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Summary. Kinases of the Akt family are integral and
essential components in growth factor signaling
pathways activated downstream of the membrane bound
phospho-inositol-3 kinase. In light of strong homologies
in the primary amino acid sequence, the three Akt
kinases were long surmised to play redundant and
overlapping roles in insulin signaling across the spectra
of cell and tissue types. Over the last 10 years, work
using mouse knockout models, cell specific inactivation,
and more recently targeted gene inactivation, has
brought into question the redundancy within Akt kinase
isoforms and instead pointed to isoform specific
functions in different cellular events and diseases. Here
we concentrate on the differential roles played by Aktl
and Akt2 in a variety of cellular processes and in
particular during cancer biogenesis. In this overview, we
illustrate that while Aktl and 2 are often implicated in
many aspects of cellular transformation, the two
isoforms frequently act in a complementary opposing
manner. Furthermore, Aktl and Akt2 kinases interact
differentially with modulating proteins and are necessary
in relaying roles during the evolution of cancers from
deregulated growth into malignant metastatic killers.
These different actions of the two isoforms point to the
importance of treatments targeting isoform specific
events in the development of effective approaches
involving Akt kinases in human disease.
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Introduction

Reversible protein phosphorylation plays a

widespread and essential role in the regulation of most
cellular functions. Among the kinases responsible for the
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phosphorylation of a variety of cellular substrates, Akt
kinases have been the subject of intensive research over
the past 20 years. Akt is a serine threonine protein kinase
activated by different stimuli via phosphatidylinositol 3
kinase (PI3K)-dependent mechanisms. The Akt gene is
the cellular homolog of the v-akt oncogene transduced
by AKTS, an acute transforming retrovirus in mice that
was originally described in 1977 and isolated from an
AKR thymoma cell line (Staal et al., 1977). For full
activation, Akt is phosphorylated at two sites, one within
the T-loop of the catalytic domain (Thr308 on Aktl) by
the phosphoinositide-dependent kinase 1 (PDK1) (Alessi
et al., 1997) and the second in the carboxyl terminal
hydrophobic domain (Ser473 on Aktl) by the Rictor
kinase part of the mammalian target of rapamycin
complex 2 (mTORC?2) (Sarbassov et al., 2005). These
activating phosphorylations of Akt need membrane
targeting followed by translocation of the activated
kinase to the nucleus (Andjelkovi¢ et al., 1997). Once
Akt has been phosphorylated and activated, it
phosphorylates many other proteins — for example
glycogen synthase kinase 3 (GSK3) and forkhead box
family of transcription factors (FOXOs) — thereby
regulating a wide range of cellular processes involved in
protein synthesis, cell growth and survival. proliferation,
metabolism and migration (reviewed by Manning and
Cantley, 2007; Restuccia and Hemmings, 2010).

The Akt family is expressed as three isoforms; Aktl,
Akt2 and Akt3 (Vivanco and Sawyers, 2002; Toker and
Yoeli-Lerner, 2006). The primary amino acid sequences
of mouse, rat and human Aktl and Akt2 have been
aligned in Figure 1A using ClustalW showing 81%
homology between Aktl and Akt2 from these different
species. This alignment also reveals 98% inter
mammalian species homology for Aktl or Akt2. In Fig.
1B, C, the sequence alignment between the last 130
amino acids from human Aktl and Akt2 is shown to
illustrate some major differences between these isoforms
in the putative secondary structure prediction. Indeed, in
Fig. 1C, the alpha helix and beta sheet structures are
partially inverted between the two isoforms from amino
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acids 410 to 460. Even though the Akt isoforms share a
similar primary structure with a conserved amino-
terminal pleckstrin homology domain, a central serine-
threonine catalytic kinase domain and a small carboxyl-
terminal regulatory domain, they differ in their
biochemical properties. Here, using high resolution 2-
dimensional gel electrophoresis, we show Akt2 having a
slightly higher molecular weight and resolving as a more
basic form than Aktl in mouse myoblast extracts (Fig.
2A-C). Whereas Aktl is ubiquitously expressed, Akt2 is
highly expressed in insulin-sensitive tissues, including

