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Abstract: The serine/threonine protein kinase B (PKB, also known as Akt) constitutes an important node in
diverse signaling cascades downstream of growth factor receptor tyrosine kinases. Akt plays an essential role in
cell survival, growth, migration, proliferation, polarity, and metabolism (lipid and glucose); cell cycle progression;
muscle and cardiomyocyte contractility; angiogenesis; and self-renewal of stem cells. Altered Akt activity has been
associated with cancer and other disease conditions, such as diabetes mellitus, neurodegenerative diseases, and
muscle hypotrophy. In the past decade, the upstream signals that lead to Akt activation, the downstream
substrates that exert the effects of Akt, and the secondary binding proteins that regulate Akt activation have been
well documented. Recent reports from our group and others have revealed how the stability of Akt protein is
regulated through phosphorylation on its Thr-Pro motifs. This literature review details findings of those reports and
others relevant to the regulation of Akt activation by its upstream kinases, with a focus on mammalian target of
rapamycin complexes (MTORCs) and inactivation by PHLDA3 and the protein phosphatases PP2A and pleckstrin
homology domain leucine-rich repeat protein phosphatase (PHLPP). Reports on ubiquitin-dependent Akt de-
gradation, caspase-dependent cleavage, and the roles of molecular chaperone heat shock protein 90 (Hsp90) in
the regulation of Akt stability are summarized. The highlight will be on the role of “turn motif” phosphorylation and
an isomerase, Pinl, in the regulation of Akt stability. We also discuss issues related to the intricate mTORC2-Akt-
mTORC1 loop and the contradictory regulation of Akt phosphorylation and stabilization of Akt by mTORC2. Finally,
we offer perspective on potential future directions for investigation, particularly on translating the knowledge we
learned on the regulation of Akt stability into therapeutic intervention on human cancer with Akt alteration.

Keywords: Serine/threonine protein kinase B, PKB, Akt, growth factor receptor, tyrosine kinases, physiological
activity regulation, stability, mammalian target of rapamycin complexes, mTORCs, Pin1, caspase, DEPTOR, PP2A,
pleckstrin homology domain, PH domain, PHLPPs, PHLDAs, heat shock protein

Background 1944 (1H4-6), respectively [2, 3]. Each Akt
family member contains an N-terminal pleck-
strin homology (PH) domain, a central kinase

domain, and a carboxyl-terminal regulatory

Akt was originally identified as the human
homologue of the viral oncogene v-akt from

the transforming retrovirus AKT8, which was
isolated from an AKR mouse T-cell lymphoma
[1, 2]. Akt is now classified as a family of
kinases that bears significant homology to
both protein kinase A (PKA) and protein kinase
C (PKC). In mammalian cells, Akt has three
closely related and highly conserved (>80%
sequence identity) cellular homologues, desig-
nated as Aktl/PKBa, Akt2/PKBfB, and
Akt3/PKBy (Figure 1). The three isoforms of
human (mouse) Akt are located at chromo-
somes 14932 (12F1-2), 19913 (7B1), and

domain that contains the hydrophobic motif
(HM). The HM is a characteristic of AGC
kinases (for PKA, protein kinase G [PKG], and
PKC), which in mammalian cells include Akt,
p70 ribosomal S6 kinase (S6K1), and serum-
and glucocorticoid-inducible kinase (SGK) [2,
4]. Analysis of mice lacking either individual
Akt isoforms or various combinations of Akt
isoforms has indicated that the Aktl isoform
has a dominant role in embryonic develop-
ment, fetal growth, and fetal survival, whereas
Akt2 and Akt3 have non-redundant functions
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Figure 1. Akt domains and comparison of Akt isoforms (% of homology). Chromosome location of each Akt
isoform in human as well as reported phosphorylation sites in Akt1l are also depicted. Color-embedded sites

are the major focus of the current review.

in glucose homoeostasis and postnatal brain
development, respectively [4-6].

Aberrant activation of the Akt pathway has
been widely implicated in many cancers [7-
17]. Elevated Akt activation in human cancers
can result from enhanced activation phospho-
rylation of Akt on the Serd473 site, owing to
enhanced phosphatidyliositoal-3 kinase (PI3K)
activation resulting from: (1) the mutation or
amplification/overexpression of growth factor
receptors (such as Her-2/neu and EGFR),
somatic mutations of Ras oncogenes, somatic
mutations as well as amplification/over-
expression of PI3K (either PI3CA or the p85
subunit); (2) loss of function mutations
(somatic or germ line) and decreased expres-
sion (loss of heterozygosity or methylation) of a
3’-phosphatase with tensin homology or
mutated in multiple advanced cancers
(PTEN/MMAC1), which converts the lipid
second messenger phosphatidylinositol-3,4,5-
triphosphate (PIP3) to phosphatidylinositol-
4,5-biphosphate (PIP2) and thus shuts off
PI3K signaling [8, 10, 11, 18-23]. Amplifica-
tion, overexpression, and somatic mutation (at
a very low frequency, ~2%) of Akt itself also
contribute to the elevated expression of Akt in
human cancers [8, 14, 16, 22, 24-26]. Addi-
tionally, altered expression of PHLPP, a
Ser473-specific protein phosphatase, may
also affect Akt activity as reduced PHLPP in
certain cancer cell lines correlates with Akt
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activity [27-31] (discussed in the next section).
Gene amplifications and mutations of Akt and
other molecules in the PI3K-Akt pathway were
discussed in a recent review by Brugge et al
[16].

Activation phosphorylation sites of Akt

Akt is activated through receptor tyrosine
kinase pathways, such as those of platelet-
derived growth factor receptor (PDGF-R), insu-
lin, epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF), and insulin-like
growth factor | (IGF-I) (Figure 2) [2, 32-34]. In
the absence of growth factor stimulation in
quiescent cells, all three isoforms of the Akt
kinase are catalytically inactive. Growth factor
stimulation activates Akt through a PI3K-
dependent process [2, 32]. PI3Ks comprise a
family of intracellular lipid kinases that phos-
phorylate the 3’-hydroxyl group of phosphati-
dylinositols (PIs) and phosphoinositides. PI3Ks
are classified into three groups (classes |, I,
and lll) based on structure and substrate spe-
cificity. Class | PI3Ks are the primary lipid
kinases that generate PIP3 from PIP2 [35-371].
Class | PI3Ks are further subdivided according
to signaling receptors into class la (PIK3s that
are activated by growth factor receptor tyro-
sine kinases) and class |b (PIK3s that are acti-
vated by G protein-coupled receptors) [35-37].
Class Il and class Il PI3Ks use PI to generate
PI-3-P. Mammals have one class Il PI3K,
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Figure 2. Cellular signaling around Akt and Akt substrates regulated major cellular processes.

VPS34, which is also conserved in yeast and
acts as a sensor of available amino acids and
signals mTOR to regulate cell growth and
autophagy in response to low nutrient pools.
Class Il PI3Ks bind clathrin in coated pits, sug-
gesting class Il PI3Ks function in membrane
trafficking and receptor internalization. Whe-
reas, class la PI3Ks transduce signals from
insulin and growth factors to regulate prolifera-
tion, survival, growth, and glucose homeosta-
sis (reviewed in [36, 37]).

Class la PI3K, which is engaged by the growth
factor receptor tyrosine kinases through
adaptor proteins such as Gabl, is a hetero-
dimer comprising the p85 regulatory and p110
catalytic subunits (PI3CA). When class la PI3K
is activated, it phosphorylates PIP2 at the 3’
position on its inositol ring and converts PIP2
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to PIP3 at the plasma membrane [2, 32, 36].
Subsequently, PIP3 recruits PI3K-downstream
molecules such as Akt and 3-phosphoinosi-
tide-dependent kinase 1 (PDK1) by binding to
their PH domain [2, 23, 32, 38-40]. Full activa-
tion of Akt is a multistep process, and the final
step is to phosphorylate Akt on two sites,
Thr308 (for human Aktl) and Ser473 (for
Aktl), via PDK1 and PDK2, respectively [41].
Point mutants at these two sites with Alanine
(T308A and S473A for Aktl) show little
activity, even after stimulation with insulin or
IGF-I, while the phosphorylation-mimicking
mutant (T308D/S473D) shows constitutive
kinase activation, indicating that Thr308 and
Serd73 are necessary and sufficient for the
full activation of Akt [2, 32, 38, 41-46].
Interestingly, in serum-starved cells, Akt is
constitutively phosphorylated at Ser124 and
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Thr450, which are independent of PI3K, and
neither serum starvation nor treatment of cells
with the PI3K inhibitor wortmannin interferes
with phosphorylation at Ser124 and Thr450
[41]. In addition, inactive mutation of Ser124
and Thr450 into Ala (Ser124A and T450A) only
marginally inhibits the activation of Akt by
growth factors. Therefore, it has been pro-
posed by Tsichlis’s group that phosphorylation
of Akt on these sites is the first step for full
activation of Akt [2, 41, 42, 47, 48].

