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Cellular survival: a play in three Akts
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The programmed cell death that occurs as part of normal
mammalian development was first observed nearly a
century ago (Collin 1906). It has since been established
that approximately half of all neurons in the neuroaxis
and >99.9% of the total number of cells generated during
the course of a human lifetime go on to die through a
process of apoptosis (for review, see Datta and Greenberg
1998; Vaux and Korsmeyer 1999). The induction of de-
velopmental cell death is a highly regulated process and
can be suppressed by a variety of extracellular stimuli.
The purification in the 1950s of the nerve growth factor
(NGF), which promotes the survival of sympathetic neu-
rons, set the stage for the discovery that peptide trophic
factors promote the survival of a wide variety of cell
types in vitro and in vivo (Levi-Montalcini 1987). The
profound biological consequences of growth factor (GF)
suppression of apoptosis are exemplified by the critical
role of target-derived neurotrophins in the survival of
neurons and the maintenance of functional neuronal cir-
cuits. (Pettmann and Henderson 1998). Recently, the
ability of trophic factors to promote survival have been
attributed, at least in part, to the phosphatidylinositide
3'-OH kinase (PI3K)/c-Akt kinase cascade. Several tar-
gets of the PI3K/c-Akt signaling pathway have been re-
cently identified that may underlie the ability of this
regulatory cascade to promote survival. These substrates
include two components of the intrinsic cell death ma-
chinery, BAD and caspase 9, transcription factors of the
forkhead family, and a kinase, IKK, that regulates the
NF-kB transcription factor. This article reviews the
mechanisms by which survival factors regulate the
PI3K/c-Akt cascade, the evidence that activation of the
PI3K/c-Akt pathway promotes cell survival, and the cur-
rent spectrum of c-Akt targets and their roles in mediat-
ing c-Akt-dependent cell survival.

Setting the stage: PI3K mediates survival signals
PI3K and cell survival

Recent data have implicated PI3 kinases and their phos-
pholipid products in promoting survival downstream of
extracellular stimuli. Survival stimuli generally mediate
intracellular signaling through ligation of transmem-
brane receptors, which either possess intrinsic tyrosine
kinase activity (e.g., the insulin-like growth factor I re-
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ceptor), are indirectly coupled to tyrosine kinases (e.g.,
integrins), or are coupled to seven transmembrane G pro-
tein-coupled receptors (e.g., the lysophosphatidic acid re-
ceptor LP,,/VZG-1) (Clark and Brugge 1995; Segal and
Greenberg 1996; Weiner and Chun 1999). Activation of
these receptors results in the recruitment of PI3K iso-
forms to the inner surface of the plasma membrane as a
result of ligand-regulated protein-protein interactions
(for review, see Toker and Cantley 1997; Rameh and
Cantley 1999). PI3K can also be activated by direct in-
teraction with the Ras protooncogene (Rodriguez-Vicana
etal. 1994, 1996; Marte et al. 1996; Kauffmann-Zeh et al.
1997; Khwaja et al. 1997; Liu et al. 1998; Murga et al.
1998). Once localized to the plasma membrane, PI3Ks
catalyze the transfer of phosphate from ATP to the D-3
position of the inositol ring of membrane-localized phos-
phoinositides, thereby generating 3’-phosphorylated
phosphoinositides. The major isoforms of PI3K that are
activated in response to receptor-mediated survival sig-
nals principally generate phosphatidylinositol 3,4 bi-
sphosphate (PI3,4P) and phosphatidylinositol 3,4,5 tri-
sphosphate (PI3,4,5P). Once generated, these lipids then
function as signaling intermediates that regulate down-
stream signal transduction cascades.

PI3K was first implicated in the suppression of apop-
tosis in a study by Yao and Cooper (1995) in which the
signal transduction pathways that control GF-mediated
survival of the pheochromocytoma cell line PC12 were
investigated. This study demonstrated that inhibition of
PI3K activity abrogated the ability of NGF to promote
cell survival. In addition, when cells were transfected
with PDGF receptor (PDGFR) mutants in which the spe-
cific tyrosine residues critical for activating particular
signaling pathways were mutated, it was found that the
PDGFR tyrosine residues that bind to and activate PI3K
were both necessary and sufficient for the PDGF-medi-
ated survival of these cells.

PI3K activity was subsequently found to be required
for the GF-dependent survival of a wide variety of cul-
tured cell types ranging from fibroblasts to neurons
(Scheid et al. 1995; Yao and Cooper 1995; Takashima et
al. 1996; Vemuri and McMorris 1996; Dudek et al. 1997;
Kauffmann-Zeh et al. 1997; Khwaja et al. 1997; Philpott
et al. 1997; Berra et al. 1998; Crowder and Freeman 1998;
Stambolic et al. 1998; Ulrich et al. 1998; Weiner and
Chun 1999; Fruman et al. 1999). PI3K activity is also
sufficient to promote cellular survival in the absence of
trophic support and to block apoptosis induced by toxic
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stimuli. GF-deprived cells that are transfected with con-
stitutively active PI3K alleles, with receptor mutants in
which PI3K is exclusively activated in response to recep-
tor ligation, or with constitutively active Ras mutants
that bind to and activate only PI3K are, in each case,
resistant to apoptosis. (Yao and Cooper 1995; Kauff-
mann-Zeh et al. 1997; Khwaja and Downward 1997,
Khwaja et al. 1997; Kulik et al. 1997; Philpott et al. 1997;
Chen et al. 1998; Crowder and Freeman 1998; Ulrich et
al. 1998).

Whereas increases in PI3K activity may be sufficient
and frequently necessary to promote cell survival in re-
sponse to GFs, the existence of parallel survival path-
ways emanating from RTKs has challenged the idea that
there is an absolute requirement for PI3K activity for
cellular survival. Several studies have suggested that Ras
and its downstream effectors Raf-MEK-MAPK are criti-
cal mediators of GF-induced survival in a number of dif-
ferent cell types (Borasio et al. 1989, 1993; Nobes and
Tolkovsky 1995). It is now clear that the Raf-MEK-
MAPK cascade does under some circumstances promote
cell survival (Xia et al. 1995; Parrizas et al. 1997; Berg-
mann et al. 1998; Kurada and White 1998; Meier and
Evan 1998; Anderson and Tolkovsky 1999; Bonni et al.
1999; Shimamura et al. 1999). However, Ras-dependent
cell survival is likely mediated both by the Raf~-MEK-
MAPK pathway and Ras-mediated activation of PI3K.
Thus, PI3K is a major effector pathway mediating sur-
vival signals downstream of survival factors, either
through direct activation of PI3K by growth factor recep-
tors, or through intermediate activation of Ras (Rod-
riguez-Vicana et al. 1994, 1996).

3'-phosphorylated phosphoinositides and survival

Additional evidence of a role for the products of PI3K
in survival signaling comes from studies of the PTEN
tumor suppressor. PTEN is a lipid phosphatase that de-
phosphorylates PI3K-generated 3'-phosphorylated phos-
phatidylinositides in vivo (Gu et al. 1998; Maehama
and Dixon 1998; Myers et al. 1998; Stambolic et al.
1998). Overexpression of PTEN is sufficient to lower
basal 3’-phosphorylated phosphoinositide levels in cells.
PTEN~/~ mice have elevated levels of 3’-phosphorylated
phospholipids and die during embryogenesis as a result
of a failure in developmental apoptosis (Stambolic et al.
1998; Suzuki et al. 1998). PTEN~/~ mouse embryo fibro-
blasts (MEFs) are resistant to a range of apoptotic
stimuli, suggesting that the cell survival phenotype ob-
served in these animals may reflect a specific cellular
resistance to developmental and pathologic apoptosis.
Such resistance to apoptosis is likely due to an eleva-
tion in the basal level of 3’-phosphorylated phosphati-
dylinositides, as pharmacologic inhibition of PI3K activ-
ity renders these cells susceptible to toxicity-induced
apoptosis.

Only a subset of the lipid products generated by PI3K
may be capable of promoting cell survival in certain cell
types. Evidence consistent with this idea has come from
studies utilizing SHIP~/~ animals (Helgason et al. 1998;
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Liu et al. 1999). SHIP is a lipid phosphatase that dephos-
phorylates phosphatidylinositides at the 5’ position. De-
letion of SHIP leads to a relative increase in PI3,4,5P
levels and a corresponding decrease in the levels of
PI3,4P. SHIP~/~ mice demonstrate defects in executing
apoptosis and excessive cellular survival in myeloid lin-
eages, suggesting that PI3,4,5P as opposed to PI3,4,P is
required for cell survival. Consistent with this idea,
overexpression of SHIP is sufficient to induce apoptosis
in hematopoietic cells (Liu et al. 1997; Aman et al. 1998)
Thus, in some cell types PI13,4,5P may mediate the anti-
apoptotic effect of PI3K, although based on the ability of
both PI3,4,5P and PI3,4P to regulate signaling down-
stream of PI3K (see below) it is likely that both lipid
products contribute to cellular survival.

Act 1: Akt is a general mediator of survival signals

Given the importance of PI3K as a mediator of GF-regu-
lated survival signals, there has been significant interest
in identifying the molecular targets of PI3K that block
apoptosis. 3'-phosphorylated phospholipids are capable
of activating a number of cellular intermediates, includ-
ing tyrosine kinases, GTPase activating proteins for
small G proteins, and a variety of serine/threonine pro-
tein kinases such as the atypical PKC isoforms, SGK, the
pp705¢%, and c-Akt (Rameh and Cantley 1999). A num-
ber of these targets of PI3K have been implicated in the
suppression of apoptosis (Diaz-Meco et al. 1996; Nishida
et al. 1998). However, recent data suggesting that c-Akt
activity is sufficient to block apoptosis induced by a
number of death stimuli, and that c-Akt activity is re-
quired for GF-mediated survival, has focused attention
on the role of c-Akt as a mediator of the PI3K survival
signal.

