lipogenic genes.
SREBP binding sites have been found in
the promoters of several lipogenic enzyme
genes (e.g., ref. 10). SREBP-1c itself is
rapidly induced by treatment of hepato-
cytes with insulin, providing a pathway for
insulin mediation of enhanced lipogenic
gene transcription (11, 12). Consistent
with these observations, mice with a de-
letion of the SREBP-1 gene have an im-
paired ability to fully respond to a high-
carbohydrate diet (13). However, these
mice do retain some significant response
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and fatty acid synthase genes, the two
central enzymes of fatty acid biosynthe-
sis (17, 18). The presence of the E box
(5’-CANNTG) motif in these response ele-
ments suggests that a member of the basic/
helix-loop-helix (bHLH) family of tran-
scription factors is responsible for
regulation. However, the nature of this fac-
tor has remained elusive for many years. In
a recently published article in PNAS, the
Uyeda group (6) purified a transcription
factor from liver based on its ability to bind
to the carbohydrate-response element of the
pyruvate kinase promoter. This factor
turned out to be a novel bHLH/leucine
zipper protein, which they designated
ChREBP.

In this issue of PNAS, Kawaguchi et al.
(5) have proceeded to examine how
ChREBP activity is controlled in hepato-

See companion article on page 13710.
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Schematic of the roles of ChREBP and SREBP in regulation of lipogenic enzyme gene transcription.

Most lipogenic enzyme genes (e.g., fatty acid synthase) have response elements for binding ChREBP
(ChoRE) and SREBP (SRE). These two factors work synergistically to induce transcription of the lipogenic
enzyme genes in the presence of glucose and insulin. Glucagon, through its intracellular mediator cAMP,
and polyunsaturated fatty acids (PUFAs) act to inhibit the activity of ChREBP and SREBP, respectively. In
this manner, the output of lipogenic enzyme gene production is integrated to multiple nutrient and

hormonal signals.

cytes. By using a green fluorescent protein
(GFP) fusion of ChREBP, the authors
demonstrate that ChREBP is localized in
the cytosolic compartment at low (fasting)
glucose levels, but in the nucleus in the
presence of high glucose. Intriguingly, this
cellular localization can be controlled by
the state of phosphorylation of a specific
serine residue (S196) of ChREBP. This
serine residue is located adjacent to the
nuclear localization signal for ChREBP
and hence in a logical position to control
its partitioning between cytosol and nu-
cleus. When S196 is mutated to an alanine
residue, ChREBP is found predominantly
in the nucleus, regardless of glucose con-
centration. Conversely, when mutated to
an aspartate (a molecular mimic of phos-
phorylated serine), ChREBP is localized
exclusively in the cytosol. These observa-
tions led the authors to propose that phos-
phorylation of S196 results in ChREBP
retention in the cytosol and hence its
inactivation. S196 is located in a consensus
recognition site for protein kinase A
(PKA), implicating the cAMP-dependent
enzyme in its phosphorylation. Further-
more, treatment of cells with an inhibitor
of PKA results in enhanced nuclear local-
ization of ChREBP. These findings are
consistent with the role of glucagon, which
acting through its intracellular mediator
cAMP, is known to inhibit synthesis of
lipogenic enzymes induced by insulin and
glucose.

The authors also note that two addi-
tional PKA consensus phosphorylation
sites are present in the ChREBP sequence
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at S626 and T666. These residues are
found immediately amino-terminal to the
DNA-binding domain. When a recombi-
nant fragment of ChREBP containing this
domain is treated in vitro with PKA, bind-
ing to the L-PK carbohydrate regulatory
element is inhibited. Subsequent treat-
ment of this phosphorylated polypeptide
with protein phosphatase 2A (PP2A) re-
verses the effect. Hence, the authors pro-
pose a second level of regulation for
ChREBP involving an inhibition of its
DNA binding activity on phosphorylation
by PKA. Consistent with this proposal, a
double mutation of S196 to alanine (to
promote nuclear localization) and T666
to alanine (to promote DNA binding) is
not inhibited by glucagon treatment of
hepatocytes.

As a whole, these studies outline a
pathway by which glucagon/cAMP can
repress ChREBP action and the glucose-
stimulated pathway. How does increased
glucose metabolism activate ChREBP?
The simplest model is that glucose acts
by stimulating the dephosphorylation of
the critical PKA-catalyzed phosphoryla-
tion events. To support this model, the
authors show that treatment of hepato-
cytes with cantharidic acid, a phospha-
tase inhibitor with highest affinity for
PP2A, inhibits the nuclear localization of
ChREBP normally observed in high glu-
cose. PP2A is well recognized for its role
in mediating a diversity of signaling path-
ways (19). In fact, this same laboratory
has previously described a form of PP2A
in liver that is activated by xylulose-5-
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phosphate, a metabolic intermediate
which is increased in hepatocytes incu-
bated in high-glucose conditions (20). It
will be interesting to learn whether this
PP2A isoform acts on phosphorylated
ChREBP in hepatocytes.

With the discovery of ChREBP and its
potential role in glucose regulation, a
number of important questions are now
amenable to study. Of great interest is
the intracellular signaling pathway that is
responsible for activation by glucose.
Studies in hepatocytes have demon-
strated that increased glucose metabo-
lism is necessary for the generation of
this signal. However, it has been difficult
to identify the key intermediate or step in
the various pathways of glucose metab-
olism responsible for control. With the
report of the end target of the pathway,
researchers should now be able to work
backwards in elucidating the molecular
mechanism. Another key question is
whether ChREBP binds to the glucose
response element by itself or in conjunc-
tion with other components. Many mem-
bers of the bHLH family act as het-
erodimers with specific partners. In fact,
arecent article on WBSCRI4 (the human
homologue of ChREBP) suggests that it
does not bind as a homodimer to an E
box element (21). Instead, it het-
erodimerizes with Mlx, a member of the
c-myc family, to form a stable het-
erodimer. Also, the potential role that
ChREBP may play in the pathophysiol-
ogies associated with disorders of meta-
bolic homeostasis—type II diabetes,
obesity, and hypertension—will be of
interest to explore.

Together ChREBP and SREBP provide
a pair of transcription factors that function
coordinately to regulate lipogenesis (Fig. 1).
Several of the lipogenic enzyme genes con-
tain distinct binding sites for these two fac-
tors that function synergistically (18, 22).
Why use two factors for control of this
pathway? One consequence is that critical
metabolic intermediates are not used for
storage unless all conditions (insulin and
glucose signals) are properly set. Another
result is to provide a more integrated output
for lipogenic enzyme production than would
be possible by means of a single factor. A
noteworthy observation in this regard is that
the positive effects of insulin on SREBP can
be overcome by polyunsaturated fatty acids,
which are repressors of the lipogenic path-
way (23, 24). Similarly, cAMP, which signals
a catabolic state, functions to inhibit
ChREBP. The ability of these factors to
synergistically control transcription of lipo-
genic enzyme genes would hence result in an
effective means of integrating multiple hor-
monal and nutritional inputs important in
controlling energy status in mammals.
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