The PH domain containing protein PDK1 is the
only known mammalian isoform of the Thr308-
Akt kinase [40, 49]. The C-terminal PH domain
of PDK1 binds phospholipids, keeping it con-
stitutively localized at the plasma membrane.
Upon growth factor stimulation and PIP3 pro-
duction by PI3Ks, Akt interacts with these
phospholipids, causing Akt to translocate to
the inner membrane, where PDK1 is located.
The interaction of the Akt PH domain with 3’-
phosphoinositides is thought to impose con-
formational changes in Akt, exposing its two
main phosphorylation sites at the kinase
domain (T308 for Aktl) and the HM of the C-
terminal (S473 for Aktl). The direct homodi-
merization of the two PH domains between Akt
and PDK1 might also mediate protein prox-
imity and subsequently phosphorylate Thr-308
in Akt, which stabilizes the activation loop in
an active conformation and renders Ser473
phosphorylation by the rapamycin-insensitive
mTORC2, resulting in full activation of Akt
kinase [39, 40, 48]. In certain contexts,
kinases including PDK1, ataxia telangectasia
mutated (ATM), DNA-dependent protein kinase
(DNA-PK), integrin-linked kinase (ILK), PKC¢/1,
PKC-related kinase-2 (PRK2), mitogen-acti-
vated protein kinase-associated protein
kinase-2 (MAPKAP-K2), mTOR, and Akt itself
were implicated in the phosphorylation of Akt
at Serd73 before mTORC2 was identified as a
Ser473 kinase [46-48, 50-63]. In a later
phase, activated Akt is translocated to the
nucleus, where several of its substrates are
located (Figure 2).

Mechanistically, activation of Akt will
profoundly affect cellular processes by phos-
phorylating numerous Akt substrates (listed
and reviewed in [64]). Consensus motif
analysis indicates that there are potentially
thousands of cellular substrates for Akt; about
50 of them have been characterized so far
[64]. Through phosphorylation, Akt may either
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positively or negatively affect the functions of
these substrates, alter their subcellular locali-
zation, or modify their protein stabilities [64]. A
major outcome of Akt activation is toward cell
survival and cell growth; many Akt substrates
play important roles. Among those substrates
are: (1) regulators of cell survival or cell death,
such as Bad, caspase-9, ASK1, apoptosis
signal-regulating kinase 1 (ASK1), forkhead
box O transcription factors (FoxOs), Bim1,
FasL, inhibitor of nuclear factor-xB kinase
(IKK-NFxB), and p53; (2) regulators of cells
cycle progression; such as p21, p27, cyclin D1,
and glycogen synthase kinase-3f (GSK-3p); (3)
regulators of protein synthesis or cell growth,
such as tuberous sclerosis complexes 1 and 2
(TSC1/2), mTOR, elongation-initiation factor
4E binding protein-1 (4E-BP1), and S6K; (4)
regulators of angiogenesis, such as mTOR and
hypoxia-inducible factor-1 (HIF-1); and (5)
regulators of cell metabolism, such as glucose
transporter 1 (Glutl), GSK3, and a Ras homo-
logue enriched in brain (RheB) (reviewed in
[64] and summarized in Figure 2). Akt-
mediated regulation of hormone receptors
such as estrogen receptor (ER) and androgen
receptor (AR) are not listed in Figure 2.
Positive and negative regulators of Akt-
interacting proteins have also been identified.
These include oncogenes identified in human
T-cell leukemia (Tcll and Tcll family
members); JNK interacting protein 1 (JIP1);
growth factor receptor-binding protein-10
(Grb10); Ras GTPase-activation protein
(RasGAP); Hsp90/Cdc37 molecular chaperone
or co-chaperone complex; a tribbles
homologue 3 (TRB3); adaptor protein
containing PH domain, PTB domain, and Leu-
cine-zipper motif (APPL); C-terminal modulator
protein (CTMP); Akt phosphorylation enhancer
or hook-related protein-1 (APE); SH3 domain-
containing protein, Src and Arg-binding protein
2y (ArgBP2y); breast tumor kinase (Btk); prohi-
bin 2 (PHB2); and pleckstrin homology-like
domain, family A, member 3 (PHLDA3) [65-69]
(Figure 2).

mTORC1 and mTORC2

The mTOR serine/threonine kinase is a mem-
ber of the PI3K-like kinase family (PIKK), which
includes ATM, ataxia-telangiectasis and Rad3-
related (ATR), and DNA-PK. mTOR integrates
many cellular signals that coordinate cell
growth and division in response to growth fac-
tors, nutrients, and the energy status of the
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cell [14, 18, 23, 70]. Dysregulation of mTOR is
implicated in various human diseases, in-
cluding cancer, diabetes, and cardiovascular
disease [58, 70, 71]. mTOR is the catalytic
component of MTORC1 and mTORC2, which
are evolutionarily conserved signaling com-
plexes [48, 53, 54, 57, 58, 62, 63, 72, 73].
The rapamycin-sensitive mTORC1 is a key reg-
ulator of insulin, growth factor, and nutrient
signaling and has three components: the
mTOR catalytic subunit; regulatory-associated
protein of mTOR (Raptor); and mammalian
ortholog of yeast LSTS8, lethal with SEC13 pro-
tein 8 (MLST8) or small WD-repeat (i.e., trypto-
phan-aspartate repeat) protein GB-like protein
(GBL). S6 kinase 1 and 2 (S6K1 and S6K2)
and the elF-4E binding protein 1 (4E-BP1) are
the best-characterized downstream effectors
of mTORC1; they regulate ribosome bio-
genesis, mMRNA translation, cell growth, and
autophagy [63, 71, 74, 75].

The rapamycin-resistant mTORC2 contains
mTOR, mLST8, rapamycin-insensitive compa-
nion of mTOR (Rictor), and mammalian stress
activated protein kinase-interacting protein
(mSinl) variants. Both Rictor and mSin1 are
necessary for mTORC2 to phosphorylate Akt
on its C-terminal HM, and this function is con-
served evolutionarily [53, 54, 57]. mSinl is
also necessary for the assembly of mTORC2.
Alternative splicing of mSinl generates at
least five isoforms of the mSinil protein, three
of which assemble into three distinct
mTORC2s [48, 54, 58, 62, 63]. It is proposed
that Rictor dictates the specificity of mTORC2
toward Akt and away from S6K and 4E-BP1
[51, 58]. The adaptor protein mLST8 is com-
mon to both mTORC1 and mTORC2. mLST8
may increase the activity of mTORC1 toward
S6K and 4E-BP1. It may also play a positive
role in mTORC2 function [72]. Recently, pro-
teins observed with Rictor-1 (Protor-1) and its
isoform Protor-2 have also been proposed to
be components of mMTORC2 but not mTORC1
[59]. Protor-1 is not required for the assembly
of other mTORC2 subunits, and its expression
is regulated by the expression of Rictor [59].
However, the roles of Protor-1 and -2 in
mTORC2 and Akt S473 phosphorylation re-
quire further elucidation. By far, the best-cha-
racterized function of mTORC2 is the phospho-
rylation of Akt on Ser473 at the HM, but
mTORC2 is also involved in the phosphoryla-
tion of a similar motif of PKCa, which along
with S6K belongs to the AGC kinase family
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[48, 76-78]. Recent reports indicate that
mTORC2 also phosphorylates a second con-
served site on Akt and PKCa. referred to as the
“turn motif” (Thr450 on Aktl) [48, 77, 78]. As
discussed earlier, Thr450 is constitutively
phosphorylated on Akt and is independent of
PI3K, and neither serum starvation nor treat-
ment of cells with the PI3K inhibitor wort-
mannin interferes with phosphorylation of this
site. Therefore, the question of how mTORC2
differentially phosphorylates Akt on Thr450
but not on Ser473 is quite intriguing (dis-
cussed further in section "Ser/Thr-Pro motif”
phosphorylation and Akt stability. The condi-
tions under which mTORC2 phosphorylates Akt
on Ser473 but not on Thr450 are not clear.
Also unclear is whether Thr450 phosphory-
lation is required for mTORC2-mediated phos-
phorylation of Ser473.