ALkt structure

c-Akt is the cellular homolog of the transforming onco-
gene of the AKTS8 retrovirus (Staal 1987; Staal et al. 1977;
Bellacosa et al. 1991, 1993). Molecular analysis revealed
that v-akt resulted from a recombination event between
viral gag sequences and the cellular Akt gene, resulting
in a gag-c-Akt fusion protein. Simultaneous with the
identification of c-Akt, the protein kinase Ba and Re-
lated to A- and C-Protein Kinase o were cloned in
screens to identify proteins with kinase domains to that
within PKA and PKC (Coffer and Woodgett 1991; Jones
et al. 1991). c-Aktl, PKBa and RAC-PKa were found to
be encoded by the same gene (herein referred to as Akt).
Two additional Akt family members have also been
identified, c-Akt2/PKBB/RAC-PKR and c-Akt3/RAC-
PKry (Staal et al. 1987; Cheng et al. 1996; Konishi et al.
1995; Brodbeck et al. 1999; Nakatani et al. 1999). The
three known mammalian Akt family members are ex-
pressed differentially at both the mRNA and protein lev-
els (Bellacosa et al. 1993; Altomare et al. 1995, 1998;
Brodbeck et al. 1999). Akt orthologs have been cloned
from a number of species, including Drosophila melano-
gaster and Caenorhabditis elegans (Fig. 1) (Franke et al.
1994; Paradis and Ruvkun 1998).


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

Akt family proteins contain a central kinase domain
with specificity for serine or threonine residues in sub-
strate proteins (Fig. 1) (Bellacosa et al. 1991; Coffer and
Woodgett 1991). In addition, the amino terminus of Akt
includes a pleckstrin homology (PH) domain, which me-
diates lipid-protein and/or protein-protein interactions
(Mayer et al. 1993; Musacchio et al. 1993; Datta et al.
1995). The Akt carboxyl terminus includes a hydropho-
bic and proline-rich domain. Alignment of Akt family
members suggests that the primary structure of Akt is
conserved across evolution, with the exception of the
carboxy-terminal tail, which is found in some but not all
species and isoforms.

Upstream regulation of Akt kinase activity

Akt was first implicated in signal transduction by the
demonstration that the kinase activity of Akt is induced
by GFs such as PDGF and basic fibroblast growth factor
(bFGF) (Burgering and Coffer 1995; Franke et al. 1995). It
is now known that a diverse array of physiologic stimuli
are capable of inducing Akt kinase activity by up to 40-
fold (Table 1), primarily in a PI3K-dependent manner.
PI3K-generated phospholipids act by multiple mecha-
nisms that cooperate to regulate Akt activity. One
mechanism is through the direct binding of phosphoi-
nositides to the Akt PH domain (James et al. 1996;
Franke et al. 1997; Frech et al. 1997). The binding of
PI3K-generated phospholipids to Akt in vivo has been
shown to be critical to the activation of Akt (Franke et al.
1995, 1997; Klippel et al. 1997; Bellacosa et al. 1998;
Sable et al. 1998). A consequence of Akt binding to phos-
pholipids is the translocation of Akt from the cytoplasm
to the inner surface of the plasma membrane, where
PI3K-generated 3'-phosphorylated phospholipids reside
(Andjelkovic et al. 1997; Meier et al. 1997; Wijkander et
al. 1997; Zhang and Vik 1997; Sable et al. 1998; Curric et
al. 1999). This translocation is important for Akt activa-
tion. Indeed, v-Akt, which is permanently targeted to the
plasma membrane by the viral gag sequence, exhibits
constitutive kinase activity (Franke et al. 1995). Like-
wise, c-Akt is constitutively active when specifically tar-
geted to the inner surface of the plasma membrane (Bur-
gering and Coffer 1995; Kohn et al. 1996a). These find-
ings suggest that the relocalization of Akt to the plasma
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membrane is an important step in the process of Akt
activation.

Relocalization of Akt to the plasma membrane brings
Akt in proximity to regulatory kinases that phosphory-
late and activate Akt. The existence of such kinases was
suggested by experiments demonstrating that Akt itself
is a phosphoprotein, and that phosphorylation is re-
quired for Akt activity in vivo and in vitro. (Bellacosa et
al. 1991; Coffer and Woodgett 1991; Burgering and Coffer
1995; Anjelkovic et al. 1996; Kohn et al. 1996b; Soskic et
al. 1999). Alessi and colleagues (Alessi et al. 1996a) iden-
tified four sites (Ser-124, Thr-308, Thr-450, and Ser-473)
on Aktl that are phosphorylated in vivo. Thr-308 and
Ser-473 are inducibly phosphorylated after treatment of
cells with extracellular stimuli, whereas Ser-124 and
Thr-450 appear to be basally phosphorylated. Mutagen-
esis studies have revealed that phosphorylation of Thr-
308 and Ser-473 is required for Akt activity, and that
mimicking phosphorylation partially activates Akt. Akt
Thr-308 lies within the Akt kinase domain activation
loop, a region that when unphosphorylated negatively
regulates the kinase activity of Akt. Thus, phosphoryla-
tion of Akt Thr-308 has emerged as an attractive mecha-
nism by which upstream kinases may induce Akt activity.

Four distinct biochemical entities have been identified
that are capable of phosphorylating Akt at Thr-308 in the
presence of PI3,4,5P (Alessi et al. 1997b; Stokoe et al.
1997). These protein kinases are also capable of inducing
the kinase activity of Akt towards an in vitro substrate
in a PI3,4,5P dependent-manner. Because these kinases
display lipid dependence for their activation, they were
termed 3-phosphoinositide-dependent protein kinases
(PDKs). PDK-1 and PDK-a, which are likely the protein
products of the same gene, were cloned based on peptide
sequencing of the PDK fractions (Alessi et al. 1997b; Ste-
phens et al. 1998). The PDK-1 ¢cDNA encodes a 63-kD
protein that contains a PH domain and a consensus ki-
nase domain closely related to that of PKA, Akt, and
PKC (Alessi et al. 1997b; Hanks et al. 1988).

PDK-1 efficiently phosphorylates Akt at Thr-308, and
overexpression of PDK-1 is sufficient to activate Akt in
transfected cells (Alessi et al. 1997a). However, unlike
Akt, PDK-1 is a constitutively active enzyme, and its
kinase activity within cells does not appear to be en-
hanced by the presence of survival factors that activate
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Table 1. Stimuli that induce increased Akt kinase activity

Stimuli that regulate tyrosine kinase activity
Angiopoietin-1
Anti-CD28 Abs
Epidermal growth factor
Basic fibroblast growth factor
Fibronectin
Gas6
Anti-integrin antibodies
Interleukin-2
Interleukin-3
Interleukin-4
Interleukin-5
Interleukin-8
Insulin
Insulin-like growth factor
Anti-killer cell inhibitory receptor antibodies
Leukemia inhibitory factor
Nerve growth factor
Platelet-derived growth factor
Stem cell factor
Vascular endothelial growth factor

Stimuli that regulate G-protein-linked receptors
Cb5a
Carbachol
GRO«
fMet-Leu-Pro
uOpiods
Platelet Activating Factor
RANTES

cAMP/PKA agonists
CPT-cAMP
Forskolin
8-Br-cAMP
Isoproteronol

Phosphatase inhibitors
Vanadate
Peroxyvanadate
Okadaic acid

Other activators
Hypoxia
SNP (NO donor)
Exercise
H,0,
Heat shock
Fluid shear
Anti-Fas antibodies
TNFa
Cadmium

Akt (Alessi et al. 1997a). In unstimulated cells, PDK-1 is
located in both the cytoplasm and at the inner surface of
the plasma membrane (Currie et al. 1999). Although
some data suggest that PDK-1 translocates to the plasma
membrane in response to GF stimulation, electron mi-
croscopy analysis indicates that the subcellular localiza-
tion of PDK-1 does not change significantly in response
to extracellular stimuli (Anderson et al. 1998a; Currie et
al. 1999). On its own, PDK-1 is incapable of phosphory-
lating Akt at Ser-473 (Alessi et al. 1997b,¢; Stokoe et al.
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1997). However, it has recently been suggested that the
functional characteristics of PDK-1 are modified in vivo
when PDK-1 interacts with other proteins. PDK-1 may
complex with a fragment of another kinase, PRK-2
(Balendran et al. 1999). Unlike PDK-1 alone, the PDK-1/
PRK-2 complex is capable of phosphorylating Akt at
both Thr-308 and Ser-473. In addition, the activity of the
PDK-1/PRK-2 complex is upregulated by PI3K-generated
3'-phosphorylated phospholipids. The responsiveness of
PDK-1/PRK-2 complex to phospholipids may be due to
the ability of the PH domain of PDK-1 to directly bind to
3’-phosphorylated phosphoinositides with high affinity
(Currie et al. 1999). Thus the second mechanism by
which phospholipids regulate Akt is by regulating the
activity of kinases, such as the PDK-1/PRK-2 complex,
that modulate Akt activity.