AKT2_M MNEVSVIKEGWLHKRGE YIKTWRPRYFLLKSDGSFIGYKERPEAPDQTLP 50
AKT2_R MNEVSVIKEGWLHKRGE YIKTWRPRYFLLKSDGSFIGYKERPEAPDQTLP 50
AKT2_H MNEVSVIKEGWLHKRGE YIKTWRPRYFLLKSDGSFIGYKERPEAPDQTLP 50
AKT1 M MNDVA IVKEGWLHKRGE YIKTWRPRY FLLKNDGTF IGYKERPOO VDQRES 50
A AKT1-R MNDVA IVKEGWLHKRGE YIKTWRPRY FLLKNDGTFIGYKERPODVEQRES 50
AKT1 H MSDVA IVKEGWLHKRGE YIKTWRPRY FLLKNDGIF IGYKERPOD VDQREA 50
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AKT2_M PLNNF SVAECQLMKTER PRPNTFVIRCLOWTTVIERTFHVD SPDEREEWM 100
AKT2_R PLNNF SVAECQLMKTER PRPNTFVIRCLOWTTVIERTFHVDSPDEREEW! 100
AKT2_H PLNNF SVAECQLMKTER PRPNTFVIRCLOWTTVIERTFHVDSPDEREEWM 100
AKT1 M PLNNFSVACCQLMKTER PRPNTF IIRCLOWTTVIERTFHVE TPEEREEWA 100
AKT1_R PLNNF SVACCQLMKTERPRPNTF I IRCLOWTTVIERTFHVE TPEEREEWT 100
AKT1 H PLNNFSVACCQLMKTER PRPNTF IIRCLOWTTVIERTFHVE TPEEREEW! 100
e dedk dedk sk ok deok gk sk ok ok ok ook ko sk ok ke ok ek ke g ok ek ok
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AKT2_R RAIQMVANSLKQRG PGEDAMD YKCGS PSI VIMN 150
AKT2_H RAIQMVANSLKQRAPGEDFMD YKCGSPSDS STTEEMEVAVSKARAKVTMN 150
BAKT1 M TATQTVADGLKROE -~EETMDFRSGSPSDN SGAEEMEVS LAKPKHRVIMN 148
AKT1 R TATIQTVADGLKROE ~~EETMDFRSGSPSDN SGAEEMEVALAKPKHRVIMN 148
AKT1_H TAIQTVADGLKK (O ~~EEEMDFR SGSPSDN SCAEEMEVS LAKPKHRVIMN 148
Stk ks sk s e Rk pae ot deok deg e sk ok g seoe taesg seog ok ok
AKT2 M DFDYLKLL I YYAMKILRKEVIIAK TE 200
AKT2 R DFDYLKLL I YYAMKI LRKEVII TE 200
AK‘I?:E DFDYLKLLGKGTFGKVILVREKATGRYYAMKI LRKEVIIAKDEVAHTVTE 200
AKT1 M EFEYLKLLGKGTFGKVI LVKEKATGRYYAMKI LKKEVIVAKDEVAHTLTE 198
AKT1_R EFEYLKLLGKGTFGKVI LVKEKATGRYYAMKI LKKEVIVAKDEVAHTLTE 198
AKT1_H EFEYLKLLGKGTFGKVI LVKEKATGRYYAMKI LKKEV IVAKDEVAHTLTE 198
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T2_R SRVLONTRHPFLTALKY AFQTHDRLCFVME YANGGDLFFHLSRERVFTED 250
AKT2_H SRVLONTRHPFLTALKYAFQTHDRLCFVME FFHL FTEE 250
AKT1 M NRVLONSRHPFLTALKY SFQTHDRLCFVME FFHL FSED 248
AKT1_R NRVLONSRHPFLTALKY SFQTHDRLCFVME FFHL FSED 248
AKT1_H NRVIONSRHPFLTALKY SFQTHDRLCFVME FFHL FSED 248
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AKT2_M RARFYGAE IVSALE YLHS-RDVVYRD IKLENLMLDKDGHIKITDFGLCKE 299
AKT2_R RARFYGAE IVSALE YLHS-"DVVYRD IKLENLMLDKDGHIKITDFGLSKE 299
AKT2_H RARFYGAE IVSALE YLHS-RDVVYRD IKLENLMLDKDGHIKITDFGLCKE 299
AKT1 M RARFYGAE IVSALD YLHSE KNVVYRD LKLENLMLDKDGHIKITDFGLCKE 298
AKT1_R RARFYGAE IVSALD YLHSE KNVVYRD LKLENLMLDKDGHIKITDFGLCKE 298
AKT1 H RARFYGAE IVSALD YLHSENVVYRDLKLENLMLDKDGHIKITDFGLCKE 298
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AKT2 M GISDGATMKTFCGTPEY LAPEVLEDNDY GRAVDWWGLGVVMYEMMCGRLP 349
AKTZ_R GISI ‘GTPEY LAPEVLEDNI GVVMYEMMCGRLP 349
AKT2_H GISI 'GTPEY LAPEVLEDNI GVVMYEMMCGRLP 349
AKT1 M GIKI FCGTPEY LAPEVLEDNL GVVMYEMMCGRLP 348
AKT1 R GIKDGATMKT FCGTPEY LAPEVLEDNDY GRAVDWWGLGVVMYEMMCGRLP 348
AKT1_H GIKDGATMKT FCGTPEY LAPEVLEDNDY GRAVDWWGLGVVMYEMMCGRLP 348
oy kk dkk dede e ke sk deok ek ek sk ok ek ek ek
AKT2 M FYNQDHERLFELILMEE IRFPRTLGPEAKS LLAGLLKKDPKQRLGGGPSD 399
AKT2 R FYNQDHERLFELILMEE IRFPRTLGPEAKS LLAGLLKKDPKQRLGGGPSD 399
AKT2_H FYNQDHERLFELILMEE IRFPRTLS LLAGLLKKD PK( SD 399
AKT1 M FYNQDHEX LFELILMEE IRFPRTLGPEAKSLL SGLLKKDPTQRLGGGS D 398
AKT1-R FYNQDHEK LFEL ILMEE IRFPRTLGPEAKSLL SGLLKKDPTQRLGGGSED 398
BAKT1 H FYNQDHEK LFEL ILMEE IRFPRTLGPEAKSLL SGLLKKDPKQRLGGGS D 398
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AKT2_M AKEVMEHRFFLS INWODVVQKKLLPPFKPQVT SEVDTRYFDDEFTAQS IT 449
AKT2_R AKEVMEHRFFLS INWODVVQKKLLPPFKPQVT SEVDTRYFDDEFTAQSIT 449
AKT2_H AKEVMEHRFFLS INWQD VVQKKL LPPFKPQVT SEVDTRYFDDEFTAQSIT 449
AKT1 M AKE IMOHRFF AN IVWODVY EKKL SPPFKPQVTSETDTRYFDEEFTAQYIT 448
AKT1 R AKE IMOHRFF AN IVWODVY EKKL SPPFKPQVTSETDTRYFDEEFTAQVIT 448
AKT1_H AKE IMOHRFFAG IVWQHVY EKKL SPPFKPQVTSETDTRYFDEEFTAQVIT 448
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AKT2_M ITPPDRYDSLOPLELDQRTHFPQFSYSASIRE 481
AKT2_R ITPPDRYDSLGSLELDQRTHFPQFSYSASIRE 481
AKT2_H ITPPDRYDSLGLLELDQRTHFPQFSYSASIRE 481
AKT1 M ITPPDODDSMES SERRPHFPQFSYSASGTA 480
AKT1 R ITPPDOODSMECVD SERRPHFPQFSY SA! 480
AKT1_H ITPPDOODSMECVD SERRPHFPQFSYSASGTA 480