The drug rapamycin strongly and acutely inhi-
bits mTORC1, but it affects mTORC2 assembly
and activity only after prolonged exposure in
certain cell types [56, 58]. A recent report from
Hunter's group demonstrated that mTOR is
phosphorylated differentially when it is asso-
ciated with mTORC1 and mTORC2 and that
intact complexes are required for these
mTORC-specific mTOR phosphorylations [79].
The report also showed that mTORC1 contains
mTOR phosphorylated predominantly on
Ser2448, while mTORC2 contains mTOR
phosphorylated predominantly on Ser2481.
Using Ser2481 phosphorylation as a marker
for mTORC2 sensitivity to rapamycin, the
investigators found that mTORC2 formation is
rapamycin sensitive in several cancer cell
lines; those cell lines had previously been
reported to have rapamycin-insensitive
mTORC2 assembly and function, as deduced
from phosphorylation of Akt Ser473. There-
fore, the authors proposed that Ser2481
phosphorylation in mTOR is a better biomarker
than Akt Serd473 phosphorylation for intact
mTORC2 and its sensitivity to rapamycin [79].
Although phosphorylation of mTOR may have
an important role in mTOR regulation and the
formation of mMTOR complexes, the identities of
the kinases that phosphorylate mTOR on
Ser2448 and Ser2481 are not known. Since
mTOR is the only known target of rapamycin
identified in mammalian cells, it is not clear
how treatment with rapamycin mechanistically
blocked mTOR phosphorylation on Ser2448
and Ser2481. It is also unclear whether rapa-
mycin-mediated dissociation of mTOR from the
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complexes comes first or whether dephospho-
rylation of mTOR is a prerequisite for mTOR
dissociation from the complexes. Along the
same line, so far the upstream signals that
lead to mTORC2 formation and activation by
growth factors and insulin are not known.
What is clear is that mTOR lies both upstream
(in the form of mMTORC2) and downstream (in
the form of mTORC1) of Akt and negatively
regulates Akt activation through the S6K in-
sulin receptor substrate (S6K-IRS) negative
feedback loop (reviewed in [63, 80]). Akt also
regulates mTORC1 through direct phosphoryla-
tion of tuberous sclerosis complex-2 (TSC2)
and proline-rich Akt substrate 40 kDa
(PRAS40), proteins that suppress mTORC1
kinase activity and thereby activate mTORC1
[63, 75, 80]. Phosphorylation of TSC2 by Akt
impairs the ability of the TSC1-TSC2 complex
to act as a GTPase-activating protein toward
small GTPase Rheb, which allows Rheb-GTP to
accumulate and potently activate mTORC1
[63, 80]. It has been proposed that Akt-
mediated cell proliferation and oncogenic
transformation may occur exclusively via
mTORC1 [80, 81]. Additionally, negative feed-
back regulation between Akt and mTORC2
may also exist. Dentin et al [82] reported that
Akt2-mediated phosphorylation and activation
of salt-inducible kinase 2 (SIK2, a Ser/Thr
kinase) may in turn stimulate SIK2-induced
phosphorylation of mTOR at Ser171 and sub-
sequent cytoplasmic translocation and ubi-
quitin proteasome-dependent degradation of
mTORC2. Intriguingly, recent identification of a
new mTOR-interacting protein, DEP domain-
containing mTOR-interacting protein (DEPTOR),
demonstrates another feedback regulation
loop among Akt, mTORC1, and mTORC2 [83].
Immunoprecipitation indicates that DEPTOR
associates with mTOR, Rictor, and Raptor;
thus, DEPTOR is a component of both mTORC1
and mTORC2. Levels of DEPTOR are negatively
regulated by mTORC1 and mTORC2 through
mTOR-mediated phosphorylation and subse-
quent degradation of DEPTOR. While over-
expression of DEPTOR suppresses S6K and
mTORC1, it relieves feedback inhibition from
mTORC1 to PI3K-Akt signaling; thus, over-
expression of DEPTOR activates mTORC2 and
Akt. Consistently, depletion or loss of DEPTOR
activates S6K1, Akt, SGK1, mTORC1, and
mTORC2. Therefore, mTORC1, mTORC2, and
DEPTOR form a feed-forward loop in which
overexpression of DEPTOR represses mTOR,
as observed in multiple myeloma, and is
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required for the maintenance of PI3K activa-
tion, Akt activation, and cell survival [83].

A newly identified oncoprotein, GOLPH3 (Golgi
phosphoprotein 3), which is amplified in sev-
eral solid tumor types, has also been shown to
modulate mTOR signaling by upregulating
phosphorylation of both mTORC1 (eg, S6K)
and mTORC2 (eg, Akt-S473) substrates. How-
ever, unlike the link between DEPTOR and
mTOR signaling, the link between GOLPH3 and
mTOR signaling is weak, and it is not clear how
GOLPH3 regulates mTOR signaling mechanis-
tically [84]. Although GOLPH3 directly interacts
with vacuolar protein sorting 35 (VPS35) in
yeast (a component of the large multimeric
retromer complex, which is involved in retro-
grade transport of proteins from endosomes to
the trans-Golgi network), there is no evidence
yet to validate whether GOLPH3 regulates
mTOR signaling indirectly through its interac-
tion with VPS35 or directly through interac-
tions with mTORC components.

Inactivation of Akt--PP2A and the HM
phosphatases

PP2A and Akt dephosphorylation

The core enzyme of PP2A is a dimer consisting
of a catalytic subunit (PP2A/Ca or B) and a
regulatory or structural A subunit (PP2A/Aa. or
B). A third regulatory B subunit (PP2A/B) that
determines substrate specificity can be asso-
ciated with this core structure [85-89]. The A
and C subunits each exist as two isoforms,
whereas the 16 B subunits fall into four fami-
lies. PP2A A subunits are composed of 15 non-
identical tandem repeats of a 39-amino acid
sequence, termed a HEAT motif (named after
the proteins that contain them: huntingtin,
elongation factor, A subunit, and TOR kinase).
The B subunits bind to repeats 1-10 of the A
subunit, and the C subunits bind to repeats
11-15 of the A subunit. In the cell, the C sub-
unit of PP2A forms a complex with an array of
regulatory B subunits that modulate its cata-
lytic activity, substrate specificity, and subcel-
lular localization. The B subunits comprise four
unrelated families: B, B, B”, and B’”’. Each of
these families has several members, all of
which are able to bind to the A subunit in a
mutually exclusive manner to form distinct
ABC holoenzyme complexes. In various combi-
nations, the subunits can produce more than
75 different trimeric holoenzymes. It is
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believed that PP2A exercises regulatory flex-
ibility and differential substrate specificity
through the preferential association of the
core dimer with one of the regulatory B sub-
units (ie, the B subunit determines the sub-
strate specificity of PP2A). The B subunits of
PP2A are expressed differentially by tissue and
temporally during development; therefore, it is
the B subunits that specify substrate spec-
ificity and likely target the PP2A catalytic com-
plex to intracellular sites, i.e., the B subunits
define the individual PP2A isoforms and their
physiological roles.