Integrin-linked kinase (ILK), a serine/threonine kinase
that interacts with the cytoplasmic tail of integrin B sub-
units (Delcommenne et al. 1998), has also been sug-
gested to regulate Akt by phosphorylation of Akt at Ser-
473. ILK is directly regulated by PI3,4,5P, presumably
through binding of lipids to a cryptic PH domain within
ILK. Further studies are required to determine whether
ILK activity is sufficient to activate Akt in vitro and if
ILK is an Akt Ser-473 kinase within cells.

The third mechanism by which 3’-phosphorylated
phosphoinositides regulate Akt activity is by controlling
the accessibility of Akt as a substrate for PDKs. In in
vitro reconstitution assays, the binding of PI3,4,5P to the
Akt PH domain is required for PDK-1 to phosphorylate
Akt (Alessi et al. 1997b,c; Stokoe et al. 1997; Bellacosa et
al. 1998; Currie et al. 1999). Mutations in the Akt PH
domain that abrogate phospholipid binding also block
PDK-1 phosphorylation of Akt. Conversely, mutations
in the Akt PH domain that enhance lipid binding reduce
the concentration of PI3,4,5P that is required for PDK-1
to phosphorylate Akt. In addition, PDK-1 is capable of
effectively phosphorylating Akt in the absence of phos-
pholipids when the Akt PH domain is deleted. These
results are consistent with the possibility that the bind-
ing of phospholipids to the Akt PH domain induces a
critical conformational change that renders Akt compe-
tent for phosphorylation by PDKs.

Phospholipid binding may also act through additional
mechanisms to regulate Akt activity. For example, the
binding of 3'-phosphorylated phospholipids by the Akt
PH domain may result in a conformational change that
increases the intrinsic catalytic activity of Akt (Datta et
al. 1996; James et al. 1996; Franke et al. 1997; Frech et al.
1997; Klippel et al. 1997). Lipid binding also induces the
formation of Akt homomultimers, which may increase
Akt activity (Datta et al. 1995; Franke et al. 1997; Alberti
1998). The relevance of these mechanisms to Akt acti-
vation in vivo remains to be demonstrated.

A model for Akt activation

Efforts to elucidate the mechanism of by which GFs
regulate Akt activity have led to a complex picture of
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how phospholipids and PDK-1 cooperate to achieve the
activation of Akt (Fig. 2). Phosphorylation of Akt at Ser-
124 and Thr-450 occurs independently of cell stimula-
tion or PI3K activation, and most likely renders Akt
competent to undergo activation upon exposure of cells
to extracellular stimuli (Fig. 2A). GF stimulation of PI3K
leads to increased intracellular levels of PI3,4P and
PI13,4,5P. Binding of the these lipids to the Akt PH do-
main results in Akt translocation from the cytoplasm to
the plasma membrane; in addition, the interaction of the
PH domain with the lipid products of PI3K causes a con-
formational change in Akt that renders Akt accessible to
phosphorylation at Thr-308 and Ser-473. (Fig. 2B). Phos-
pholipids also increase the ability of the PDK-1—which
may be complexed with PRK-2, a fragment of PRK-2, or
other related proteins—to phosphorylate Akt. The final
step in Akt activation appears to be the phosphorylation
of Thr-308 and Ser-473 by PDK-1 (Fig. 2C,D).

There are also survival stimuli that activate Akt via
mechanisms that do not require stimulation of PI3K.
Agonists of the PKA pathway can activate Akt (Sable et
al. 1997; Filippa et al. 1999) as can increases in cytoplas-
mic calcium levels. Calcium binds to calmodulin, and
the Ca2+/calmodulin complex activates the calcium/
calmodulin dependent kinase kinase (CaMKK), which
then activates Akt by directly phosphorylating Akt at
Thr-308 (Yano et al. 1998). Thus, under some circum-
stances kinases related to PDK-1 can substitute for
PDK-1 in activating Akt.

Akt activity is both necessary and sufficient
for survival

The observation that Akt is a target of PI3K, together
with the finding that PI3K mediates GF-dependent sur-
vival, suggested that Akt might be a critical regulator of
cell survival. This possibility was first tested in a study

Survival signaling by Akt

of the signaling molecules utilized by IGF-1 and PI3K to
promote the survival of cultured cerebellar granule cells
(Dudek et al. 1997). Transfection of granule cells with
dominant-negative Akt alleles abrogated the ability of
IGF-1 to promote the survival of these cells. Conversely,
transfection with either wild-type Akt or constitutively
active Akt alleles promoted the survival of these cells,
even in the absence of IGF-1.

A large number of studies have demonstrated that
transfection of a variety of cell types with constitutively
active Akt alleles (and in some cases wild-type Akt)
blocks apoptosis induced by apoptotic stimuli, including
GF withdrawal, UV irradiation, matrix detachment, cell
cycle discordance, DNA damage, and treatment of cells
with anti-Fas antibody or TGFB (Dudek et al. 1997,
Kauffmann-Zeh et al. 1997; Kennedy et al. 1997; Khwaja
and Downward 1997; Khwaja et al. 1997; Kulik et al.
1997; Philpott et al. 1997; Songyang et al. 1997; Xiong
and Parsons 1997; Chen et al. 1998; Crowder and Free-
man 1998; Eves et al. 1998; Gerber et al. 1998; Hausler et
al. 1998; Kulik and Weber 1998; Rohn et al. 1998; Blair et
al. 1999). The possibility that GF-mediated survival re-
quires Akt has been explored using dominant-negative
alleles of Akt, either catalytically inactive Akt (Dudek et
al. 1997; Kitamura et al. 1998a; van Weeren et al. 1998)
or a mutant Akt consisting only of the PH domain
(Songyang et al. 1997). Expression of either of these Akt
alleles has been found to block the ability of a variety of
growth factors to promote survival (Dudek et al. 1997;
Kennedy et al. 1997; Khwaja et al. 1997; Kulik et al.
1997; Songyang et al. 1997; Berra et al. 1998; Chen et al.
1998; Crowder and Freeman 1998; Gerber et al. 1998;
Kulik and Weber 1998; Yano et al. 1998, Weiner and
Chun 1999). Two additional dominant-negative Akt al-
leles have been generated recently, the first a wild-type
Akt that is fused to the Ras CAAX membrane targeting
sequence (CAAX-Akt), and the second an Akt with

Figure 2. Model for the survival factor-me-
diated activation of Akt. (A) In unstimulated
cells, Akt is basally phosphorylated at Ser-124
and Thr-450 (peach circles). PDKs are par-
tially localized to the plasma membrane. (B)
Growth factor-mediated PI3K activation re-

sults in increases in 3’-phosphorylated phos-
phoinositides (red circles), which results in
both the translocation of Akt to the plasma
membrane and a conformational change that
renders the regulatory phosphorylation sites
accessible to PDKs. In addition, PDK-1 com-
plexed with either a fragment of PRK2, PRK2,
or a PRK2-related peptide may be regulated by
increased phospholipid concentrations. (C,D)
The PDK1/PRK complex phosphorylates Akt
at Thr-308 and Ser-473, resulting in Akt acti-
vation.
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its PDK phosphorylation sites mutated to alanine
(AktTASA). Although the mechanism by which either
CAAX-Akt or AktTASA inhibits the function of endog-
enous Akt is not clear, both CAAX-Akt and AktTASA
effectively block cellular survival (Rohn et al. 1998;
Stambolic et al. 1998).

The use of dominant-negative Akt alleles has been
controversial, both because of their potential lack of
specificity and because of the apparent lack of inhibition
of endogenous Akt activity by some dominant-negative
Akt mutants. However, it is possible that dominant-
negative Akt mutants act by directly interacting with
specific downstream targets of Akt. Genetic studies from
Drosophila have also recently provided independent con-
firmation for a role for Akt in cell survival. Flies defec-
tive in dAKT1 show significant ectopic apoptosis during
embryogenesis (Stavely et al. 1998). Indirect biological
evidence also suggests that Akt activity is crucial to pro-
moting cellular survival. For example, treatment of cells
with ceramide, a critical lipid intermediate that is in-
volved in death signals (for review, see Basu and
Kolesnick 1998), is sufficient to block Akt activity in a
number of cell types (Summers et al. 1998; Zhou et al.
1998; Zundel and Giaccia 1998). Akt has also been
shown to be selectively proteolysed during the early
stages of apoptosis (Widmann et al. 1998). These data
suggest that an important feature of the initiation of pro-
grammed cell death is the downregulation of Akt activ-
ity. Taken with data demonstrating that Akt activity
under certain circumstances is both necessary and suffi-
cient for cell survival, these experiments support the hy-
pothesis that Akt is a crucial mediator of survival sig-
nals.