ek ok sk Kag oo 3030 303000 Ko Kok ek ook ok g s

liver, skeletal muscle, pancreas and adipose tissue, and
its protein expression is drastically increased during
differentiation of both adipose tissue (Hill et al., 1999)
and skeletal muscle (Vandromme et al., 2001). In
contrast, Akt3 displays more restricted tissue distribution
with high levels in brain and testis and little or no
expression in visceral organs and muscle tissue. The PH
domain anchors all 3 kinase isoforms at the plasma
membrane. Indeed, overexpressed myristylated forms of
Aktl and Akt2 are constitutively membrane bound, as
shown in Figure 3. Gene ablation experiments in mouse
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Fig. 1. Primary amino acid sequence alignment of Akt1 and Akt2
isoforms in mouse, rat and human and secondary structure prediction of
human Akt1 and human Akt2. A. Protein sequence alignment of both
Akt1 and Akt2 isoforms in mouse, rat and human. All sequence
alignments have been performed using the ClustalW2 shared software
from EBI, UK (http://www.ebi.ac.uk/Tools/clustalw2/index.html). B.
Sequence alignment for the last 130 amino acids of human Akt1 and
Akt2. In both sequence alignments (A and B), different residues are
shown in red and similar residues are shown in blue. C. Secondary
structure prediction for the last 130 amino acids of human Akt1 and Akt2
using GOR4 shared software from PBIL, France (http://npsa-
pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_gor4.html).
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models show that each Akt isoform plays a different role
in metabolism and growth. For example, Aktl knock-out
mice are smaller than their wild-type counterparts and
Aktl-null cells display higher rates of apoptosis,
indicating a critical role for Aktl in cell growth and
survival (Chen et al., 2001; Cho et al., 2001a). In
contrast, Akt2 knock-out mice develop type 2 diabetes-
like phenotypes with impaired glucose metabolism,
suggesting a role for Akt2 in the maintenance of glucose
homeostasis (Garofalo et al., 2003 ; Cho et al., 2001b).
Concerning Akt3, it has been implicated in brain
development because Akt3 knock-out mice display
impaired brain growth (Tschopp et al., 2005). Even
though the role of each isoform has been depicted with
single isoform deletion, problems of functional
redundancy and overlap and/or compensation of gene
expression have been revealed in double knock-out
mice. For instance double deletions of both Aktl and
Akt2 caused lethality shortly after birth (Peng et al.,
2003) while the double deletion of Aktl and Akt3 was
lethal in early embryonic stages (Yang et al., 2005). In
this review, we will focus on the distinct roles and
substrate specificity of Aktl and Akt2 isoforms in cell
proliferation and differentiation of normal or
transformed cell lines as well as during cell migration,
invasiveness and thus tumorigenesis.

Akt isoform specificity in cell proliferation and the
development of cancer

Over the past two decades, a multitude of studies
have revealed the unequivocal importance of signalling
through the PI3K, PTEN and Akt pathways leading to
tumorigenesis. Indeed the Akt kinases were found to be
hyper-activated in a majority of tumors (Cicenas, 2008;
see section below). Because Aktl and Akt2 isoforms are
ubiquitously expressed in all cells and tissues, although
at different levels, investigating the role played by Akt
isoforms in the control of cell proliferation has provided
insights into the pathophysiological mechanisms of
cancer development. In the study of Akt isoform-
specificity, we showed that Aktl, but not Akt2, played
an essential role in G1/S transition and proliferation
(Heron-Milhavet et al., 2006). Using microinjection of
antibodies, we first suggested true isoform-specific roles
of Aktl and Akt2 in cell proliferation (Vandromme et
al., 2001) later confirmed by siRNA depletion in mouse
C2 myogenic cells (Heron-Milhavet et al., 2006). In
order to perform conclusive studies on the role of Akt
isoforms in normal and in transformed cells, isoform-
specific tools have to be validated. Santi and Lee
recently examined the distinct subcellular localizations
of the three Akt isoforms using antibodies available to
distinguish Aktl, Akt2 and Akt3. According to this
study, Aktl was localized in the cytoplasm, Akt2 was
colocalized within mitochondria while Akt3 was
localized in both the nucleus and nuclear membrane
(Santi and Lee, 2010). These results diverge from our
own observations with endogenous or ectopically

expressed HA- or GFP-tagged Aktl and Akt2 showing
Akt2 to be predominantly nuclear, while Aktl was
cytoplasmic and membrane bound in unstimulated cells.
As shown in rat embryonic fibroblasts (REF52 cells)
upon activation using growth factors, both endogenous
and overexpressed tagged Aktl undergo a brief nuclear
translocation (Andjelkovic et al., 1997). In addition, cell
fractionation experiments on normal fibroblasts and the
use of isoform-specific antibodies have shown a
predominant nuclear localization of Akt2, even before
growth factor stimulation (Heron-Milhavet et al., 2006).

Data showing mitochondrial localization for Akt2
are also controversial in light of a recent finding
concerning the C-terminal modulator protein CTMP.
This protein, described as binding Akt C-terminal region
(Maira et al., 2001), appears to preferentially associate
with Aktl (our unpublished data). It has also been
recently shown to be localized in the mitochondrial
compartment (Parcellier et al., 2009) and further work is
clearly required to clarify these observations (see
below).