Recent evidence indicates that PP2A forms
stable complexes with protein kinase signaling
molecules, indicating that it plays a central
regulatory role in signal transduction mediated
by reversible protein phosphorylation [90-92].
Certain viruses have chosen to target this
enzyme system to manage the host cell
machinery to their own benefit and to program
cells into a malignant state [93-95]. The small
t antigen (ST) of the DNA tumor virus simian
virus 40 (SV40) may directly interact with a
pre-existing dimer, or it may displace the third
regulatory B subunit from a trimeric holoen-
zyme [93-95]. Similarly, suppression of
PR61/B’y, a specific B subunit of PP2A that
might be replaced by ST, can substitute for the
viral SV40 ST and cause tumorigenic trans-
formation [88, 93, 96]. Based on the observa-
tions that okadaic acid is a strong inhibitor of
PP2A, yet at the same time a potent tumor
promoter, it was suggested that the PP2A
holoenzyme might, to some extent, be a tumor
suppressor [88, 96, 97]. Indeed, both the a
and B isoforms of the A subunit are genetically
altered at low frequency in a variety of primary
human tumors [93, 94, 98-105]. Ruediger et
al discovered that some of these cancer-asso-
ciated isoform mutations were defective in
their binding of other PP2A subunits [100-
102]. Ito et al reported that a truncated iso-
form of the B56y subunit of PP2A promotes
genetic instability and causes tumor progres-
sion [106].

There is evidence that PP2A targets Akt to
cause cellular transformation. The PI3K-Akt
signaling cascade is activated by ST of SV40
[107], and by repressing PP2A, ST promotes
phosphorylation of Akt on both Thr308 and
Serd73 in the absence of growth factors
[108]. Further, studies from our group and
others have demonstrated that Akt is a direct

25

substrate of PP2A [68, 109-111]. Pim et al
reported that the human papilloma virus E7
protein also binds to the C and A subunits of
PP2A, sequesters these subunits, and inhibits
their interaction with Akt, thereby maintaining
Akt signaling by inhibiting its dephosphoryla-
tion [112].0ur group and others have shown
that either exposing cells to the PP2A-specific
inhibitor okadaic acid or knocking down PP2A
catalytic (or specific regulatory B) subunits
resulted in elevated Akt phosphorylation and
activation [68, 109-111, 113, 114]. Ceramide,
an intermediate in sphingomyelin biosynthesis
and a powerful second-signal effector mole-
cule that enhances PP2A activity, has also
been shown to repress Akt by maintaining Akt
in an inactive, dephosphorylated state [115].
More recently, particular B subunits of the
PP2A holoenzyme that preferentially bind Akt
to PP2A and inactive Akt by dephosphorylation
have been confirmed in mammalian cells and
C. elegans [114, 116, 117]. Although PP2A
may preferentially dephosphorylate Akt on the
Thr-308 site, it can also dephosphorylate Akt
on the Ser473 site under certain conditions.
Using in vitro dephosphorylation assays, we
demonstrated that PP2A dephosphorylates Akt
on both Thr-308 and Ser473 sites [110]. In
cell culture under in vivo conditions, we were
also able to show that both Thr-308 and
Ser473 phosphorylation were affected by
PP2A [110]. In both mammalian cells and C.
elegans, knocking down the B56 regulatory
subunit of PP2A induces enhanced Akt phos-
phorylation (on both Thr308 and Ser473 in
mammalian cells and Thr-350 and Ser-527 in
C. elegans), though to a lesser extent [112,
114, 117].

PHLPPs and isoform-specific HM
phosphatases

The lipid protein phosphatase PTEN acts as a
potent negative regulator of Akt activation
phosphorylation by converting PI3K-generated
PIP3 into PIP2, thereby blocking Akt phospho-
rylation on both Thr308 and Ser473 by PDK1
and PDK2, respectively [111, 118]. However,
PTEN does not directly dephosphorylate Akt on
either the Thr308 site or the Serd473 site. As
discussed earlier, PP2A preferentially dephos-
phorylates Akt on the Thr308 site [108, 113,
116, 119]. In a query of the National Center
for Biotechnology Information database for
genes that encode a PH domain and a phos-
phatase domain, Newton’s group identified the
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PHLPP family as HM phosphatases that spe-
cifically dephosphorylate Akt on Ser473 but
not Thr308 residue [27, 28, 120]. The PHLPP
family comprises three members, PHLPP1q,
PHLPP1B, and PHLPP2. PHLPPla and B are
splice variants of the same gene, located at
chromosome 18021.33, while the gene-
encoding PHLPP2 resides at chromosome
16922.3 [29]. The PHLPP proteins contain an
identical domain structure, with a PH domain
followed by region of leucine-rich repeats
(LRR), a PP2C phosphatase domain, and a C-
terminal PDZ ligand. Both PHLPP1p and
PHLPP2 also contain a Ras-associated domain
that precedes the PH domain. PHLPPs are
expressed in a majority of human tissues and
numerous cancer cell lines, including cancers
of the brain, breast, lung, prostate, and ovary.
PHLPP proteins are present in the cytosolic,
nuclear, and membrane fractions of cells,
which may reflect their potential substrate
localizations [27, 29, 30, 121]. So far, only Akt
and PKC have been identified as direct sub-
strates of PHLPPs. AGC kinase family p70S6K,
SGK, and p9ORSK, all of which also have
phosphorylation HMs but not necessarily the
PH domain, have not been confirmed as a reli-
able direct substrate of PHLPPs. For PHLPP-
mediated dephosphorylation of Akt, both the
PP2C domain and the C-terminal PDZ-binding
motif are required; intriguingly, the PH domain
of PHLPPs is dispensable for PHLPP-mediated
dephosphorylation of Akt on Ser473 [27, 28].
However, the PH domain, but not the PDZ-
binding motif, is indispensable for PHLPP-
mediated dephosphorylation of PKCpII, which
does not contain a PH domain but relies on its
lipid second messenger and membrane tar-
geting to be active in the cell. Unlike that
mediated by PKC, dephosphorylation of Akt on
Ser473 mediated by PHLPP neither destabi-
lizes the enzyme nor promotes its degradation
[27-30, 120]. A common polymorphism that
results in an amino acid change from a Leu to
Ser at codon 1016 in the phosphatase domain
of PHLPP2 demonstrates reduced regulation
of Akt and PKC and may likely contribute to
elevated Akt phosphorylation and increased
PKC levels in human cancer [30].

Further studies of each member of the PHLPP
family by Newton’s group revealed that spe-
cific PHLPP isoforms regulate the phosphoryla-
tion state of specific Akt isoforms as well as
specific downstream substrates of these Akt
isoforms [28]. First, the group discovered that
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PHLPP1 co-immunoprecipitated with only Akt2
and Akt3, while PHLPP2 co-immunoprecipi-
tated with only Aktl and Akt3. Accordingly,
knocking down PHLPP1 increased HM phos-
phorylation of only Akt2 and Akt3, while
knocking down PHLPP2 increased hydrophobic
motif phosphorylation of only Aktl and Akt3.
Second, depletion of endogenous PHLPP2
resulted in increased phosphorylation of Aktl
substrates GSK3p, TSC2, FoxO, and p27.
Third, depletion of endogenous PHLPP1
increased the phosphorylation state of a
unique set of Akt substrates, including HDM2
(human homologue to murine double minute
2) and GSK3a, in addition to the same penal
of Aktl substrates (i.e., GSK3p, TSC2, and
FoxO) regulated by PHLPP2. These results
showed that only PHLPP2 regulates Aktl
Ser473 phosphorylation on the HM, only
PHLPP1 regulates Akt2 Ser 474 phosphoryla-
tion on the HM, and both PHLPP1 and PHLPP2
regulate Akt3 Ser472 phosphorylation on the
HM [28, 120]. It is not clear whether the PH
domain of PHLPPs can bind with 3’-phospho-
rylated phosphoinositides and compete with
Akt for binding to PIP3 as do some other PH
domain-containing proteins. It is also not clear
whether the PH domain of PHLPPs is required
for their physical interaction with Akt. So far,
there is no evidence to document how PHLPPs
themselves are regulated and under what phy-
siological or pathological conditions PHLPPs
differentially dephosphorylate Akt isoforms on
the HM.

