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L
ike athletic ability, metabolic tone
is recognized to vary greatly
among individuals. The ability to
oxidize or store fat, build up mus-

cle glycogen, withstand fasting, or respond
to insulin with decreased blood glucose
levels can indeed change greatly even
within the same individual, based on such
factors as age, frequency of exercise, and
diet. Such changes in metabolic tone re-
flect the collective abundances and activi-
ties of hundreds of enzymes and other
metabolic proteins, integrated within com-
plex networks of metabolic pathways in
multiple tissues. Much of this is driven by
the overall profile of transcriptional activi-
ties of the genes encoding these proteins.
Among the major nuclear regulators of
metabolic gene expression, transcription
factors that belong to the forkhead gene
family have garnered increasing attention.
The Drosophila embryo forkhead mutant
displays dual projections at the head,
hence the name, and this fly gene shares a
110-aa DNA binding domain with 39 fork-
head genes in humans (for review, see ref.
1). At least six of these gene products (see
ref. 2 for nomenclature), Foxo1, Foxo3a,
Foxo4 (previously termed FKHR,
FKHRL1, and AFX1) and Foxa1, Foxa2,
and Foxa3 (previously termed HNF3�,
HNF3�, and HNF3�) appear to share
major roles controlling the development
of key metabolic tissues such as pancreatic
islet cells and liver. They also regulate
dozens of metabolic genes. For example,
both Foxo and Foxa transcription factors
are known to up-regulate key enzymes in
the hepatic gluconeogenesis pathway,
which prevents hypoglycemia in fasting (3,
4). In this issue of PNAS, Wolfrum et al.
show how Foxa2a may be regulated by
insulin (5).

Several lines of research have recently
converged to highlight the Foxo subfamily
as particularly exciting regulators of cell
function. First, they are the closest or-
thologs to DAF-16, a Caenorhabditis el-
egans gene product found in genetic
screens to be a target of insulin signaling
through the phosphatidylinositol 3 (PI3)-
kinase pathway (6–8). DAF-16 was found
to be a mediator of extended longevity in
the worm, and this function is reversed by
insulin receptor. In mammals, Foxo pro-
teins were also shown to be critical regula-
tors of cell survival and apoptosis as well
as cell cycle progression at G1 (for re-
views, see refs. 9 and 10). Additionally,
Foxo1, Foxo3a, and Foxo4 contain three
documented phosphorylation sites (one
threonine and two serine) for the Akt

(also denoted PKB) protein kinases down-
stream of the PI3-kinase pathway that is
activated by insulin (11, 12). Phosphory-
lated Foxo proteins are localized in the
cytoplasm, thus abrogating their transcrip-
tional activity. Insulin can act through Akt
to block Foxo-mediated transcription, at-
tenuating expression of gene products that
mediate gluconeogenesis or apoptosis, for
example. In contrast, regulation of fork-
head proteins in the Foxa subfamily by
insulin has not been reported. Wolfrum et
al. (5) show that Foxa2, but not Foxa1
and Foxa3, contains a single theonine site

that is phosphorylated by Akt, and that
this phosphorylation also causes cyto-
plasmic localization of Foxa2 in intact
cells. Thus, a fourth forkhead protein is
added to the list of insulin-regulated
transcription factors.

The data of Wolfrum et al. (5) add
new dimensions and complexity to our
understanding of insulin-regulated gene
expression. The DNA-binding domains
among forkhead members display a
winged helix structure that reflects a
helix–turn–helix core of three �-helices
flanked by two loops or ‘‘wings’’ (13).
Their sequences are highly similar or
even identical in some cases, but signifi-
cant variations can occur between sub-
families. Consistent with this profile,
some genes display response elements
that will bind multiple forkhead pro-
teins, but other genes show selective
sensitivity to one or another subfamily
(14–16). This provides for redundancy
in the regulation of some genes in a
metabolic or developmental pathway,
whereas others may be regulated by a
unique forkhead protein. Fig. 1 depicts
four genes (A, B, C, and D) in a hypo-
thetical insulin-sensitive pathway in
which genes B and C are regulated by
both Foxa and Foxo proteins and gene
A and gene D are selectively regulated
by Foxa or Foxo family members, re-
spectively. The discovery that Foxa2 is
negatively regulated by insulin through

Akt phosphorylation (5) extends the
range of genes (i.e., gene A in Fig. 1) in
such a pathway that can be controlled
by the hormone. Importantly, in these
studies, Foxa1 and Foxa3 were found
not to be regulated by the insulin-sensi-
tive Akt pathway. This finding leads to
the prediction that constitutive regula-
tion of certain insulin-sensitive genes by
Foxa proteins is likely (genes A, B and
C in Fig. 1). Thus, insulin’s effects will
be dampened by these influences of
Foxa1 and Foxa3 in proportion to their
expression levels within a tissue type
and the extent to which Foxa-sensitive
genes contribute to an overall pathway.