Akt, survival, and oncogenesis

The identification of Akt as a key regulator of cellular
survival has significant implications for current models
of oncogenesis. A number of oncogenes and tumor sup-
pressor genes that function upstream of Akt have been
found to influence cancer progression by regulating Akt.
PI3K has been identified as the enzymatic component of
the naturally occurring oncogene vP3K; cells trans-
formed by vP3K exhibit constitutive Akt activation, and
transfection of such cells with dominant-negative Akt
alleles can revert oncogenic transformation (Chang et al.
1997; Aoki et al. 1998). Oncoproteins that act in part
through increasing PI3K activity, including activated
Ras and Ber/Abl, may also require Akt activation to pro-
mote oncogenesis. For example, cotransfection of bone
marrow precursors with kinase-inactive Akt suppresses
the ability of wild-type Ber/Abl to promote leukemogen-
esis in vivo (Skorski et al. 1997). PTEN has also been
identified as a human tumor suppressor whose loss cor-
relates with increased Akt activity (Li et al. 1997; Liaw et
al. 1997; Nelen et al. 1997; Marsh et al. 1998; Cantley
and Neel 1999). Overexpression of wild-type Akt may
also cause oncogenesis, as Akt2 has been found to be
amplified with high frequency in pancreatic, breast, and
ovarian tumors (Bellacosa et al. 1995; Cheng et al. 1996).
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It is important to note that suppression of apoptosis is
not the only function that Akt may play in promoting
oncogenesis, as Akt under some circumstances, can in-
duce cell cycle progression (Ahmed et al. 1997; Brennan
et al. 1997). However, the observation that Akt can sup-
press apoptosis, taken with the finding that deletion of
PTEN, overexpression of active Ras, or overexpression of
active PI3K renders cells resistant to apoptosis, suggests
that oncogenes may block adaptive cellular apoptosis by
hyperactivating Akt.

Act 2: Akt targets in cell survival—the
apoptotic machinery

The search for substrates of Akt that are relevant to the
survival-promoting effects of Akt has been significantly
aided by the definition of a consensus sequence of the
preferred Akt in vitro phosphorylation sites (Alessi et al.
1996b; Walker et al. 1998). Protein database analysis re-
veals a large number of mammalian proteins that con-
tain Akt consensus phosphorylation sites (RXRXXS/T-
bulky hydrophobic). Among these proteins are several
components of the apoptotic machinery (Table 2). How-
ever, an important caveat to such database searches is
the likelihood that in vivo the substrate specificity of
Akt will partially depend on sequence determinants that
lie outside the RXRXXS/T consensus.

The identification of the Akt consensus phosphoryla-
tion sequence in proteins involved in the apoptotic pro-
cess raised the possibility that Akt regulates cell survival
by directly phosphorylating components of the cell death
apparatus. Because of the explosion of information re-
garding the molecular components of the mammalian
apoptotic machinery and their complex interrelation-
ships, we will provide only a brief synopsis of the death
mechanisms that are relevant to GF withdrawal-induced
apoptosis and Akt-mediated suppression of this process.

The basis for the current understanding of mammalian
apoptosis comes in large part from genetic studies in C.
elegans in which a series of genes have been identified
that control developmental cell death (for review, see
Horvitz 1999). The C. elegans ced-9 and egl-1 are related
to mammalian Bcl-2, which was first identified as an
oncogene generated as part of a t(14:18) translocation in
follicular lymphomas. Bcl-2 is the prototype for a large
family of structurally related proteins that regulate cell
death in mammalian cells (for review, see Reed 1998;
Green and Reed 1998). Some of these proteins, such as
Bcl-2 and Bcl-X;, promote cell survival whereas other
proteins in this family, such as Bax and Bad, promote cell
death. The activity of Bcl-2 family members is regulated
in part through their ability to form homo- and het-
erodimers. The various Bcl-2 family members are part of
a network of apoptotic regulators that are located both
in the cytoplasm and at intracellular membranes, includ-
ing the outer mitochondrial membrane. In the pre-
sence of survival factors, the activity of prosurvival Bcl-2
family members prevails over the activity of prodeath
Bcl-2 family members. Withdrawal of trophic support
causes, through transcription-dependent and -indepen-
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Table 2. Proteins that are components of the apoptotic machinery that contain the Akt consensus phosphorylation site

Member of the apoptotic machinery Akt potential phosphorylation sites Species
Ced-9/Bcl-2 family member

BAD RSRHSSY RGRSRSA human/mouse/rat

Harakiri RRRARSR human (not present in mouse or rat)

Bcl-2 RGRFATV human/mouse/rat
Ced-4 homologs

Apafl RIRKSSS human/mouse

FLASH RGRSGTR RERPHTR mouse
Ced-3/caspases

Caspase 9/ICE LAP6 RTRTGSN RRRFSSL human

Caspase 8/FLICE RDRNGTH human

Caspase 7 RDRVPTY human/mouse/rat
Caspase inhibitors

IAP RLRTFTE baculovirus

D-IAP1 RVRCESC fly

IAP-3/X-IAP RHR(K/R)(V/I)SP human/mouse

These proteins were identified from the SWISS-PROT database using the ScanPrositeTool algorithm with the sequence R-X-R-X-X-
(S/T)-X. These proteins represent a small subset of the >10,000 peptides containing the query sequence contained in the database.

dent mechanisms, a change in the balance between pro-
survival and prodeath Bcl-2 family members. This dis-
equilibrium results in the translocation of pro-apoptotic
Bcl-2 family members from the cytoplasm to the mito-
chondrial outer membrane. Prodeath Bcl-2 family mem-
bers then initiate a cell death program, which involves
changes in the mitochondria that includes the opening of
the permeability transition pore (PTP), decreases in the
mitochondrial membrane potential, decreases in nucleo-
tide exchange, and the release of cytochrome C into the
cytoplasm.

Increases in the concentration of cytochrome C in the
cytoplasm result in the nucleation of a multiprotein
complex known as the apoptosome (for review, see Tsu-
jimoto 1998). The apoptosome is comprised of the Apaf-1
adapter protein, cytochrome C, dATP, and the aspartyl-
directed protease caspase 9. Caspase 9 and Apaf-1 are the
mammalian homologs of that nematode genes ced-3 and
ced-4, respectively. Mutations in ced-3 or ced-4 cause
decreased cell death in the worm. In mammalian cells,
cytochrome C binds to Apaf-1, releasing an intramolecu-
lar inhibition and facilitating an interaction between
Apaf-1 and caspase 9. This interaction, in turn, activates
the proteolytic activity of caspase 9. The substrate speci-
ficities of the caspases orders them in a hierarchical fash-
ion, such that initiator caspases (such as caspase 9) acti-
vate through cleavage downstream effector caspases
(such as caspases 3 and 7) (for review, see Cryns and
Yuan 1998). These effector caspases cleave a variety of
cellular substrates that are critical to the generation of
the apoptotic phenotype.

In addition to the ability of Bcl-2 family members to
indirectly regulate the apoptosome through control of
cytochrome C release, Bcl-2 family members may di-
rectly regulate the apoptosome by binding to Apaf-1 (for
review, see Dragovich et al. 1998). Bcl-X; can bind to
Apaf-1 and can block the ability of Apaf-1 to activate
procaspase 9; the binding of Bel-X; to Apaf-1 is antago-
nized by Bax. Therefore, the Bcl-2 family regulates apop-

tosis both upstream and downstream of mitochondrial
cytochrome C release. Prodeath Bcl-2 family members
that are activated upon GF withdrawal can also induce cell
death independently of protease activation, although the
mechanism by which this occurs is not yet understood.

In some cell types, GF withdrawal triggers cell death
in part through a mechanism that is initiated at the
plasma membrane and involves the activation of cell
surface death receptors (Le-Niculescu et al. 1999). Acti-
vation of these receptors, which act through adapter pro-
teins such as FADD, results in the activation of caspase
8 (for review, see Green 1998). Caspase 8 is itself capable
of activating caspase 3 and initiating apoptosis indepen-
dently of the apoptosome, although in some cell types
cytochrome C release and apoptosome activation are re-
quired for efficient death by this alternate pathway.

Given the complexity of the apoptotic machinery,
there are a number of points at which Akt might act to
promote survival and inhibit death. Akt may block apop-
tosis by regulating the expression or activity of prosur-
vival and prodeath Bcl-2 family members; the caspase
family of proteins; or the function of death receptor path-
ways. Akt may control these regulatory points either di-
rectly by phosphorylating components of the apoptotic
machinery or indirectly by changing the levels of expres-
sion of genes that encode components of the death ma-
chinery. Recent studies have demonstrated that Akt
regulates apoptosis at multiple sites, and has identified
direct Akt targets including Bad, caspase 9, the Forkhead
family of transcription factors (discussed below), and the
NF-«B regulator IKK, each of which plays a critical role
in mediating cell death.

Bad

The first component of the apoptotic machinery found to
be phosphorylated by Akt was the Bcl-2 family member
Bad. Bad was identified on the basis of its ability to bind
to Bcl-2, and analysis of its primary structure reveals that
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Bad is similar to Bcl-2 exclusively within its BH3 domain
(Yang et al. 1995). Bad directly interacts via its BH3 do-
main with prosurvival Bcl-2 family members such as
Bcl-X;, and when overexpressed blocks Bcl-X; -depen-
dent cell survival (Yang et al. 1995; Ottilie et al. 1997;
Zha et al. 1997). Disruption of the Bad BH3 domain by a
point mutation or deletion abrogates the ability of Bad,
both to interact with Bcl-X; and to induce cell death.

Korsmeyer and colleagues demonstrated that the ac-
tivity of Bad was modulated by the addition of growth
factors to GF-deprived cells (Zha et al. 1996). In the ab-
sence of survival factors, Bad is phosphorylated and as-
sociates with Bcl-X; . The exposure of cell lines to GFs
induces the phosphorylation of Bad at two sites, Ser-112
and Ser-136. Phosphorylation of either of these sites
causes Bad to dissociate from Bcl-X; and to associate
instead with cytoplasmic 14-3-3 proteins, adapter pro-
teins that interact with a variety of signaling molecules
in a phosphorylation-dependent manner (Muslin et al.
1996; Yaffe et al. 1997). Association of Bad with 14-3-3
proteins may protect Bad from dephosphorylation or se-
quester Bad away from its targets at the mitochondria.
Cell lines expressing mutant alleles of Bad in which Ser-
112 and/or -136 are mutated undergo enhanced apopto-
sis, suggesting that phosphorylation of Bad disrupts its
ability to bind to and inactivate Bcl-X;. Thus, phos-
phorylation of Bad inactivates its ability to cause cell
death and promotes cell survival. Conversely, dephos-
phorylation of Bad results in targeting of Bad to mito-
chondrial membranes where Bad has been proposed to
interact with and inactivate survival-promoting Bcl-2
family members and thereby induce cell death. Recently,
calcineurin was shown to be a phosphatase capable of
dephosphorylating Bad in vitro and in cells (Wang et al.
1999).