PHLDA3 and Akt-MDM2-p53-PHLDA3
feedback regulation

A PH domain-only protein named PH domain,
family A, member 3 (PHLDAS3) also inhibits Akt
activity, but its inhibition is dependent on its
PH domain [66]. The PHLDA3 gene resides in
chromosome 1g31.1, which is transcribed as
a 127-amino acid protein (~14 kDa). PHLDA3
was originally identified as a p53-inducible
protein involved in DNA damage-mediated
stress response [122, 123]. It contains two
consensus p53 binding motifs in its promoter
region, and its expression is regulated directly
by p53. PHLDA3 also participates in p53-
mediated apoptosis. Overexpression  of
PHLDAS3 itself induces apoptosis, and an intact
PH domain is required for PHLDA3-induced
apoptosis [66]. Through the PH domain, which
in most cases is known to mediate specific
binding with phosphoinositides and to drive
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Figure 3. The PTEN-PI3K-Akt-p53-PHLDA3 feedback loop.

membrane recruitment in response to phos-
phatidylinositol 3-kinase activation, PHLDA3
binds with each single PI(3)P, PI(4)P, or PI(5)P
and any combination of PIP2s [PI(3,4)P2;
P1(4,5)P2; and PI(3,5)P2] or PI(3,4,5)P3. Thus,
PHLDA3 competes with Akt for binding to both
PI1(3,4)P2 and PI(3,4,5)P3, the only two lipids
to which Akt binds [66]. Interestingly, Kawase
et al [66] showed via an immunoprecipitation
assay that PHLDA3 does not physically interact
with Akt. Therefore, the PHLDA3-mediated
repression of Akt activation phosphorylation on
both Thr308 and Ser473 is achieved through
PHLDA3’s superior binding affinity with
PI(3,4)P2 and PI(3,4,5)P3, which eventually
blocks Akt from binding with PIPs and disrupts
Akt membrane localization and subsequent
activation by PDKs.

Earlier reports from our group and others
demonstrated that Akt represses p53 protein
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stability via Akt-mediated phosphorylation of
MDM2 [124-133]. Phosphorylation of MDM2
by Akt enhances nuclear accumulation of
MDM2 and consequently augments the desta-
bilization of p53 by MDM2. Therefore, Akt-
MDM2-p53-PHLDA3 may form a negative
feedback loop [129] (Figure 3). Recruitment of
PI3K components (p85 adaptor and p110 cat-
alytic subunit) and non-receptor tyrosine
kinases, such as Src kinase, occurs in the
presence of growth/survival factors, growth
factor-induced receptor dimerization, and
autophosphorylation of tyrosine residues
within the intracellular domain. Activated PI3K
generates PIP3, which directly and indirectly
(through PDKs) leads to Akt activation and
subsequent phosphorylation of MDM2 and
degradation of p53. Activated PI3K thereby
blocks p53-mediated transcriptional activation
of its target genes, including PHLDA3 and
PTEN. In addition, when Src kinase is phos-
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phorylated and activated by receptor tyrosine
kinases, it phosphorylates PTEN on tyrosine
residues within the PTEN C2 domain and pre-
vents PTEN from translocating to the plasma
membrane and dephosphorylating PI3K-gen-
erated PIP3; this leads to cell growth and cell
proliferation [134-136]. Under stress condi-
tions, stress signal-mediated activation of
p53 counteracts the inhibitory effects of this
PI3K-Akt survival pathway by multiple
mechanisms. One mechanism may be the
p53-mediated transcriptional activation of
PTEN and PHLDAS3, both of which block PI3K-
generated PIP3 and subsequent Akt activation
(Figure 3). In this model, survival is achieved
by the inhibition of p53 by Akt, and apoptosis
is achieved by the counteracting of Akt by p53.

Degradation of Akt protein

As discussed earlier, proteins that negatively
regulate Akt activation may not necessarily
lead to Akt degradation [68]. In fact, under
certain physiological or pathophysiological
conditions, Akt protein can be degraded by the
ubiquitin  proteasome-dependent pathway,
caspase-mediated cleavage, and caspase-
dependent ubiquitination, as summarized
below.

Ubiquitin-dependent Akt degradation

Degradation of proteins by the ubiquitin-
proteasome system (UPS) is important for the
regulation of many cellular functions, including
cell cycle, growth, and cell polarity. The UPS
involves the sequential activation of ubiquitin-
activating enzymes (E1), ubiquitin-conjugating
enzymes (E2), and ubiquitin ligases (E3),
which determine substrates’ specificity; thus,
activation of E1, E2, and E3 results in the
conjugation of ubiquitin to the lysine residues
of target proteins. Those proteins, tagged with
poly-ubiquitin, are then degraded by the
proteasome complex [137-140]. Few reports
have described how the Akt protein is
degraded by the ubiquitin proteasome path-
way, and it is not clear which specific E3
ligases are involved in Akt degradation by the
UPS. Kim et al [141] reported that mannitol-
induced degradation of Akt by the UPS can be
blocked by IGF-1, thereby dissociating Akt from
binding and subsequent degradation by the
UPS, yet no published mechanistic studies
have elucidated which E3 ligase links to Akt or
how IGF-1 regulates this E3 ligase. Riesterer et
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al [142] reported that deprivation of vascular
endothelial growth factor (VEGF) or blockade
of the VEGF signal transduction cascade with
the VEGF  tyrosine kinase inhibitor
PTK787/ZK222584 resulted in a specific
decrease of Akt protein level; subsequent cel-
lular stimulation with VEGF rescued Akt sta-
bility in endothelial cells. VEGF-controlled Akt
proteolysis is blocked by a broad range of inhi-
bitors of caspases and the proteasome com-
plex (with proteasome inhibitor MG-262
showing particular efficacy). In addition, the
mTOR inhibitor rapamycin also neutralized the
VEGF-protective effect in proteolysis-depen-
dent reduction of Akt protein, suggesting that
mTOR signaling is involved in VEGF-protected
Akt degradation [142]. As discussed earlier,
mTORC2 is generally rapamycin insensitive,
while the rapamycin-sensitive mTORC1 lies
downstream of Akt; thus, it is not clear how
mTOR signaling by itself regulates Akt stability
in endothelial cells. It is unlikely that the regu-
lation of Akt stability by rapamycin observed in
endothelial cells will be shown to be a general
phenomenon. Yan et al [143] reported that
selective Akt degradation by the UPS in den-
drites is required for generating neuronal
polarity under physiological conditions and
that suppressing the UPS with proteasomal
inhibitor MG-132 leads to the symmetric dis-
tribution of Akt and the formation of multiple
axons. Those findings indicate that local pro-
tein degradation of Akt mediated by the UPS is
important in determining neuronal polarity.
Mechanistically, why Akt was degraded in the
dendrites and which E3 ligase was involved in
the degradation of Akt is not known.