The finding that Foxa2 is regulated by
phosphorylation similar to the Foxo pro-
teins also adds a potential level of com-
plexity to the network of upstream signals
emanating from the PI3-kinase pathway.
As outlined in Fig. 1, the Akt�PKB and
serum- and glucocorticoid-induced protein
kinase (SGK) classes of protein kinases
are activated through generation of 3�
polyphosphoinositides catalyzed by PI3-
kinase. SGK expression is regulated by
serum and glucocorticoids and controls
epithelial sodium transport, apoptosis, and
other processes. The protein kinase cata-
lytic domains of SGK family members and
their substrate specificities are somewhat
similar to those of Akt�PKB. Both the
Akt and SGK protein kinases have been
shown to phosphorylate and negatively
regulate the Foxo proteins (17). This pro-
vides redundancy as well as complementa-
rity to the input signals for Foxo regula-
tion, because these protein kinases show
different preferences for specific phos-
phorylation sites on the Foxo proteins
(10). Thus, the relative sensitivity of each
of the three Foxo proteins to regulation
by insulin is likely to vary depending on
the relative expression levels of the Akt�
PKB proteins versus SGK proteins. This
will depend on cell type and conditions.
Therefore, as the model in Fig. 1 implies,
an important question raised by the re-
sults of Wolfrum et al. (5) is whether
SGK protein kinases also phosphorylate
Foxa2 and, if so, with what efficiency rela-
tive to Akt?

Adding further intrigue to this issue of
protein kinase specificity for the forkhead
proteins is the remarkable divergence in
function between the Akt1 versus Akt2
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isoforms. Akt1 functions in the determina-
tion of cell and organ size, based on the
results of genetic manipulations in Dro-
sophila (18) and on ectopic expression of
Akt1 in beta cells of the mouse pancreas
(19). Mice without Akt1 show normal glu-
cose homeostasis but are small (20). In
contrast, knockout of Akt2 in mice shows
that it is required for normal glucose ho-
meostasis but not for normal cell or organ
size (21). These data are quite surprising
based on the similar catalytic domains and
apparent substrate specificities of these
isoforms under cell-free conditions. Per-
haps differential cellular localizations of
these protein kinases or their substrates
explains the divergent functions. Alterna-
tively, phosphorylation site specificity on
certain proteins may be more divergent
between Akt1 and Akt2 than is expected,
especially under conditions present in in-
tact cells. If this is the case, might Foxa2
be such a substrate that shows differential
sensitivity to Akt1 vs. Akt2, explaining in
part the differences in actions between
these protein kinases? It will be necessary
to test this important question in future
experiments.

It has recently been reported that
Foxo1 acts to regulate the expression of
enzymes in the gluconeogenesis pathway
such as phosphoenolpyvurate carboxyki-
nase (PEPCK) and glucose 6 phospha-
tase through direct interaction with the
coactivator peroxisome proliferator-acti-
vated receptor � coactivator (PGC)-1�
(22). PCG-1 is itself highly up-regulated
in the liver during fasting through the
actions of hormones such as glucagon
and glucocorticoids, and is a coactivator
of the transcription factors cAMP re-
sponse element binding (CREB) pro-
tein, liver-enriched transcription factor
(HNF)-4�, and glucocorticoid receptor,
which are required for full up-regulation
of PEPCK (23–25). This coactivator also
plays a key role in adaptive thermogene-
sis in brown fat and skeletal muscle
(26). Remarkably, the association of
Foxo1 with PGC-1 as well as the nuclear
localization of Foxo1 are abrogated by
Akt-mediated phosphorylation (22).
Thus, insulin signaling through Akt can
attenuate the effects of increased levels
of PGC-1 in fasting and diabetic condi-
tions through dissociation from Foxo1.

It is not known whether Foxo3a and 4
are also regulated by PGC-1. These
findings beg the question of whether
PGC-1 is also a coactivator of Foxa2
(see Fig. 1). If so, might Akt also medi-
ate dissociation of PGC-1 from Foxa2,
thereby coordinating multiple pathways
of PGC-1 actions? A recent additional
twist to the connections between PGC-1
and Foxo proteins is the finding that
PGC-1 promoter activity is itself regu-
lated by Foxo1 in an insulin-dependent
manner (27). Thus, insulin can appar-
ently attenuate PGC-1 expression as
well as its function through phosphory-
lation of Foxo proteins.

The above findings and conjectures re-
veal fertile experimental territory for fu-
ture studies on Foxa2 function, especially
in relation to its roles in the development
and physiology of pancreatic islet cells,
liver, and adipose tissue. Initial work indi-
cating that Foxa2 functions in the devel-
opment of the pancreas and liver (28, 29)
was followed by results showing that tis-
sue-specific deletion of Foxa2 in mouse
pancreatic beta cells results in a profound
hyperinsulinemic hypoglycemic condition
(30). Two subunits of the beta cell ATP-
sensitive potassium channel (KATP), fre-
quently mutated genes linked to familial
hyperinsulinism, were identified in these
studies as novel targets of Foxa2. Thus,
Foxa2 regulation by agents that regulate
Akt, such as insulin and IGF-1, may have
profound effects on beta cell insulin secre-
tion and responsiveness to hypoglycemia.
In the liver, Foxa2 may have a more
prominent role in development than in
maintaining adult tissue function, because
liver-specific knockout of Foxa2 in mice
has no effect on glucose homeostasis (31).
However, this conclusion may require fur-
ther evaluation because compensatory
effects of other transcription factors could
be at play, and Foxa3 certainly plays a
role in modulating gluconeogenic enzymes
(32) and GLUT2 (33) in liver. Finally,
Foxa2 is expressed in preadipocytes and
inhibits their differentiation into adipo-
cytes (34). Remarkably, increased adipos-
ity occurs when obesity is induced by diet
in mice with haploinsufficiency in Foxa2
(Foxa2���), and defects in glucose and
lipid metabolism are evident in these ani-
mals. These exciting new findings on the
plethora of functions that Foxa proteins
may play in metabolic tissues, combined
with the discovery of Foxa2 regulation by
Akt signaling, open new vistas for both
understanding and intervening in meta-
bolic diseases.
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