The Bad Ser-112 and Ser-136 phosphorylation sites are
conserved in all Bad isoforms so far identified, suggesting
that these sites play an important role in regulating Bad
function (Fig. 3A). These sites also both lie within con-
sensus sequences that correspond to the Akt phosphory-
lation site, and Akt was found to potently phosphorylate
Bad in vitro (Datta et al. 1997; Del Peso et al. 1997).
Although Ser-112 corresponds to a consensus site for
phosphorylation by Akt, Akt preferentially phosphory-
lates Bad at Ser-136. Consistent with the direct regula-
tion of Bad by Akt, both Bad and Akt coimmunoprecipi-
tate when overexpressed and interact in GST-pulldown
experiments (Datta et al. 1997; Blume-Jensen et al. 1998).
In addition, indirect immunofluorescence microscopy
reveals that Akt and Bad are colocalized within cells,
providing further evidence for a direct Akt-Bad interac-
tion (Blume-Jensen et al. 1998).

Akt activity was found to be both necessary and suf-
ficient for Ser-136 phosphorylation in vivo (Fig 3B). Co-
transfection of constitutively active Akt alleles together
with Bad results in increased levels of Ser-136 phos-
phorylation (Datta et al. 1997; Del Peso et al. 1997;
Blume-Jensen et al. 1998; Wang et al. 1999). In addition,
transfection of 3T3 cells with active Akt alleles is suffi-
cient to induce the phosphorylation of endogenous Bad
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Figure 3. Bad is a Bcl-2 family member regulated by phos-
phorylation by Akt at Ser-136. (A) Domain structure and align-
ment of the phosphorylation sites within Bad. (B) Model of
growth factor-mediated phosphorylation and inactivation of
Bad. Survival factors activate Akt, which phosphorylates Bad on
Ser-136, resulting in its inactivation and cell survival. In the
absence of survival factors and Akt activity, Bad is dephosphory-
lated. Dephosphorylated Bad interacts with pro-survival Bcl-2
family members, such as Bcl-X;, and inactivates them, causing

cell death.

at Ser-136 (Datta et al. 1997), whereas transfection of
cells with dominant-negative Akt alleles blocks phos-
phorylation of transfected Bad at Ser-136 (Datta et al.
1997; Del Peso et al. 1997; Wang et al. 1999a). Transfec-
tion of cells with constitutively active Akt alleles is also
sufficient to induce the retention of endogenous Bad in
the cytoplasm, consistent with the possibility that Akt
blocks Bad-mediated death by preventing the interaction
of Bad with its targets at the mitochondria (Wang et al.
1999a).

The biological importance of Akt phosphorylation of
Bad at Ser-136 was demonstrated in single-cell apoptosis
assays of transfected cells. The introduction of constitu-
tively active Akt blocks Bad-induced apoptosis in mul-
tiple cell types (Datta et al. 1997; Blume-Jensen et al.
1998; Wang et al. 1999a). Constitutively active Akt alle-
les are unable to promote survival of cells cotransfected
with Bad molecules in which Ser-136 has been converted
to alanine. By contrast, mutation of Bad Ser-112 to ala-
nine had no effect on the ability of Akt to suppress Bad-
mediated apoptosis. These results suggest that Akt phos-
phorylates Bad at Ser-136 in vivo, which leads to the
inactivation of Bad and thereby promotes cell survival.

The finding that Akt suppresses Bad-induced death by
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direct phosphorylation of Bad at Ser-136 is consistent
with correlative evidence suggesting that the endog-
enous PI3K/Akt pathway culminates in the phosphory-
lation of endogenous Bad. A number of survival factors
induce phosphorylation of both endogenous and trans-
fected Bad (Zha et al. 1996; Datta et al. 1997; Blume-
Jensen et al. 1998; Davies et al. 1998; Myers et al. 1998;
Scheid and Duronio 1998; Zundel and Giaccia 1998;
Miho et al. 1999; Wang et al. 1999). In cells exposed to
these factors, an increase in Akt activity correlates with
an increase in Bad phosphorylation, and for each of these
factors, it has been demonstrated that blockade of PI3K
activity inhibits both Akt activity and Bad phosphoryla-
tion. Using transfected c-kit receptor mutants it has also
been demonstrated that Bad phosphorylation depends on
the presence of receptor phosphotyrosines that interact
with PI3K, further suggesting that PI3K activation can
lead to Bad phosphorylation (Blume-Jensen et al. 1998).

Indirect evidence also supports the hypothesis that en-
dogenous Akt phosphorylates and inactivates the apop-
totic activity of endogenous Bad. GF-independent acti-
vation of Akt is tightly correlated with endogenous Bad
phosphorylation at Ser-136. For example, a number of
PTEN-deficient tumor cell lines, due to the elevation of
3'-phosphorylated phosphoinositides, have elevated Akt
activity and a concomitant increase in Bad phosphoryla-
tion; the elevation in Akt activity and Bad phosphoryla-
tion is reverted in concert when wild-type PTEN is re-
introduced into mutant PTEN cell lines (Davies et al.
1998; Myers et al. 1998). PTEN activity downregulates
both Akt activity and Bad phosphorylation even in cell
types in which decreases in Akt activity do not result in
apoptosis (Davies et al. 1998; Myers et al. 1998). Simi-
larly, PI3K-independent activation of Akt by calcium-de-
pendent activation of CaMKK increases Bad phosphory-
lation; conversely, when calcium-induced Akt activity is
blocked by transfection of cells with dominant-negative
CaMKK alleles, calcium-induced Bad phosphorylation is
also inhibited (Yano et al. 1998). In addition, stimuli that
through as-yet uncharacterized mechanisms downregu-
late Akt activity, including ceramide, UV, IR, and sorbi-
tol, each also inhibit Bad phosphorylation (Zundel and
Giaccia 1998). It is interesting to note that the expres-
sion of Bad itself has been shown to be upregulated in
response to apoptotic stimuli or during pathologic pro-
cesses such as Alzheimer’s disease (Kitamura et al. 1998;
Tang et al. 1998; Mok et al. 1999)

Data from transgenic mice that overexpress Bad in
their thymuses also suggest that Akt activity and Bad
phosphorylation are functionally coregulated (Mok et al.
1999). As might be expected, the number of T cells in
these transgenic mice is significantly reduced. Moreover,
Bad-overexpressing T cells that survive are acutely sen-
sitive to PI3K inhibition. That these Bad-overexpressing
T cells survive at all was rationalized by the finding that
these cells have threefold elevated Akt activity. The Akt
activity, which results in the phosphorylation and inac-
tivation of the overexpressed Bad, possibly stems from
the autocrine production of survival factors. Thus cells
may naturally adapt to elevations in the level of Bad

Survival signaling by Akt

expression by activating Akt. This observation is consis-
tent with the possibility that Bad is a target of endog-
enous Akt survival signals.

Bad likely represents a convergence point for a number
of kinases that are capable of phosphorylating the
RXRXXS consensus sequence. Several kinases, including
PKA, Ca?"/CaMKII, Ca**/CaMK IV, and pp90%*¥s, phos-
phorylate Bad in vitro (Datta et al. 1997; Bonni et al.
1999). Two of these kinases, PKA and the pp90®5¥s, sup-
press Bad function in vivo through phosphorylation of
Ser-112 (Bonni et al. 1999; Harada et al. 1999; Shi-
mamura et al. 1999). Transfection of cells with an active
Raf that is targeted to the mitochondrial outer mem-
brane also induces Bad phosphorylation and suppresses
apoptosis, suggesting that a Raf-controlled kinase cas-
cade may regulate Bad function independently of Akt
(Wang et al. 1996). The site(s) of Raf-induced BAD phos-
phorylation are not yet known but appear to be distinct
from Ser-136 and Ser-112. Consistent with the possibil-
ity that Akt is not required for Bad phosphorylation in all
cells, GM-CSF treatment of cells results in both survival
and Bad phosphorylation in the absence of PI3K and Akt
activity (Scheid and Duronio 1998). Therefore, depend-
ing on the particular survival stimulus, the PI3K/Akt
cascade may not be strictly required to inhibit Bad-de-
pendent death. Rather, other kinase cascades may phos-
phorylate BAD at sites other than Ser-136 that then lead
to the suppression the apoptotic function of BAD. Evi-
dence that other signaling cascades lead to Bad inactiva-
tion is consistent with data demonstrating that different
survival stimuli can synergize to support cell survival
(Meyer-Franke et al. 1995).

Findings that demonstrate that survival factors and
Akt act to block cytochrome C release from mitochon-
dria may reflect an important role for Bad in Akt survival
signaling (Juin et al. 1999; Kennedy et al. 1999). How-
ever, the existence of additional Akt targets is suggested
by data demonstrating that there are tissues in which
Akt promotes survival in which Bad appears not to be
expressed (Yang et al. 1995; Kaipia et al. 1997; Kitada et
al. 1998). These targets may include proteins (such as
yet-unidentified Bad homologs) that regulate the mito-
chondrial release of cytochrome C, or proteins that act at
other stages of the apotpotic process.