Caspase-mediated Akt cleavage

Unlike that of the UPS mediated Akt degrada-
tion, the mechanism by which Akt protein is
cleaved by caspases is relatively clear. As a
critical survival factor downstream of the
receptor protein tyrosine kinases, Akt-trans-
mitted survival signals have protective effects
against apoptosis induced by a variety of
stimuli. It thus follows that the Akt protein is
degraded when cells undergo apoptosis [144-
147]. By incubating Akt protein with active cas-
pases (namely caspase-3, -6, and -7) in vitro,
Rokudai et al [148] found that Akt was cleaved
at three sites to produce 40- and 44-kDa
fragments. Two cleavage sites were between
the N-terminal PH domain and the kinase
domain (TVAD28lG and EEMD19| F) and a
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third site was in the C-terminal regulatory
domain (SETD 434.T). As can be expected, the
loss of the C-terminal domain of the Akt pro-
tein reduced its kinase activity, owing to the
loss of the HM (where Serd473 resides). Over-
expression of Akt fragment with either deletion
of the N-terminal domain or deletion of the C-
terminal domain increased cell sensitivity to
apoptosis-inducing stimuli, indicating that cas-
pase-dependent cleavage of anti-apoptotic Akt
turns off survival signals and augments apop-
totic cell death [148]. In interleukin-3 (IL-3)-
dependent 32D cells, Xu et al discovered that
cytokine withdrawal resulted in Akt degrada-
tion by caspases as well [146]. The authors
found the Asp462 residue of Akt1 (ECVD4621)
in the upstream of HM to be the primary clea-
vage site for caspase-3. Mutation of this site
(Akt1-D462N) prevented caspase cleavage.
Similar to the earlier-described C-terminal
deletion fragment, the Akt truncation mutant
mimicking the caspase cleavage product lost
its kinase activity, functioned as a dominant
negative mutant, and promoted cell death
[146]. These results indicate that the balance
between Akt and caspase activity controls cell
survival in 32D cells, and upon survival factor
withdrawal, caspases are able to render Akt
inactive and dominantly inhibit the Akt path-
way to allow apoptosis to occur. In an artificial
in vitro caspase-3 cleavage assay, Jahani-Asl
et al [149] recently found that both the cas-
pase-3 consensus site (DQDD4564 SM) as
well as non-consensus caspase-3 cleavage
sites  (QEEE116VE117\MD; EEMD119;
TPPD4531QD; and DAKE398IM) of Aktl can
be cleaved by caspase-3. In addition, the
authors demonstrated that phosphorylation of
Aktl modulates its cleavage in a site-specific
manner (i.e., there is resistance to cleavage at
the site DAKE398 within the kinase domain in
response to phosphorylation), suggesting a
possible mechanism by which the anti-apop-
totic role of Aktl is regulated [149]. However,
it is not yet clear whether similar events might
occur with Akt under physiological or patho-
logical conditions in vivo. In Jurkat cells
treated with 4-hydroxynonenal (HNE) to induce
caspase-dependent apoptosis, Liu et al
observed a decrease in Akt activity owing to
dephosphorylation at Ser473 by PP2A. The
effect could be prevented by either okadaic
acid, a potent PP2A inhibitor, or DEVD-CHO, a
caspase-3 specific inhibitor [150]. HNE treat-
ment resulted in an increase in the total level
of PP2A and PP2A-Akt association, both of
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which were depended on caspase-3 activation.
The activity of Src, a representative caspase-
sensitive kinase that phosphorylates and inac-
tivates PP2A at tyrosine residues, was also
downregulated by HNE treatment [150]. The
authors of this report also showed that acti-
vated caspase-3 partially cleaves Akt at a late
stage of apoptosis; however, they did not iden-
tify which specific cleavage sites on Akt were
involved in HNE-induced apoptosis. In 3T3-IL
adipocytes, Medina et al reported that the Akt
protein was degraded via a caspase-depen-
dent ubiquitination during tumor necrosis fac-
tor (TNF)-a-induced apoptosis [151]. Although
no specific E3 ligase was identified, the
authors demonstrated that TNF-o. enhances
E3 ligase activity associated with Akt and that
both caspase and proteasome inhibition res-
cued Akt stability as well as insulin-stimulated
Akt phosphorylation in adipocytes pre-exposed
to TNF-a [151].

Heat shock proteins and Akt stability

Among molecule chaperones, Hsp90 is of
prime importance to the survival of cancer
cells [152-160]. Hsp90 contains a unique nuc-
leotide binding domain at its animo terminal
pocket. It binds with ATP and contains ATP
hydrolyzing activity. Hsp90 forms the basis of a
super-chaperone machine that promotes the
proper folding of client proteins so that they
can respond to a stimulus or bind ligand. ATP
hydrolysis and ADP/ATP nucleotide exchange
drive the cycling of the Hsp-90-based super-
chaperone machine. A client protein’s half-life
may be stochastically determined by the
period of time it resides in association with the
Hsp-90-Hsp-70 form of the chaperone
machine, because during this period, the client
protein is susceptible to ubiquitination and
delivery to the proteasome where it is
degraded [155-159, 161, 162]. The list of
Hsp9O0 client proteins includes key compo-
nents of multiple signaling pathways utilized
by cancer cells for growth and/or survival
(reviewed in [152, 155-157, 163, 164]).
Hsp90 also stabilizes Akt and prevents Akt
from PP2A-mediated inactivation [165-169].
When cells are exposed to heat shock, Akt is
activated. The heat shock-induced Akt activa-
tion is PI3K dependent, as blocking PI3K leads
to rapid dephosphorylation of Akt and detach-
ment of Akt from Hsp90 [165]. Detachment of
Akt from the Hsp90 complex increases Akt
sensitivity to PP2A-mediated dephosphoryla-
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tion and subsequent degradation. Blockade of
the Akt-HSP-90 complex formation by the
Hsp90-specific inhibitor 17-allyamino 17-
demethoxy-geldanamycin (17-AAG), a gelda-
namycin analogue that is undergoing clinical
testing in malignant melanoma and breast and
prostate cancers, induces Akt dephosphoryla-
tion and degradation [164, 168, 169]. As a
nucleotide mimetic inhibitor of Hsp90, 17-AAG
can block the intrinsic ATPase activity of
Hsp90 and thereby block the formation of a
multi-chaperone complex, including the Akt-
Hsp90 complex. It is not yet clear under what
patho-physiological conditions will the ubiqui-
tin proteasome pathway recycle or degrade
Hsp90-bound Akt.

“Ser/Thr-Pro motif” phosphorylation and Akt
stability

Although Akt can be degraded by either the
UPS or caspases, very few studies have
directly addressed whether Akt phosphoryla-
tion status affects Akt's stability and which
phosphorylation sites are responsible for the
regulation of that stability. Phosphorylation of
Akt on either Thr 308 or Ser473 affects Akt
activity, but it may not directly, physiologically
affect Akt stability. Two groups recently
reported that phosphorylation of Akt at the
Thr450-Pro site of the turn motif by mTORC2
controls Akt protein folding and maturation,
similar to results of phosphorylation of the
conserved turn motifs in the PKC family [29-
31, 48, 77, 78, 170-172]. Both groups
demonstrated that genetic deletion of
mTORC2 components, including mSin1, Rictor,
and mTOR, affected Akt phosphorylation not
only at Ser473 on the HMs but also at Thr450-
Pro on the turn motif. Since Thr450 is followed
by a proline residue, screening of Erk, JNK,
p38, CDK, GSK3, CK2 and other proline-
directed protein kinases indicated that such
kinases had no significant effect on Akt phos-
phorylation at the Thr450-Pro motif [77]. As
discussed earlier, phosphorylation of Akt at the
Thr450-Pro was identified more than 10 years
ago and has since been demonstrated to be a
constitutively phosphorylated residue that is
not dependent on either growth factors or
PI3K kinase [41, 42]. One report claimed that
mTORC-mediated phosphorylation of Akt at the
Thr450-Pro site on the turn motif also regu-
lates Akt stability, similar to the effect of PKC
phosphorylation on the turn motifs; the
authors further demonstrated that the Hsp90
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inhibitor 17-AAG facilitates degradation of Akt
in mSin-/- or Rictor-/- cells but not in wild-
type cells [78]. They also showed that in the
absence of Thr450 phosphorylation, there was
an increase in the level of Akt that was bound
to Hsp90; thus, exposing cells to 17-AAG
abolished Thr450 phosphorylation by mSinl-
/- or Rictor-/- and enhanced Akt degradation
by the UPS. They further showed that this turn
motif phosphorylation of Akt may mediate
proper carboxyl-terminal folding and stabiliza-
tion of the Akt structure by Akt’s interacting
with three conserved basic residues (K163,
K182, and R222) at the catalytic domain. Mu-
tations of the conserved basic residues
(K163M, K182M, and R222M) in Aktl were
predicted to interact with the turn motif site
phosphate and led to increased Akt binding
with Hsp90 and subsequent destabilization of
Akt upon 17-AAG-mediated inhibition of
Hsp90. Although Facchinetti et al [78] tried to
further show that mTORC2 directly phospho-
rylates Thr450 on Akt and that this action
requires the mTOR kinase, the data was not
very stringently controlled and may support a
different mechanism; they were able to detect
Akt phosphorylation at both the turn motif and
HM in the mSin1-/- mouse embryo fibroblast
(MEF) cells after infection with HA-tagged Aktl
[78]. In addition, a kinase-dead mutant form of
HA-mTOR (which is supposed to be the major
kinase of the mTOR complexes) sufficiently
phosphorylated GST-Akt on both the turn motif
and the HM in the in vitro kinase assay. This
result is likely derived from an incomplete
dephosphorylation of the GST-Akt prepared as
the substrate for mTORC2; however, the
opposite (i.e., mTORC2 may not be directly
responsible for Akt phosphorylation at the turn
motif) may also be possible. Indeed, data from
lkenoue et al clearly demonstrate that
mTORC2 phosphorylates the HM but not the
turn motifs in Akt and PKCa; thus, mTORC2
may not be the kinase directly responsible for
the turn motif phosphorylation [48, 77]. Also
intriguing is how mTORC2 independently
controls Akt phosphorylation at Thr450-Pro but
not Ser473 at the same time and how it
directly phosphorylates Akt on Ser473 but not
Thr450-Pro at  another time under
physiological conditions. Given the con-
stitutively phosphorylated nature of the
Thr450-Pro site of Akt, the claim that the
stress-responsive kinase JNK mediates Akt
phosphorylation on Thr4d50 under hypoxic
injury in cardiomyocytes cannot be generalized

Am J Transl Res 2010;2(1):19-42



Physiological regulation of Akt activity and stability

or reproduced in other cell types [173].
Indeed, the report from lkenoue et al on
screening proline-directed kinases excluded
JNK as a kinase for Thr450-Pro phosphoryla-
tion [77]. Our unpublished data also demon-
strate that JNK is unlikely to be the kinase that
directly phosphorylates Akt on the Thr450-Pro
motif. Therefore, the identity of the “turn motif
kinase” is still elusive [48].