As far as the implication of the different Akt
isoforms in human cancer are concerned, Liu and
colleagues (2009) recently reviewed the incidence of
genetic alterations in Aktl and Akt2 isoforms. An
activating mutation in the PH domain of Aktl (E17K) —
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Fig. 2. Akt1 and Akt2 distinction by high resolution 2-dimensional
PAGE. Protein extracts from C2.7 mouse proliferative myoblasts were
separated by high resolution 2-dimensional PAGE. Western blot using
isoform specific anti-Akt1 (A) and anti-Akt2 (B) antibodies revealed
migration of both isoforms as compared to tubulin (shown as a black
triangle). The merge image of both results is shown in panel C.
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which results in growth factor-independent membrane
translocation of Akt and increased Akt phosphorylation
levels — was identified in melanomas, breast, colorectal
and ovarian cancers (Carpten et al., 2007; Davies et al.,
2008). Another study showed the expression of Aktl
protein and mRNA was similar in gliomas and normal
control tissues, whereas the protein and mRNA levels of
Akt2 increased with the pathological grade of
malignancy, while that of Akt3 decreased with
increasing grade malignancy (Mure et al., 2010). Taken
together, there is clear evidence that deregulation,
particularly amplification of each isoform, accompanies
many tumor types, thus confirming the important role of
this family of kinases in human tumorigenesis.

The protein kinase Akt has frequently been linked to
induction and progression of cell growth particularly of
breast-derived adenocarcinomas during breast cancer.
Using fluorescence in situ hybridization (FISH) analysis,
Kirkegaard and colleagues have shown that, in estrogen
receptor-positive breast carcinomas, Aktl and Akt2
genes were mutated (essentially deletion mutations) in
5% and 22% of the cases respectively (Kirkegaard et al.,
2010). In the context of the complex in vivo
environment, Aktl was shown to promote, whereas Akt2
inhibits, mammary tumor induction and growth
(Maroulakou et al., 2007). This outcome could not have

Injection
Marker

myr-Akt

DNA

been predicted from the results of earlier in vitro studies,
but is in agreement with our “in cellulo” study of Aktl
and Akt2 (Heron-Milhavet et al., 2006). In 2008, it was
also shown that Aktl and Akt2 have distinct roles in
lactogenic differentiation and involution in mammary
gland development. The ablation of Aktl delays the
differentiation of mammary epithelia during pregnancy
while lactation and extinction of Akt2 have the opposite
effect (Maroulakou et al., 2008). It has also been shown
that coexpression of Aktl and ErbB2 can accelerate
early stages of ErbB2-mediated tumorigenesis through
increased cellular proliferation but interferes with
subsequent metastatic progression by inducing
mammary epithelial differentiation (Hutchinson et al.,
2004).

Another recent report described distinct biological
roles of the Akt family in mammary tumor progression
(Dillon et al., 2009) where Aktl plays an essential role
in breast cancer induction and Akt2 is primarily involved
in metastatic dissemination. This conclusion was
reinforced in a recent review recapitulating the role of
components of PI3 kinase pathway in mammary gland
development and breast cancer (reviewed by Wickenden
and Watson, 2010). Thus the two Akt members
frequently perform distinct but complementary functions
illustrated in breast tumor progression (See below and

Fig. 3. Microinjection of using
CMV driven CDNA encoding
for myr-Akt1 and myr-Akt2 into
human myoblasts. Injections
were performed using
myristylated GFP-tagged
isoforms (in green) along with
Texas-red Dextran as the
injection marker (in red). DNA
was stained with Hoechst (in
blue).
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scheme in Fig. 4).

Akt-isoform specificity and cell migration and
invasion

Cancer lethality significantly increases when tumor
cells acquire phenotypes that eventually lead to
metastasis, which is responsible for more than 90% of all
cancer patient deaths. Metastasis involves the spreading
of cancer cells from their initial site of neogenesis to
other locations in the body and subsequent anchorage
and growth into tumors. Metastasis develops through a
variable cellular sequence that includes relaxed
proliferation control and resistance to apoptosis,
Epithelial to Mesenchymal Transition (EMT),
detachment from the primary tumor site and escape into
the blood or lymph networks followed by reattachment,
de novo growth and inception of an autonomous blood
supply (angiogenesis) at the new location.

The level of phosphorylated Akt was found to be
much higher in metastatic breast cells compared to non-
metastatic tumors cells (Qiao et al., 2007). It is now
accepted that activated Akt phosphorylates GSK38 on
serine 9, causing inactivation and enhanced proteolytic
degradation of GSK38, which consequently increases
the stability of transcription regulators such as SNAIL.
This in turn decreases transcription of the trans-
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Figure 4. Schematic representation of the different aspects of