Caspase 9

An interesting clue to the identity of additional Akt tar-
gets came from data demonstrating that Akt can block
cell death even after mitochondrial cytochrome C re-
lease. For example, NGF is capable of blocking apoptosis
induced by microinjection of cytochrome C into cul-
tured sympathetic neurons in a manner that is indepen-
dent of new gene expression (Deshmukh and Johnson
1998). The ability of growth factors to block cell death
subsequent to increases in cytoplasmic cytochrome C
may be attributed in part to the PI3K-Akt survival path-
way. This idea is supported by the finding that caspases
in lysates from cell lines that overexpress constitutively
active Ras or Akt are not activated effectively by the
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addition of cytochrome C to the lysates (Cardone et al.
1998). Because the best-defined target for cytochrome C
is the apoptosome, these results suggested that Akt may
regulate apoptosome function. Indeed, immunoprecipi-
tating overexpressed caspase 9 from 3?P-labeled cells
revealed that Akt phosphorylates caspase 9 at Ser-196
(Cardone et al. 1998). This phosphorylation event has
functional consequences, as extracts from cell lines over-
expressing Akt block cytochrome C-mediated caspase 9
activation in vitro (Cardone et al. 1998). In 293 cells Akt
can suppress caspase 9-induced cell death in a manner
that is partially dependent on the phopshorylation of Ser-
196.

These results suggest that Akt promotes survival
through the inactivation of caspase 9 downstream of cy-
tochrome C release. Importantly, Akt does not act as a
generalized caspase inhibitor. Constitutively active Akt
alleles are ineffective at either phosphorylating caspase 3
or 8 in vitro or blocking caspase 8-induced death (Car-
done et al. 1998; Rohn et al. 1998.). It is not clear how
phosphorylation of caspase 9 results in its inactivation,
although it appears to inactivate the intrinsic catalytic
activity of the caspase 9. The phosphorylation of caspase
9 may represent a mechanism by which survival factors
ensure cellular survival, even under conditions in which
some quantity of cytochrome C has been released from
mitochondria. In addition, Akt phosphorylation of
caspase 9 demonstrates that survival factors likely regu-
late cytoplasmic apoptotic events both at the level of
mitochondria and downstream of the mitochondria.

Forkhead family members

Many apoptotic stimuli not only activate the extant cell
death machinery but also induce de novo gene expres-
sion. A variety of cell types require transcription for the
induction of apoptosis, suggesting that a specific pro-
gram of gene expression must be executed for apoptosis
to occur. For example in neurons, apoptosis induced by
survival factor withdrawal is suppressed when cells are
treated with transcription or translation inhibitors (Galli
et al. 1995; Miller and Johnson 1996). The genes involved
may encode critical members of the apoptotic machin-
ery; for instance, the gene encoding Bax is upregulated in
response to apoptotic stimuli (Miyashita et al. 1994;
Zhan et al. 1994; Miyashita and Reed 1995). The genes
whose expression is upregulated by apoptotic stimuli
may encode other proteins involved in processes such as
release of cytochrome c from the mitochondrial inter-
membrane space (Deshmukh and Johnson 1998). Finally,
apoptotic stimuli promote the expression of genes en-
coding cytokines such as Fas ligand or tumor necrosis
factor o (Sung et al. 1991; Rhoades et al. 1992; Dockrell
et al. 1998; Faris et al. 1998; Li-Weber et al. 1998; Le-
Niculescu et al. 1999), that in turn propagate the apop-
totic process through binding to their cognate receptors
at the cell surface (Nagata 1997). However, for the most
part the specific genes that are upregulated remain to be
identified.

One mechanism by which Akt appears to regulate
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apoptosis is by modulating the expression of a defined
subset of genes involved in death. This was suggested by
the finding that within 30 min of their activation by
growth factors, both Aktl and Akt2 detach from the in-
ner surface of the plasma membrane, where they are ini-
tially activated, and relocalize to the nucleus (Andjel-
kovic et al. 1997; Meier et al. 1997). In the nucleus, Akt
isoforms have been hypothesized to phosphorylate and
modulate the activity of transcription factors. Critical
steps toward identifying a family of transcription factors
whose function is regulated by Akt has come from two
separate lines of investigation. Early studies revealed
that members of the Forkhead family of transcription
factors interact with an insulin-response sequence (IRS)
(Unterman et al. 1994; O’Brien et al. 1995; Powell et al.
1995). The IRS has been identified in the promoter of
several genes such as IGF-binding protein 1 (IGFBP1) (Su-
wanickul et al. 1993; Goswami et al. 1994), phospho-
enolpyruvate kinase (PEPCK) (O’Brien et al. 1990), apo-
lipoprotein CII (Li et al. 1995), or glucose-6-phosphatase
(Dickens et al. et al. 1998) and has been shown to medi-
ate Akt-dependent transcriptional repression of these
genes (Sutherland et al. 1995; Streeper et al. 1997; Cichy
et al. 1998; Dickens et al. 1998; Liao et al. 1998). In a
separate line of investigation, two groups studying dia-
pause and longevity in C. elegans provided critical data
indicating that DAF-16, a Forkhead family member, is a
major target of the PI3K-Akt pathway. In the nematode,
the PI3K-Akt signaling pathway is conserved and con-
trols at least two biological responses: the exit from the
dauer larvae stage and aging in the adult stage (Morris et
al. 1996; Kimura et al. 1997; Paradis and Ruvkun 1998;
Paradis et al. 1999). Genetic screens for suppressors of
the PI3K mutants in the nematode led to the identifica-
tion of a transcription factor of the Forkhead family
called DAF-16 (Lin et al. 1997; Ogg et al. 1997). These
genetic findings together with the recent discovery of
Akt in C. elegans imply that PI3K-Akt pathway antago-
nizes DAF-16 function (Lin et al. 1997; Ogg et al. 1997;
Paradis and Ruvkun 1998). Interestingly, all of the alleles
identified in the suppressor screen were found in daf-16,
suggesting that in the nematode daf-16 is the major tar-
get for the PI3BK-Akt pathway.

In mammalian cells, three members of the Forkhead
family have been identified that are likely DAF-16 or-
thologs. These three isoforms (FKHR, FKHRL1/AF6q21,
and AFX) were identified at the sites of chromosomal
rearrangements in certain human tumors (Davis et al.
1995; Sublett et al. 1995; Borkhardt et al. 1997; Hillion et
al. 1997; Anderson et al. 1998b). Each of the three mam-
malian DAF-16 homologs share a core domain of 100
amino acids, called the Forkhead domain, that mediates
their interaction with DNA. The carboxy-terminal do-
main of AFX and the related Forkhead isoforms corre-
spond to the transcriptional activation domains of these
transcriptional regulators (Kops et al. 1999) (Fig. 4).

An analysis of DAF-16 in the nematode and all three
human forkhead isoforms reveals three sequences that
correspond to the Akt consensus phosphorylation site
(Fig. 4; Table 3). The conservation of these putative Akt
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Figure 4. Domain structure and phosphorylation sites within
Forkhead family transcription members.

phosphorylation sites throughout evolution suggested
that they might be important functionally. Akt was re-
cently shown to effectively phosphorylate the nematode
DAF-16, human FKHRL1, FKHR, and AFX and mouse
FKHR in vitro (Biggs et al. 1999; Brunet et al. 1999; Kops
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et al. 1999; Rena et al. 1999; Tang et al. 1999; S. Ogg and
G. Ruvkun, pers. comm.). The major site of phosphory-
lation of these Forkhead isoforms in vitro appears to be
the second site, which is located within the conserved
DNA binding domain (Fig. 4) (Biggs et al. 1999; Brunet et
al. 1999; Kops et al. 1999; Nakae et al. 1999; Rena et al.
1999). The other two phosphorylation sites also appear
to be phosphorylated in vitro, although less efficiently
than the second site. The expression of a constitutively
active version of Akt within cells is sufficient to induce
the phosphorylation of all three Forkhead isoforms at all
three sites (Biggs et al. 1999; Brunet et al. 1999; Kops et
al. 1999; Rena et al. 1999). The phosphorylation of trans-
fected and endogenous Forkhead isoforms at each of the
three sites is induced upon exposure of a variety of cell
types to IGF-1. The induction of phosphorylation is
blocked when the cells are pre-treated with the PI3K
inhibitor LY294002, suggesting that PI3K activity is nec-
essary for the phosphorylation of Forkhead isoforms.
Akt-mediated phosphorylation modulates the func-

Table 3. Transcription factors that contain the Akt consensus phosphorylation site

Transcription factor Akt potential phosphorylation sites Species Role of the TF
Forkhead family