The regulation of PKCPII activity and stability
by turn motif phosphorylation involves the
deletion mutation of either mSin1 or Rictor,
which drastically affects the expression levels
of endogenous and exogenous PKCs (mainly
members of the conventional PKC family,
including PKC-a, -Bll, -y, and -BI but not atypi-
cal or novel PKC-C, -n, and -3). In contrast, data
from two groups [77, 78] as well as previously
published papers on genetic disruption or
siRNA-mediated knock-down of the mTORC2
components essential for the formation of
mTORC2 (such as mSinl, Rictor, and mTOR),
have demonstrated that disruption of mTORC2
does not dramatically affect the level of Akt
protein expression [50, 53-57, 59, 60, 62, 77,
78]. As discussed earlier, Bellacosa et al [41,
42] demonstrated that the inactivating muta-
tion of Thr450 into alanine (T450A) alone did
not affect Akt kinase activity or protein stabil-
ity. In fact, data from both Ikenoue et al [77]
and Facchinetti et al [78] also demonstrated
that disruption of mTORC2 affected Akt protein
migration (or phosphorylation), but the effect
on the level of Akt protein expression or Akt
stability was unconvincing [77, 78].

The Thr450-Pro motif is conserved not only
within the Akt family and among different spe-
cies but also in other AGC kinases, including
PRK2, p70S6K, PKA, and the PKC family [29,
31, 48, 174]. The Thr450 residue is located in
the turn motif, which anchors the C-terminus
HM at the top of the upper lobe of the kinase
domain, with the phosphorylated threonine
residues at the apex of a tight turn [29, 31,
174]. Although mutation of this residue (T450)
to alanine (T450A) does not dramatically affect
Akt stability, activation phosphorylation, or
kinase activity as demonstrated in an earlier
report by Bellacosa et al [41, 42], mutation of
the conserved site in PKA and an adjacent
compensating site in PKC BIl does destabilize
the kinase domain and abolish the kinase
activity of PKA and PKC BlI [29, 31, 174]. Fac-
chinetti et al [78] showed that a combined
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mutation of Thr450-Pro and the adjacent
Thr443 to alanine in Akt does not affect the
expression levels of HA-tagged single (T450A)
or double (T450A/T443A) mutant Akt protein
compared with the expression level of wild-
type Akt. Even though the binding of Akt
mutants with Hsp90 or myc-tagged ubiquitin
was enhanced, the levels of HA-tagged Akt
mutant proteins were comparable with the
wild-type HA-Akt in mSin1 MEFs (wild-type and
null) and in the presence or absence of pro-
teasome inhibitor MG132. Although Facchi-
netti et al [78] claimed that the turn motif
phosphorylation on Akt controls folding and
stability of Akt similar to that observed in PKC,
it is difficult to explain why the kinase activity
(as demonstrated by Bellacosa et al [41]) and
the mutant Akt levels in mSin1 wild-type and
null MEFs were comparable with the wild-type
Akt. Since PKA and family members of PKC do
not have the PH domain, which plays an inhibi-
tory effect on activation phosphorylation on
Akt, we speculated that mutation of T450
alone in Akt is not sufficient to destabilize the
kinase domain as it is for PKA or PKC (i.e., the
PKA and PKC turn motif phosphorylation, pro-
tein stability, and activation model may not
necessarily fit the Akt family of proteins).
Indeed, when we performed an alanine
screening of all five Ser/Thr-Pro motifs in
human Aktl, we discovered that double muta-
tion of Thr450-Pro in the turn motif and Thr92-
Pro in the PH domain, but not Serl124-Pro,
Thr312-Pro, Ser422-Pro or their combination,
generates an inactive, labile Akt mutant pro-
tein with undetectable phosphorylation on
both Thr308 and Serd73 [175]. Further
elucidation of Akt stability and activation
phosphorylation regulated by the Thr-Pro
motifs led us to discover that the peptidyl-
prolyl isomerase Pinl plays an important role
in the regulation of Akt stability and activation
phosphorylation (discussed later).

The role of a peptidyl-prolyl isomerase Pinl in
the regulation of Akt stability

Interaction between Pinl and Akt

Pinl, a peptidyl-prolyl cis/trans isomerase
(PPlase), has recently been reported to
modulate the balance between protein phos-
phorylation and dephosphorylation at the cel-
lular level [176-183] and to regulate the stabil-
ity of its substrates, including cyclin D1, Myc,
p53, p73, beta-catenin, cyclin E, and p65/RelA
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[181-189]. Given the fact that both Pin1 and
Akt are direct upstream regulators of cyclin
D1, we sought to determine whether Pinl and
Akt interact with each other and whether Pinl
regulates Akt stability and activation phos-
phorylation. Interestingly, we observed that
elevated expression of Akt-S473 strongly cor-
related with Pinl expression in a human
breast cancer samples (P < 0.0001). The
expression levels of Pinl and Akt-pS473 were
also associated with tumor stage in human
breast cancer (P < 0.05 for both). In addition,
the combination of Akt-pS473 with Pinl
expression predicted a poorer prognosis than
either one alone in patients with breast cancer
(P =0.0052) [175].

We demonstrated that Akt associated with
Pin1 by co-immunoprecipitation of endoge-
nous Akt and vice versa. Although the Akt that
is associated with Pinl is phosphorylated on

191], we observed that the immunoprecipi-
tated Akt protein was recognized by the MPM2
antibody, while a protein immunoprecipitated
with the MPM2 antibody was also recognized
by a specific antibody against Akt. In addition,
neither IGF-1 nor LY294002 affected Akt
immunoreactivity against the MPM2 antibody,
suggesting that the Akt and Pinl interaction is
independent of activation phosphorylation of
Akt at T308 or S473 but may depend on Akt
phosphorylation at the Ser/Thr-Pro motifs.

Akt phosphorylation on Ser/Thr-Pro motifs and
Pin1-Akt interaction

In order to determine which Ser/Thr-Pro sites
are required for the Akt and Pinl interaction,
we mutated Ser/Thr to Ala in the five Ser/Thr-
Pro sites of human Aktl (T92A, S124A, T312A,
S422A, and T450A) (Table 1). We found that
single mutations of T312A, S124A, and S422A

Table 1. Ser/Thr-Pro sites on human Akt1 protein

Position
Ligand 3 2 1 0 1 2 43
Pinl PPlase substrale A A pS/T P F NH Np
W F Y pSST P R L X
Pinl consensus
binding sites Y I R F
F F W
MPM?2 consensus Y WF pS/T P L X X
binding sifes F F L I
S/T P sites on Aktl
T2 P| H V E pT P E E R
S124P| R S G pS P S D N
T312P| F C G pT P E Y W
S422P| K K L pS P P F K
T450P| I T I pT P P D Q

both T308 and S473, we excluded the
involvement of these residues in the regulation
of Akt stability and association with Pinl since
neither stimulation with IGF-1 nor inhibition
with LY294002 affected the levels of Pinl-
associated Akt protein. When we examined
phosphorylation of Akt on the Ser/Thr-Pro
motifs using the monoclonal antibody MPM2,
which specifically recognizes the phosphory-
lated Ser/Thr-Pro (pSer/Thr-Pro) motifs [190,
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did not attenuate Akt immunoreactivity with
the MPM2 antibody, while a point mutation of
either T92A or T450A reduced Akt immunore-
activity with MPM2 and a double mutation of
T92-Pro and T450-Pro (T92A/T450A) com-
pletely abrogated Akt immunoreactivity against
MPM2. Those findings suggested that the T92
and T450 sites may both be important for the
Akt-Pinl interaction. Sequence alignment
analysis revealed that the Thr92-Pro and
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Table 2. T92 and T450-Pro (Akt1) motifs are evolutionarily conserved