Akt-dependent tumorigenesis during the epithelial to mesenchymal transition.
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membrane proteins, including E-cadherin, a protein
primarily implicated in forming adhesions between
adjacent cells, thereby facilitating their detachment and
subsequent entry into the blood or lymph (Julien et al.,
2007). The decrease in E-cadherin is also a hallmark of
the Epithelial to Mesenchymal Transition (Grille et al.,
2003). EMT is a process that plays an important role
both during development and in oncogenesis. The
developmental switch characteristic of EMT renders
tumor cells undergoing this process less adherent,
therefore more invasive and metastatic. Akt is known to
be an enhancer of cell motility in distinct cell types
(reviewed by Chin and Toker, 2010), but it is still
unclear what role each isoform plays. While Aktl and
Akt2 have been studied, the role of Akt3 in cell motility
is still poorly examined or unknown. In fibroblasts,
ectopic overexpression of Akl increased cell motility
(Higuchi et al., 2001) and a similar conclusion that Akt
was required for cell migration was reached using
fibroblasts from Aktl knock-out mice (Zhou et al.,
2006). Mouse embryonic fibroblasts (MEF) lacking
Aktl exhibit impaired migration and peripheral ruffling
in response to PDGF stimulation, whereas MEF lacking
Akt2 are normal (Kim et al., 2008). Moreover,
overexpression of Aktl, but not Akt2, is sufficient to
restore PDGF-induced cell migration in an Aktl/Akt2
deficient background (Kim et al., 2008). While the
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mechanisms behind this are unknown, it has been
suggested that Aktl controls cell migration by
selectively translocating to the leading edge and
activating Rac through phosphorylation (Kim et al.,
2008). Thus, Aktl seems to be the predominant isoform
promoting cell motility in fibroblasts. In contrast, in cells
of endodermal origin, such as breast epithelial cells,
overexpression of Aktl, but not Akt2, blocked cell
migration, invasion and thus metastasis through
proteosomal degradation of the transcription factor
NFAT (Yoeli-Lerner et al., 2005). Akt2 has also been
shown to enhance the migratory and invasive
phenotypes in other endodermal/epithelial cells, such as
breast carcinoma cells, by up-regulating 31 integrins and
promoting adhesion and invasion of breast cancer cells
in vitro, and also metastasis in vivo (Arboleda et al.,
2003). Moreover, it has been shown that Akt2 is
specifically involved in the epithelial to mesenchymal
transition (Irie et al., 2005; Aktas et al., 2009; Iliopoulos
et al., 2009; Ptaszynska et al., 2010).

Ablation of Aktl inhibits, whereas ablation of Akt2
accelerates, tumor induction and growth by polyoma
middle T and ErbB2 (Maroulakou et al., 2007).
However, mammary adenocarcinomas developing in
Aktl knock-out mice are more invasive than those seen
in Akt2 knock-out or wild-type mice, supporting that
knockdown of Aktl may enhance tumor invasiveness, a
process independent of tumor induction and growth in
epithelial cells. These findings were consistent with
observations demonstrating that Aktl down-regulation
or ablation promotes migration and invasiveness of
human epithelial cells in culture (Irie et al., 2005),
perhaps by initiating EMT. Thus, inhibition of individual
Akt isoforms may have both desirable and undesirable
effects during oncogenesis. Iliopoulos et al. have begun
to identify and characterize some downstream targets of
different Akt isoforms (Iliopoulos et al., 2009). They
described a set of microRNAs that are differentially
regulated by the three Akt isoforms in non transformed
mammary epithelial cells (MCF10A) stimulated with
insulin-like growth factor I (IGF-I). They were able to
demonstrate that an imbalance between Aktl and Akt2
deregulates the abundance of the miR-200 family of
microRNA that controls EMT and stem cell renewal
programs (Iliopoulos et al., 2009). The same was true
both in mouse and human tumors. Down-regulation of
the miR-200 microRNA family members in these cell
types appears to depend not on Akt activity per se, but
on the balance between Aktl and Akt2 isoforms.
Knocking down exclusively Aktl, but not Akt2 or the
double knockdown (Aktl and Akt2) would promote
EMT by decreasing the abundance of the miR-200
microRNA family members. While there is clear
evidence that Aktl is involved in migration of some cell
types, mostly of ectodermal origin, the inverse is true in
epithelial cell types, which make up the bulk of human
tumor types, and where Akt2 stimulates motility and
Aktl reduces it. Again, these observations support the
hypothesis that these two isoforms play different and

opposing roles, even though such roles may inverse in a
cell type-specific manner.

Re-adhesion of cells is also a critical step in cancer
metastasis. Re-inforced adhesion of cancer cells can be
activated by extracellular forces such as pressure, and
the implication of Akt isoforms in this process was
investigated in 2008 (Wang and Basson, 2008).
Reducing Aktl, but not Akt2, reduced cancer cell
adhesion associated with increased (15 mm Hg)
extracellular pressure. To identify the determinants of
this Akt isoform specificity, the PH domain and/or hinge
regions of Aktl and Akt2 were exchanged. The Aktl PH
domain and hinge regions were identified as functional
domains which jointly permit Aktl translocation and
phosphorylation in response to extracellular pressure
(Wang and Basson, 2008).

Taken together these studies point to complementary
roles of Aktl and Akt2 in epithelial tumor metastasis,
with Akt2 involved in the first step of invasiveness, the
EMT, leading to reduced adhesion and increased
migration, and Aktl involved in the latter stage of tumor
anchoring through re-adhesion (Fig. 4). Nevertheless,
the question remains of how these two closely related
kinases may perform such distinct functions in the same
cellular environment. The simplest possibility would be
through their specific phosphorylation of distinct
substrates as well as their specific intracellular
localization.