FKHR RPRSCTW  RRRAVSM RSRTNSN  human rhabdomyosarcoma

FKHRL1 RPRSCTW  RPRAASM RPRTSSN  human leukemia

AFX RPRSCTW  RRRAASM RPRSSSN  human

DAFl16a RDRCNTW RTRERSN RPRTQSN  nematode Dauer formation

DAF16b RGRCYTW RTRERSN RPRTQSN  nematode aging

BF-1/ c-qin RRRSTTS human/mouse/rat oncogenesis

zebra fish/chicken
BF-2 RRRGPSS human

Nuclear receptor family
androgen receptor

RAREA(S/T)Y/G RMRHLSQ human/mouse/rat

proliferation/differentiation

POU family
Brn3 RKRKRTS human/mouse/zebra fish
POUGF1/Brn5 RKRRTSF human terminal differentiation
POU2 RKRRTSL zebra fish early embryonic
development
HLH family
TAL-1/SCL R(H/L)RVPTT human/mouse erythroid differentiation
leukemia
bHLH family
MATH1 RQRAPSS mouse
neurogenin2/MATH4B RSRAVSR mouse neurogenesis
neurogenin3/MATHS5 RNRPKSE mouse
myogenin RRRAATL rat/pig/quail muscle differentiation
HIFB/ARNT RMRCG(S/T)S human/mouse/rat hypoxic response
BMAL RSRWESF RIRGSSP human/mouse/rat
Homeobox family
LIM3 RSRG(S/T)SK mouse/chicken cell specification in the CNS
NKX1.1/SAX-1 R(A/R)RAESS mouse/chicken cell specification in the CNS
bZIP family
FosB RRRELTD human/mouse oncogenesis
GADDI153/CHOP RKRKQSG human/mouse oncogenesis/growth arrest
Zinc finger family
GATALl RNRKASG human/mouse/rat
GATA2 RNRKMS(N/S) human/mouse/chicken erythroid development
GATA3 RNRKMSS human/mouse/chicken

These proteins were identified as described in the legend of Table 2.
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tion of Forkhead family members primarily through
regulation of their subcellular localization (Biggs et al.
1999; Brunet et al. 1999). Under conditions during which
ALkt is activated, FKHR and FKHRLI are phosphorylated
and are retained in the cytoplasm. Under conditions dur-
ing which Akt is inactive, these Forkhead family mem-
bers are not phosphorylated and are relocalized to the
nucleus (Biggs et al. 1999; Brunet et al. 1999). A mutant
of FKHRLI1 in which all three sites of Akt phosphoryla-
tion are converted to alanine is localized to the nucleus
even in the presence of survival factors, indicating that
the cytoplasmic retention of FKHRLI is linked directly
to its phosphorylation by Akt (Brunet et al. 1999). The
finding that Akt promotes the cytoplasmic retention of
the Forkhead transcription factors, and thereby seques-
ters them from their nuclear target genes, is consistent
with the genetic evidence that Akt antagonizes the func-
tion of DAF-16 (Paradis and Ruvkun 1998) (Fig. 5A).
Whether Akt primarily phosphorylates Forkhead iso-
forms in the cytoplasm or in the nucleus is not yet clear.
Depending on the subcellular compartment in which

b

Figure 5. Akt phosphorylation of Forkhead family
members blocks apoptosis through regulation of cell
death genes, including potentially FasL. (A) In the
presence of survival factors, activated Akt phosphory-
lates Forkhead family members, resulting in their se-
questration in the cytoplasm. (B) In the absence of
survival factors and Akt activity, Forkhead family
members translocate to the nucleus, where they ini-
tiate a program of gene expression. This program may
include the FasL gene. FasL, acting in an autocrine or
paracrine manner, activates the cell surface Fas pro-
tein, which in turn, activates a caspase cascade and
causes cell death.
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Akt phosphorylates Forkhead isoforms, the phosphory-
lation of Forkhead transcription factors may either in-
hibit a nuclear localization signal (NLS)-dependent
nuclear import or promote a nuclear export signal (NES)-
dependent nuclear export. The sequence of Forkhead
family members contains both a potential NLS and NES
(Fig. 4), consistent with both of these possibilities. An
inhibitor of nuclear export, leptomycin B, prevents
FKHR cytoplasmic relocalization upon growth factor
treatment, suggesting that phosphorylation of Forkhead
members by Akt may affect the recognition of the export
signals by the exportin (Biggs et al. 1999). Since, like
BAD, FKHRLI1 has been shown to interact with 14-3-3
proteins (Brunet et al. 1999), 14-3-3 may serve as a gen-
eral chaperone molecule for Akt targets, and may par-
ticipate in the anchoring of the phosphorylated form of
Forkhead transcription factors within the cytoplasm. Al-
ternatively 14-3-3 binding may play an active role in the
export of Forkhead transcription factors, as was shown
for Cdc25 (Lopez-Girona et al. 1999).

Akt-mediated sequestration of Forkhead family mem-

+ Survival Factor
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bers in the cytoplasm has functional consequences for
Forkhead-dependent transcription (Biggs et al. 1999; Bru-
net et al. 1999; Guo et al. 1999; Kops et al. 1999; Tang et
al. 1999). In the absence of phosphorylation, Forkhead
family members that are localized to the nucleus bind to
specific DNA elements. Electrophoretic mobility shift
assays indicate that AFX, FKHR, and FKHRLI1 bind to
the IRS within the IGFBP1 promoter (Brunet et al. 1999;
Kops et al. 1999; Tang et al. 1999). In addition, FKHRL1
binds a cluster of Forkhead binding sites that is present
in the promoter of the gene encoding Fas ligand (FasL)
(Brunet et al. 1999).

Once bound to the promoters of target genes AFX,
FKHR, and FKHRLI all act as potent activators of tran-
scription. The transactivating function of the Forkhead
family members is repressed either by stimulation of
cells with the survival factor IGF-1 or by the expression
of constitutively active versions of PI3K or Akt. How-
ever, mutants of FKHRL1, FKHR, or AFX in which all
three sites have been replaced by alanines are very potent
activators of transcription and are insensitive to the re-
pression by Akt, indicating that the repression of Fork-
head-dependent transcription by Akt is due to the phos-
phorylation of Forkhead isoforms. This idea is supported
by the finding that replacement of the phosphorylation
sites, particularly the second site, by aspartic acid resi-
dues that mimic the presence of a phosphate group, is
sufficient to disrupt the transactivation function of
FKHR (Guo et al. 1999).

As Forkhead family members have been shown to be
effective substrates of Akt, the relevance of this family
to transcription-dependent apoptosis is of significant in-
terest. Evidence that Forkhead family members can regu-
late apoptosis stems from the observation that the non-
phosphorylatable mutants of FKHR or FKHRL1, which
are potent transcriptional activator in the nucleus, trig-
ger apoptosis in multiple cell types (Brunet et al. 1999;
Tang et al. 1999). The apoptotic effect of the nonphos-
phorylatable mutant of FKHR is linked to its transcrip-
tional activity, since a mutation in the DNA-binding
domain which abolishes FKHR transcriptional activity
also impairs the ability of FKHR to induce cell death
(Tang et al. 1999). One death gene that is a potential
target for Forkhead family members is the gene encoding
the cytokine FasL. FasL gene is potently upregulated in
neurons upon survival factor withdrawal (Le-Niculescu
et al. 1999). Moreover, blocking FasL signaling reduces
the apoptosis triggered by survival factor withdrawal in
cerebellar granule neurons (Le-Niculescu et al. 1999).
These results suggested an important role for FasL gene
induction in survival factor withdrawal-induced apopto-
sis. The finding that FKHRLI1 binds to sites present in
the promoter of the FasL gene, and induces expression of
a reporter gene driven by the FasL promoter (Brunet et al.
1999) has led to the hypothesis that in the absence of
survival factors, when Akt is inactive, Forkhead family
members may induce endogenous FasL gene transcrip-
tion. FasL then binds to its cell surface receptor Fas in an
autocrine or paracrine fashion, and triggers a cascade of
events leading to apoptosis. Consistent with this idea,

Survival signaling by Akt

the induction of apoptosis that is triggered by the
FKHRL1 phosphorylation site mutant can be reverted
when FKHRLI mutant expressing cells are treated with
a soluble form of Fas that acts as a decoy receptor for the
newly-synthesized FasL (Brunet et al. 1999). In addition,
FKHRLI1-induced apoptosis is also reverted when
FKHRL1 phosphorylation site mutant is expressed in
Jurkat cells that are genetically deficient for crucial com-
ponents of the FasL signaling such as Fas or the adapter
protein FADD. It remains to be demonstrated whether
the endogenous FasL gene is controlled by Forkhead fam-
ily members. However these findings suggest that one
way Akt promotes survival is by phosphorylating and
sequestrating Forkhead transcription factors in the cyto-
plasm, thereby preventing them from inducing the tran-
scription of critical death genes, (Fig. 5A,B).

In addition to members of the Forkhead family, it is
likely that a variety of other transcription factors will be
found to be regulated by Akt. The transcriptional acti-
vator CREB was recently shown to be phosphorylated by
Akt both in vitro and within cells at Ser-133, although
Ser-133 does not conform to a canonical Akt phosphory-
lation site (Du and Montminy 1998). The phosphoryla-
tion of Ser-133 increases the binding of CREB to CBP and
enhances CREB-mediated transcription (Du and Mont-
miny 1998). In PC12 cells stimulated by IGF-1, blockade
of PI3K activity leads to a decrease in CREB phosphory-
lation at Ser-133 and partially inhibits CREB transcrip-
tional activation (Pugazhenthi et al. 1999). The relevance
of the phosphorylation of CREB by Akt to apoptosis is
also still unclear, although there is evidence that CREB
regulates the expression genes critical for survival such
as the gene encoding the cytokine BDNF (Shieh et al.
1998; Tao et al. 1998).