T92-Pro

T450-Pro

sp[P31749| KRAC_HUMAN
trjQ9BWB6| Aktl-Mouse
sp[P47196| KRAC RAT
1r]057513| Akt1-Gallus
tr|Q98TY9| Aktl-Xenopus
sp|Q60823|AKT2 MOUSE
sp[P31751| AKT2 HUMAN
1r]/Q7ZX15| Akt2-Xenopus
sp/P47197| AKT2 RAT
splQ9Y243| AKT3 HUMAN
sp|QIWUAG6| AKT3_MOUSE
tr|Q8UUXO0| Akt2-Zebrafish
sp|Q63484|AKT3_RAT
1r/Q24293| AKT1-DROSOPHIA
11]Q17942| AKT1-C. elegans

HVE-T-PEEREE
HVE-T-PEEREE
HVE-T-PEEREE
HVE-T-PEEREE
HVD-S-PEEREE
HVD-S-PDEREE
HVD-S-PDEREE
HVD-T-PEEREE
HVD-S5-PDEREE
HVD-T-PEEREE
HVD-T-PEEREE
HVD-S5-NSEREE
HVD-T-PEEREE
AVE-S-ELERHE
YAE-S-AEVRQR

QMITI-T-PPDQ
QMITI-T-PPDQ
QMITI-T-PPDQ
QMITI-T-PPDQ
QMITI-T-PPDQ
QSITI-T-PFDR
QSITI-T-PPDR
QSITL-T-PFPDR
QSITI-T-PPDR
QTITI-T-PPEK
QTITI-T-PPEK
QTITV-T-PPDQ
QTITI-T-PPEK
ESVEL-T-PPDP
QPVQL-T-PPSR

Thr450-Pro motifs are highly conserved in
different Akt isoforms and species, including C.
elegans and humans (Table 2). Consistently, a
GST-Pinl pull-down assay demonstrated that
all three isoforms of human Akt (Aktl, 2, and
3) were pulled down by GST-Pin1. In addition,
a double mutation of Akt on T92 and T450
(T92A/T450A) resulted in a labile Akt protein
that lacked activation phosphorylation on
either S473 or T308, while single mutation of
either T92 or T450 only slightly affected Akt
expression and activation phosphorylation. A
cycloheximide chase experiment demon-
strated that the half-life of Akt1-T92A/T450A
mutant protein was much shorter than the
wild-type Aktl [175]. A kinase assay also
showed that the Akt1-T92A/T450A double
mutant transfected into 293 cells expressed
no kinase activity toward its substrate GST-
GSK3B in vitro (Liao et al, unpublished obser-
vation). These results suggest that the phos-
phorylated Thr-Pro motifs of Akt on T92 and
T450 are critical for the maintenance of Akt
stability and activity.

Pin1 is required for the maintenance of Akt
stability and activation phosphorylation
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To test whether Pinl affects Akt stability, we
examined the expression levels of total Akt
and Akt activation phosphorylations on both
T308 and S473 sites in Pinl1 wild-type and
Pin1 (-/-) MEFs in the presence or absence of
IGF-1 stimulation. As expected, reduced levels
of total Akt protein were detected in Pin1-null
MEF cell lysates with or without stimulation of
IGF-1, and activation phosphorylations on
T308 and S473 were reduced. The effective
stimulation of Akt activation phosphorylation
on T308 and S473 by IGF-1 in Pin1 (-/-) cells
indicates that Pinl did not affect upstream
PI3K signalling toward Akt phosphorylation,
which suggests that Pinl may be required for
the maintaining Akt phosphorylation through a
post-phosphorylation regulatory mechanism.
Similar results have been obtained when Pinl
expression was knocked down by specific
small interfering RNAs (siRNA). In addition, we
showed that the re-introduction of Pinl
enhanced Akt protein stability both in vitro and
in vivo in Pinl-null MEFs. However, Pinl
mutants (Pin1-W34A or Pin1-R68,69A, which
lost its substrate binding capability or isom-
erase activity, respectively) did not restore Akt
protein stability or activation phosphorylation
[175]. Thus, our results demonstrate that Pinl
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Figure 4. A plausible model on Pin1-mediated regulation of Akt stability and activation phosphorylation.

regulates Akt protein stability and activation
phosphorylation.

Based on our results and previous reports, we
propose a model to document the role of Pin1-
mediated conformational modifications during
multiple-step Akt activation (Figure 4). Briefly,
a nascent Akt protein is unstable and inactive;
after it has been phosphorylated on the T92-
Pro and T450-Pro motifs, the phosphorylated
Akt protein (Akt-pT92/T450) may remain unst-
able (Figure 4A) until Pin1-mediated conforma-
tional modification, the Akt-pT92/T450 protein
becomes stable, but remains inactive (Figure
4B) unless it has been further phosphorylated
by PDK1/2 (or mTORC2) (Figure 4C). In the
absence of Pinl (e.g., in Pin1l-null MEFs), the
Akt-pT92/T450 protein may still be able to
translocate to the inner plasma membrane
and be further activated by PDK1/2 (or
mTORC2) (Figure 4D); however, the protein will
be unstable unless Pinl is reintroduced, after
which Akt will become stable and fully active
(Figure 4E). Under certain conditions, the fully
active and stable Akt protein will also become
inactive and unstable as a result of protein
phosphatase-mediated dephosphorylation
(such as that mediated by PHLPPs and PP2A)
(Figure 4F). The balance between an active
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and stable Akt versus an inactive and unstable
Akt at the cellular level largely depends on the
kinetics of the upstream kinases and protein
phosphatases as well as the expression level
of Pinl. Therefore, identification of the kinases
that phosphorylate Akt on the Thr92-Pro and
Thr450-Pro motifs and further elucidation of
the mechanisms of Akt phosphorylation at the
Thr-Pro motifs under physiological conditions
will be important directions for future
research.

Perspective

In recent years, the mechanisms for Akt activa-
tion by PI3K-mTORC2 and inactivation by pro-
tein phosphatase PTEN, PP2A, and PHLPPs
have been well characterized. A negative
feedback regulation loop between the major
oncogenic survival factor Akt and the critical
pro-apoptotic factor p53 has also been estab-
lished. Components of the different mTORCs
and their functional roles in Akt activation
phosphorylation have been revealed. Another
intricate negative feedback loop among
MTORC2-Akt-mTORC1-S6K-IRS1-PI3K has
emerged, and its regulation under physiologi-
cal and pathological conditions needs further
elucidation. It is not yet clear how the different
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mTORCs are assembled physiologically and
what upstream signals activate the mTORC2
kinase. mTORC2 has been shown to be
involved in the regulation of Akt stability on
Ser473 at the HM and phosphorylation on
Thr450-Pro at the turn motif. However, the
spatial-temporal dynamics of mTORC2 that
control Akt phosphorylation at Thr450-Pro
(which may be required for a proper folding of
newly synthesized Akt protein) and Ser473
(which is required for a full activation) under
physiological conditions still must be eluci-
dated. It is debatable whether mTORC2 kinase
is directly responsible for Thr450-Pro motif
phosphorylation as well as regulation of Akt
folding and stability. The E3 ligases that
mediate Akt degradation by the UPS and
kinases that directly phosphorylate Akt on the
Thr92- and Thr450-Pro motifs are still elusive
and need to be revealed so that the physio-
logical regulation of Akt stability may be better
understood. We believe that further
elucidation of the cellular mechanisms
regulating Akt stability and the identification of
specific E3 ligases that mediate Akt degrada-
tion will not only show how Akt stability is
regulated physiologically but also open a new
avenue for targeted degradation of Akt protein
in human cancer.
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