Akt isoform-specific substrates

By systematically permutating the amino-acid
sequence surrounding the Akt phosphorylation site in
GSK3, Alessi et al. (1996) derived an optimal peptide
sequence for Akt phosphorylation (R-X-R-X-X-S/T;
where X is any amino acid). This Akt consensus motif is
a common feature of known substrates of Akt, and its
presence predicts reasonably well whether a given
protein may be phosphorylable by Akt kinases in vitro.
Without any isoform specificity, targets of Akt with
implications in apoptosis have been discovered; BAD
regulation by Akt has exemplified the molecular
pathways linking survival factor signalling to apoptosis
suppression (reviewed by Franke and Cantley, 1997).
Another important class of Akt targets are proteins
involved in the stress-activated/mitogen activated
protein kinase (SAPK/MAPK) cascades. A close
functional relationship between the Akt survival
pathway and SAPK/MAPK cascades activated by
numerous cellular stresses and linked to apoptosis was
reported in 2008 (reviewed by Franke, 2008). Finally,
some Akt substrates with specific metabolic functions
have also been identified. These include the insulin-
mediated increase in glycogen synthesis and suppression
of glycogenolysis through the Akt-dependent
phosphorylation and inactivation of GSK3a and 8, and
other metabolic effects of Akt activation include the
phosphorylation and activation of 6-phosphofructo-2-
kinase (reviewed by Franke, 2008).
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Are there possible isoform-specific Aktl and Akt2
signaling pathways that would lead to substrate
selectivity between the two isoforms? As examples in
this exciting area of research, it has been reported that
Akt2, rather than Aktl, was the principal isoform
responsible for the stimulation of Glut4 translocation in
adipocytes (Katome et al., 2003). Another example was
described above relating that the knock-down of Aktl
led to an increase in the migration of mammary
epithelial cells whereas the knock-down of Akt2 did not
(Irie et al., 2005). In these different examples, the
possible occurrence of Akt isoform-specific substrates
with differential accessibility, or ability to be recognized,
must exist. Other recent studies have examined
specificity in Akt isoform substrates and an actin-
associated protein palladin was identified as an Aktl-
specific substrate that modulates invasive migration of
breast cancer cells. Aktl, but not Akt2, phosphorylated
palladin at Ser507 in a domain critical for F-actin
bundling (Chin and Toker, 2010). As detailed above,
increased expression of Aktl was shown to reduce cell
migration in epithelial cells, in particular migration
induced through ERK-MAPK pathways; on the contrary,
Akt2 upregulated 1 integrin expression, promoted cell
invasiveness and metastasis (Arboleda et al., 2003).
Palladin is thought to have anti-migratory and anti-
invasive activity at least in breast cancer cells. These
findings identified palladin as a specific substrate for
Aktl that regulates cell motility and provides a putative
molecular mechanism that accounts at least in part for
the functional distinction between Akt isoforms in breast
cancer cell signalling with respect to cell migration
(Chin and Toker, 2010). In the switch of C2C12 cells
from proliferating to differentiating phenotypes, Gherzi
and colleagues also identified Pitx2 as a substrate
phosphorylated by Akt2, which is effectively implicated
in modulating the interchange between proliferation and
differentiation in these mouse myoblasts. Indeed, when
the differentiation program is initiated, phosphorylation
of Pitx2 by Akt2 impairs its association with the Cyclin
D1 mRNA-stabilizing complex thus shortening the half-
life of Cyclin D1 (Gherzi et al., 2010). Prohibitin-1 is
another protein likely playing an important function in
cell metabolism and proliferation and has been
characterized as an Aktl substrate in MiaPaCa-2 cells
(Han et al., 2008), where Aktl may regulate the cellular
functions of prohibitin-1 via its phosphorylation. Within
the last ten years, the quest for other isoform specific
Akt substrates has increased in an attempt to understand
the specific roles of Akt isoforms even though the
conclusions drawn from some of these studies remain
controversial. Among the groups working to elucidate
the isoform-specific substrates, we identified p21 as a
specific phospho-substrate of Aktl and we showed that
Akt2 did not phosphorylate p21 but instead bound to p21
(Heron-Milhavet et al., 2006). It had been previously
shown that Akt could phosphorylate p21 without
defining which isoform. This conclusion was reinforced
by our data showing that only the Aktl isoform

phosphorylated p21, inducing its release from cdk2 and
cytoplasmic relocalization. In contrast, Akt2 binds p21
competing with phosphorylation by Aktl and inducing
accumulation of p21 in the nucleus (Heron-Milhavet et
al., 2006). We further demonstrated that Aktl, but not
Akt2, plays another major role in early cell cycle exit
and myogenic differentiation through, at least in part, its
specific interaction with a second member of the
prohibitin family, Prohibitin-2/REA (Heron-Milhavet et
al., 2008). This member of the prohibitin family has also
been implicated in various cellular processes including
cancer cell proliferation and adhesion (Sievers et al.,
2010).

Because we found that, in myoblasts and fibroblasts,
the interaction of Ak2 with p21 is an important event in
stabilizing p21 in the nucleus and subsequent regulation
of cell cycle, we have recently been focusing on
determining the region of Akt2 involved in this
interaction. We have determined that the region of p21
involved in binding Akt2 spans the T145
phosphorylation site (Heron-Milhavet et al., 2006). To
study the region involved in p21 binding, we are
exploiting different C-terminal and N-terminal mutant
forms of Akt2 and human full length p21. Our ongoing
experiments indicate a 30 amino acid region within the
last 70 amino acids of Akt2 (LHM, AF and NJL;
manuscript in preparation).

Activation of Akt and isoform-specific protein kinase
inhibition

PDK1 activates at least 23 AGC kinases by
phosphorylating a specific Thr or Ser residue located
within the T-loop of the kinase domain (Alessi et al.,
1997). For Aktl and Akt2, maximal activation also
requires phosphorylation of a second serine located in
the C-terminal part of the catalytic domain within a
region known as the hydrophobic motif (Yang et al.,
2002). It has been established that insulin-induced
activation of Aktl and Akt2, although markedly
diminished, was not abolished in mouse models
expressing a form of PDK1 mutated in the PH domain
and in ES cells derived from it (Bayascas et al., 2008).
Inhibition of Akt resulted from reduced phosphorylation
of Thr308, which is catalyzed by PDK1, rather than
altered phosphorylation of Ser473, which is mediated by
mammalian target of rapamycin complex-2 (mTORC2)
(Bayascas et al., 2008). Although isoform-specific
substrates of Aktl and Akt2 have now been described, it
is still unclear if differential isoform-specific Akt
activation mechanisms exist, principally because the
tools available to date do not distinguish between Aktl
and Akt2 phosphorylation and/or activation. In this
respect, overexpression of either isoform constitutively
bound to the membrane (Fig. 3) is also associated with
uncontrolled Akt activation even though neither isoform
can translocate to the nucleus.