Finally, as shown in Table 3, a database search for
proteins containing putative Akt phosphorylation sites
has revealed that many transcription factors contain po-
tential Akt phosphorylation within their sequence and
could be Akt substrates. Notably, several of these tran-
scriptional regulators have been implicated in oncogen-
esis. These Akt substrates may therefore regulate the
balance between apoptosis and survival, a process that is
altered in tumor cells. Clearly, identification of the array
of Akt-regulated genes that are involved in cell survival
and apoptosis, represents an important future step in un-
derstanding the mechanism by which Akt promotes sur-
vival and suppresses cell death.

IKK: a link to NF-xB

The finding that Akt regulates apoptosis via the direct
phosphorylation and inactivation of Bad, caspase 9, and
the Forkhead transcription factors is consistent with the
observation that growth factors in several systems can
promote survival through post-translational mecha-
nisms (Datta and Greenberg 1998). However, in vivo,
growth factors likely also prevent cell death through up-
regulating genes capable of promoting survival. In addi-
tion, the ability of apoptotic stimuli (such as TNFa) to
induce cell death is limited by negative feedback mecha-
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nisms that involve the regulated expression of survival
genes (Sonenshein 1997; Foo and Nolan 1999). Recent
evidence has implicated Akt as a signaling intermediate
upstream of survival gene expression that is dependent
on the transcription factor NF-kB.

NF-kB is a ubiquitous, heterodimeric transcription fac-
tor that is sequestered in the cytoplasm by proteins of
the IkB family (for review, see May and Ghosh 1997;
Mercurio and Manning 1999). Phosphorylation of IkB
targets it for ubiquitination and proteasome-mediated
degradation. Degradation of IkB frees NF-«B, allowing its
nuclear translocation and subsequent activation of its
target genes. The kinase cascades that regulate IkB have
been recently characterized. IkB is regulated by a protein
complex that includes two kinases, IKKa and IKKg, both
of which are capable of phosphorylating IxB. Stimuli that
activate NF-kB do so through the regulation of distinct
upstream kinases that, in turn, phosphorylate and acti-
vate either or both of the IKKs.

Akt has been shown to enhance the degradation of
the IkBs and to cooperate with other factors to induce
NF-kB-mediated activation of NF-kB-responsive model
promoters (Kane et al. 1999). Akt has also been shown to
be both necessary and sufficient for the ability of both
PDGF and TNF to induce NF-«B transcriptional activity
(Khwaja 1999; Ozes et al. 1999; Romashkova and Maka-
rov et al. 1999). The ability of Akt to regulate NF-«xB
activity may be through direct interaction with the IKKs,
as Akt can associate with the IKK complex in vivo. In
addition, Akt has been shown to phosphorylate and ac-
tivate IKKa at a critical regulatory site, Thr-23 (Ozes et
al. 1999). Although the molecular details of how Akt
regulates the IKK complex remain to be characterized,
and appear to be in part cell-type specific, these data
implicate Akt as part of a survival signaling pathway to
NF-«B. The genes induced by NF-kB to promote survival
are also still being identified, but include the pro-sur-
vival Bcl-2 family member Bfl-1/A1 and the caspase in-
hibitors ¢-IAP1 and c-IAP2 (Chu et al. 1997; You et al.
1997; Zong et al. 1999). Thus Akt may promote survival
through regulation of the Bcl-2 family and the caspases
both through direct phosphorylation, and through the
induction of genes that regulate Bcl-2 family and caspase
function.

GSK-3: An Akt-dependent link between metabolism
and survival?

Before the identification of Akt as a mediator of cell sur-
vival, Akt was studied as a possible intermediary in the
regulation of cellular metabolism by growth factors such
as insulin and IGF-1. Akt was found to phosphorylate
and inactivate glycogen synthase kinase-3 (GSK-3),
which in turn regulates a number of substrates involved
in cellular metabolism, including glycogen synthase
(Cross et al. 1995; Hajduch et al. 1998; Pap and Cooper
1998; Shaw et al. 1997; Ueki et al. 1998; van Weeren et
al. 1998). Recently, GSK-3 has been implicated as a me-
diator of the PI3K survival signal in Rat-1 and PC12 cells
(Pap and Cooper 1998). Transfection of these cells with
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constitutively active GSK-3 induces apoptosis even in
the presence of GFs; conversely, transfection of cells
with kinase-inactive GSK-3 alleles blocks apoptosis.

The mechanism by which GSK-3 regulates cell sur-
vival is not known. One possibility is that Akt inactiva-
tion of GSK-3 inhibits the ability of GSK-3 to signal as
part of the wingless pathway. Disruption of a number of
components of this pathway have been implicated in dis-
regulation of apoptosis (Zhang et al. 1998). However, it is
not yet clear if the population of GSK-3 molecules regu-
lated by Akt is the same as that involved in wingless
signaling. It is also possible that Akt and GSK-3 promote
survival indirectly by affecting cellular metabolism. Akt
has been found, in part through its control of GSK-3, to
regulate a number of processes involved in metabolism.
These include effects on the activity of glycogen syn-
thase, the translocation of the glucose transporter
(GLUT) 4 to the plasma membrane, the induction of
GLUT 1 synthesis and the activation of 6-phop-
shofructo-2-kinase (Kohn et al. 1996b, 1998; Deprez et al.
1997; Tanti et al. 1997; Hajduch et al. 1998; Summers et
al. 1998; Wang et al. 1999). Although many of these pro-
cesses are cell-type specific, Akt may generally regulate
aspects of metabolic homeostasis. Consistent with this
view is evidence that the major roles for Aktl and Akt2
in the nematode are in the regulation of metabolism
(Paradis and Ruvkun 1998). Recent data from Thompson
and colleagues suggests that Bcl-X; may promote sur-
vival by stabilizing the levels of intracellular ATP, per-
haps through regulation of mitochondrial proteins such
as the adenine nucleotide transporter (Vander Heiden et
al. 1999). An interesting hypothesis that remains to be
tested is that Akt, like Bcl-X;, promotes survival by sta-
bilizing intracellular ATP levels. It is possible that
GSK-3 partially mediates Akt’s effects on metabolism
and thereby promotes cell survival.

Act 3—finale: can the known substrates explain the
Akt survival phenotype? Or, are there additional
substrates waiting in the wings?

With the identification of at least four Akt substrates—
Bad, caspase 9, the Forkhead transcription factors, and
IKK—that are central to the regulation of apoptosis, it is
now possible to consider more comprehensive models
that might explain how Akt promotes survival. In one
such model Akt phosphorylates and inactivates multiple
components of the apoptotic machinery, each of which
may function in a cell- and stimulus-specific manner and
is present in limited quantities. In addition, although
each of these substrates when dephosphorylated is suffi-
cient to induce apoptosis in the cell types in which it is
expressed, none of these substrates is required for the
induction of cell death under all circumstances. In addi-
tion to inactivating apoptosis-regulating proteins, Akt
may induce the expression of survival genes. Therefore
Akt may propagate survival signals through the phos-
phorylation and coordinate regulation of a variety of
apoptotic regulators (Fig. 6).

While it remains to be determined if this model of
Akt-mediated survival is valid, the identification of Bad,
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Figure 6. Akt regulates survival through the phosphorylation of multiple substrates involved in the regulation of apoptosis. Akt has
thus far been shown to block apoptosis through regulation of the transcriptional activity of both Forkhead family members and NF-«B,
and through phosphorylation and inactivation of the Bcl-2 homolog Bad and caspase-9. In addition, other targets for Akt, including

telomerase and NOS, may play important roles in cellular survival.

caspase 9, the Forkhead proteins, and NF-«B as targets of
the Akt survival signal has provided tantalizing clues as
to the mechanism of the Akt-mediated survival effect. A
number of additional substrates for Akt have been iden-
tified, including eNOS (Dimmeler et al. 1999; Fulton et
al. 1999), phosphofructokinase-2 (Deprez et al. 1997),
phosphodiesterase 3B (Wijkander et al. 1998) and the re-
verse transcriptase subunit of telomerase (Kang et al.
1999). Although none of these proteins has yet been di-
rectly implicated in GF-mediated cell survival, it is pos-
sible that these and/or as-yet-unidentified Akt sub-
strates play a role in mediating the effects of Akt on
survival. The possible existence of additional Akt targets
has been suggested by the observation that Akt can block
Fas-mediated apoptosis, a finding that is not satisfacto-
rily explained by the phosphorylation of known sub-
strates (Hausler et al. 1998; Rohn et al. 1998; Gibson et
al. 1999). In addition, data demonstrating that Akt can
block cytochrome C exit from mitochondria, both in
cells that express Bad and in cells that do not express
detectable levels of Bad, implies that Akt may regulate a
protein that acts in a manner similar to Bad to control
mitochondrial-dependent cell death (Juin et al. 1999;
Kennedy et al. 1999). Consistent with this possibility,
Akt has recently been shown to block death induced by
the Bcl-2 family members Bax and Bid (Kennedy et al.
1999).

It is important to note that there are likely proteins
related to Akt that are capable of promoting cellular sur-
vival downstream of PI3K and the PDKs. These parallel
signaling pathways may redundantly regulate many of

the targets so far identified as important for Akt-medi-
ated survival. Thus the elucidation of the mechanisms
by which Akt promotes survival may serve as a para-
digm, rather than a complete picture, for the action of
survival factors.

Although there are many remaining questions regard-
ing the mechanisms by which PI3K and Akt promote
survival, the identification of the PI3K/Akt cascade as a
critical component of survival signaling represents a ma-
jor step forward in linking extracellular survival factors
to the intracellular apoptotic machinery. The central
role that this pathway plays in trophic factor-mediated
survival suggests that it will remain the focus of intense
research activity in the coming years.
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