Several studies have found Akt2 to be amplified or
overexpressed at the mRNA level in various tumor cell
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lines and in a number of human malignancies, such as
colon, pancreatic and breast cancers. One recent study
measuring the levels of Akt isoform phosphorylation and
thus activation state, described that assessing activation
of Akt isoforms by monitoring Akt phosphorylation state
would be a more clinically significant marker than
measuring only Akt2 amplification or overexpression
(Cicenas, 2008). The implication of the PI3K pathway
has also been described in chronic myelogenous
leukemia (CML) after activation by Ber-Abl chimera
protein which promotes leukemogenesis in these cells
(Hirano et al., 2009). Indeed Bcr-Abl repression
continuously activates Aktl, Akt2 and Akt3 via
phosphorylation on Ser473, resulting in CML cell
proliferation. Akt activation is also a common finding in
pediatric malignant gliomas where overexpression of
activated Akt was observed in 42 of 53 tumors (Pollack
et al., 2010). With respect to apoptosis, a novel
mechanism was recently described involving recruitment
of PDK1 to the SHPS-1 signaling complex which is
required for IGF-I-stimulated Akt-T308 phosphorylation
and resulting inhibition of apoptosis (Shen et al., 2010).
Finally, a further mechanism leading to cisplatin
resistance in lung cancer cells was identified describing
Akt, without specifying the isoform, as the downstream
target of GRP78 in mediating drug resistance in these
cells (Lin et al., 2011).

Recently, the intriguing possibility of activation of
Akt through tyrosine phosphorylation in transformed
cells has been raised. Although not expressed in normal
mammary gland tissue, protein tyrosine kinase 6 (PTK6)
is expressed in the majority of human breast tumors
examined to date and it has been reported that Akt, again
without specifying the isoform, is a potential direct
substrate of PTK6 through phosphorylation of Tyr315
and 326, events which would promote Akt activation in
response to epidermal growth factor (Zheng et al., 2010).
More data will be required before a direct connection
between Akt activation, and in particular which isoform,
is established.

Since hyperactivation of the Akt pathway has been
detected in up to 50% of all human tumors and is closely
associated with chemoresistance (Sun et al., 2001;
Altomare et al., 2005), Akt has become an attractive
target for anti-cancer drug discovery. To study the
increase in radiosensitivity of human carcinoma cell
lines, selective inhibition of Ras, PI3K and Akt isoforms
has been carried out, revealing that inhibition of Aktl
reduced tumor cell radiation survival whereas inhibition
of Akt2 or Akt3 was less effective; selective inhibition
of Aktl has thus been proposed as a viable approach to
sensitizing many tumor cells to cytotoxic therapies (Kim
et al., 2005). Alternatively, in squamous cell carcinomas,
Aktl downregulation is common, while Akt2 up-
regulation is widespread. Here activation of up-regulated
Akt2 involving serine phosphorylation (i.e. 473)
correlates with high grade tumors, the most dangerous
forms. These findings suggest that Akt2 would be a
possible therapeutic tumor target in squamous cell

carcinomas (O’Shaughnessy et al., 2007). These data
confirm that Aktl and Akt2 isoforms appear to have
distinct cell-dependent effects, the nature of which may
interchange in a manner that depends on the cellular
background, such that in some cell types Aktl is
associated with poor prognosis while in others, this role
will be prevalent for Akt2.

In 2005, Merck Research Laboratories described
potent Aktl and Akt2 dual inhibitors. Compounds from
this series, which contain a 5-tetrazolyl moiety, generally
exhibit more potent inhibition of Akt2 than Aktl (Zhao
et al., 2005). At the same time another group at Merck
identified two Akt inhibitors that exhibited enzyme
isoform specificity. The first inhibited only Aktl, while
the second inhibited both Aktl and Akt2 isoforms (both
compounds being reversible) and blocked
phosphorylation and activation of the corresponding Akt
by PDK1 (Barnett et al., 2005). In 2008, the same group
described potent, allosteric dual Aktl and Akt2
inhibitors with improved aqueous solubility that
translated into enhanced cellular activity and resulting
caspase-3 induction (Zhao et al., 2008). Importantly, the
discovery and development of these small Akt inhibitor
molecules enabled clearer insight into the implication of
each isoform in tumorigenesis. For example, it has now
been shown that inhibition of both Aktl and Akt2
selectively sensitized tumor cells, but not normal cells,
to apoptotic stimuli (DeFeo-Jones et al., 2005).

Confirming the efficacy of targeting Akt in the
resistance of cancer cells to apoptosis, a recent study
reported the identification of another small chemical
inhibitor of Akt, API-1, which binds to the PH domain
of Akt (thus inhibiting all three members of the Akt
family by blocking their membrane translocation).
Treating cancer cells with API-1 inhibited Akt
phosphorylation on threonine 308 and inactivated all
three kinase members. Inhibition of Akt by API-1 also
selectively resulted in cell growth arrest and apoptosis in
human cancer cells that harbour constitutively activated
forms of Akt (Kim et al., 2010).

Another small-molecule inhibitor of Akt
phosphorylation was recently presented in phase I
clinical trials and administered to patients with tumors
displaying increased Akt phosphorylation. Modest
decreases in tumor-associated Akt phosphorylation were
detected following treatment with triciribine phosphate,
although the significance of these conclusions must be
tempered by the variable dose levels used and the small
sample size, characteristic of phase I trials (Garett et al.,
2010).

Akt protein inhibitors and modulators

A number of naturally occurring protein inhibitors
and modulators of Akt have also been described. It has
been known for a number of years that PDK1 is the
kinase that phosphorylates Thr308 on Aktl or Thr309 on
Akt2. Furthermore, a mutation in the PH domain of
PDKI inhibits Akt activation, leading to smaller size
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animals and insulin resistance in mouse models
(Bayascas et al., 2008). Another protein which interacts
with Akt through the PH domain is casein kinase 2-
interacting protein-1 (CKIP-1) which also has an Akt
inhibitory function. Once bound through a site in the N-
terminal of CKIP-1, CKIP-1 forms complexes with all
three Akt isoforms through their PH domains, an
interaction that specifically decreases Akt kinase
activity. Stable expression of CKIP-1 in cells results in
Akt inactivation and inhibition of cell growth in vitro,
suggesting that CKIP-1 would be a candidate tumor
suppressor through inhibition of Akt’s functions (Tokuda
et al., 2007). A positive role of CKIP-1 during the
proliferation and differentiation of skeletal muscle C2
myoblasts has also been shown previously downstream
of the insulin stimulation of the PI3K pathway (Safi et
al.,2004).

The carboxyl-terminal modulator protein CTMP is
another protein which interacts with Akt and has been of
interest for our laboratory. First discovered in 2001,
CTMP was identified as a protein partner for Akt that
specifically binds the COOH terminus of Akt at the
plasma membrane (Maira et al., 2001). In humans, mice
and rats, CTMP is one member of the thioesterase family
(thioesterase superfamily member 4), a family of
proteins which have remained unchanged since bacteria.
CTMP binding to the C-terminal region of Akt inhibits
its phosphorylation on Ser 473 and Thr 308 leading to
the suggestion that CTMP was a negative regulatory
component in the pathway controlling Akt activation
(Maira et al., 2001). Three years later, additional insights
into the implication of CTMP-Akt in cancer arose,
where loss of CTMP function and/or expression reduced
its inhibitory effects on Akt and promoted
tumorigenesis. Indeed, when primary glioblastomas and
glioblastoma cell lines were studied for the
consequences of CTMP deletion, mutation, promoter
hypermethylation and mRNA expression, Knobbe and
colleagues (Knobbe et al., 2004) found that both
hypermethylation and transcriptional down-regulation of
CTMP genes could be related to tumor state. In 2009,
the role of CTMP in multistage lung tumorigenesis
revealed that lentiviral overexpression of CTMP altered
the Akt signalling pathway and inhibited DNA synthesis
and cell cycle progression in lungs of 9-week-old K-
ras(LA1) mice. Increased apoptosis was also observed in
lungs of 13-week-old K-ras(LA1) mice (Hwang et al.,
2009). When several cell permeable peptides from the
N-terminal region of CTMP (termed TAT-CTMP1-4)
were screened in vitro, at least one was found to induce
significant apoptosis in pancreatic adenocarcinoma cell
lines. These data indicate that inhibiting Akt with CTMP
may be of therapeutic benefit in the treatment of
pancreatic adenocarcinoma and, when combined with
established therapies, may result in an increase in tumor
cell death (Simon et al., 2009). Apart from all these
studies describing the possible implication of CTMP in
tumorigenesis, CTMP was recently shown to associate
with mitochondrial proteins, localize to mitochondria

and become phosphorylated following treatment of cells
with insulin-mimetic compounds (Parcellier et al., 2009;
Piao et al., 2009). Moreover, overexpression of CTMP
increased the sensitivity of cells to apoptosis, most likely
due to the inhibition of Hsp70 function (Piao et al.,
2009). These data suggested that in addition to its role in
Akt inhibition, CTMP may play a key role in
mitochondria-mediated apoptosis by localizing to
mitochondria.

Other important protein interactions with Akt
isoforms have also been identified. Some of these, such
as CKIP-1, negatively regulate all three Akt members
and the consequences of this interaction will by nature
be cell type specific. CTMP, another Akt interacting
protein, also appears to have negative effects on Akt, but
in addition it may also play a role in insulin signalling.
Finally, p21, a cdk modulator protein implicated in cdk-
cyclin kinase complex formation, shows Akt isoform-
specific effects by binding essentially to Akt2. It will be
interesting to determine the nature of these interactions
in different cell types or tumors and examine the
relationship of Akt binding to either CTMP or CKIP-1.

Conclusion

From these data, a better focused picture of Akt
signaling is beginning to emerge. The importance of this
family of kinases is now clearly established in very
varied group of cellular functions. Furthermore, it is now
obvious that despite close sequence homology at the
primary amino acid level, the different Akt isoforms
have different and frequently opposing effects in cells. In
normal cells, and during muscle differentiation, Aktl
plays an important role in modulating and promoting cell
growth and proliferation. It is also essential to prevent
apoptosis during normal cell proliferation and the early
events of myogenic differentiation. Akt2 plays an
essential and opposing role in the arrest and exit from
the proliferation cell cycle and progression through
muscle cell differentiation (Vandromme et al., 2001;
Heron-Milhavet et al., 2006). It is also primarily
involved in the epithelial to mesenchymal transition
(reviewed by Wickenden and Watson, 2010). At least
part of the molecular basis for a differential action in cell
proliferation is now clear and involves differential
interaction with p21 (Heron-Milhavet et al., 2006) and
potentially CTMP (our unpublished observations).
Deregulation of either Aktl or Akt2 is therefore implicit
in the development of most tumor types. Here a picture
emerges where up-regulation of one kinase isoform is
implicated in the transformed phenotype, whereas the
normal counterbalancing role of the other isoform is
down-regulated or otherwise compromised.
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