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Introduction

Since it’s discovery as an effector of Pl 3-K (phosphoinositide 3-kinase) (Franke et al.,
1995), the serine/threonine kinase Akt (also known as PKB, protein kinase B) has emerged
as a critical signal transducer of oncogenic signals in virtually all human solid tumors as
well as hematological malignancies. Most cancers display elevated Akt activity and this is
achieved by growth factor signaling or through oncogenic mutations in the Pl 3-K pathway.
In this context, the Pl 3-K/Akt pathway has received considerable attention from a
therapeutic perspective since proteins that regulate or transduce the PI 3-K signal harbor
some of the most frequent genetic lesions in human cancers, including activating mutations
in oncogenes as well as LOH (loss of heterozygosity) in tumor suppressors (Engelman,
2009). Similarly, activating oncogenic mutations in the Akt genes have recently been
described in various human solid tumors, and small molecule Akt inhibitors are currently
being evaluated in clinical trials (Carpten et al., 2007). Akt mediates downstream signaling
by phosphorylating substrate proteins that in turn initiate secondary pathways that modulate
numerous phenotypes associated with malignancy, including cellular proliferation, evasion
from apoptosis, invasive migration, angiogenesis and metabolic reprogramming. Close to
200 Akt substrate proteins have been uncovered either by candidate screening approaches or
by whole phospho-proteome mass spectrometry sequencing technologies (Manning and
Cantley, 2002, 2007; Moritz et al., 2010). The challenge remains to ascribe a particular
cellular function of each identified substrate to a distinct cellular function and its relevance
in human pathophysiology.

Importantly, there exist three Akt isoforms in humans, Aktl, Akt2 and Akt3, that are derived
from distinct genes (Aktl/PKBa, AKTI; Akt2/PKBB, AKTZ, Akt3/PKBy, AKT3). Recent
studies have clearly demonstrated that rather than functioning in cellular signaling in a
redundant manner, Akt isoforms have very distinct functions in specific cell lineages with
important consequences for cellular physiology. Specific functions of Akt isoforms appear
not to be simply due to differential expression patterns or activation profiles, since all three
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proteins are expressed in virtually all cells and tissues. Similarly, in most examined cells and
cancerous tissues, all three Akt isoforms appear to be hyperactive as a result of oncogenic
activation of Pl 3-K, and therefore any differential, non-redundant signaling via specific Akt
isoforms must be derived from more complex mechanisms that result in regulation of a
specific isoform. Understanding the precise mechanism(s) that result in activation and signal
relay through specific Akt isoforms is of critical importance as it is predicted to have
profound consequences for targeted therapy in the Pl 3-K/Akt pathway in cancer and other
pathophysiologies. Numerous reviews have focused on the details of the mechanisms
leading to activation of Pl 3-K and in turn regulation of Akt (Engelman et al., 2006; Mora et
al., 2004; Vanhaesebroeck and Alessi, 2000). Here, | will focus on the differential functions
of Akt isoforms in cancer cell signaling and review current efforts aimed at identifying
mechanisms by which Akt isoforms contribute to malignancy in specific, rather than
general, settings.

Mechanisms of Akt Activation

All three Akt isoforms are activated by essentially identical mechanisms downstream of Pl
3-K. Upon stimulation by growth factors such as IGF-1 (insulin-like growth factor-1) and
PDGF (platelet-derived growth factor), the regulatory p85 subunit of Pl 3-K is recruited to
phosphotyrosine-containing sequences within either cytoplasmic domains of activated
receptor tyrosine kinases (RTK), or adapter molecules such as IRS-1 (insulin-receptor
substrate-1) and GAB1 (GRB2-associated-binding protein 1) (Fig. 1). This binding co-
localizes the p110 catalytic subunit of Pl 3-K proximal to its substrate, P145P2
(phosphatidylinositol-4,5-bisphosphate) which is then phosphorylated at the 3" position of
the inositol head ring to generate PIP3 (phosphatidylinositol-3,4,5-trisphosphate). PIP3 in
turns serves to recruit effector molecules such as Akt through binding of the PH (pleckstrin
homology) domain, effectively recruiting the kinase to the plasma membrane. This binding
induces a conformational change in Akt which facilitates the phosphorylation of two critical
residues. Thr308 in the activation loop is phosphorylated by PDK-1 (phosphoinositide-
dependent kinase-1), which is also recruited to membranes through a PH:PIP3 interaction
(Alessi, 2001; Alessi et al., 1997; Stokoe et al., 1997). Phosphorylation of the carboxyl-
terminal Ser473 residue in mediated by the mTOR (mammalian target of rapamycin) kinase
comprising the TORC?2 (target of rapamycin complex 2) complex (Sarbassov et al., 2005),
although a number of other kinases may also function in specific settings (Toker, 2002).
Once fully phosphorylated, Akt is locked in the catalytically-competent conformation, loses
the PIP3 requirement, and translocates to a variety of intracellular locations including the
cytoplasm, mitochondria and nucleus where it phosphorylates specific substrates, many of
which are directly implicated in cancer-associated phenotypes (Fig. 1).

Oncogenic mutations in the Pl 3-K pathway also lead to hyperactivation of Akt. The most
frequent of these include somatic activating mutations in PIK3CA, the p110a subunit of PI
3-K, that is mutated in approximately 30% of human breast cancers, particularly those that
are ER (estrogen receptor) positive. The PIK3CA gene is also amplified in many human
cancers. Conversely, mutations of other class | p110 isoforms such as PIK3CB (p110p),
PIK3CD (p1106) and P/IK3CG (p110+y) are not found, yet have been shown to contribute to
malignant cell signaling. Recent studies have also identified somatic mutations in the Pl 3-K
class | p85 regulatory isoforms (which include p85a, p85@, p55a, p50a., and p55+y, encoded
by three distinct genes that gives rise to the five splice variants: PIK3R1, PIK3R2and
PIK3R3) (Cheung et al., 2011). For a recent review on specific functions of p85 and p110
isoforms, see (Okkenhaug and Vanhaesebroeck, 2001; Vanhaesebroeck et al., 2010).
PIK3CB and PIK3CD appear to be particularly important in prostate cancer in which PTEN
(phosphatase and tensin homolog on chromosome ten) is lost by LOH or by inactivating
mutations and deletions. PTEN is a negative regulator of the Pl 3-K pathway as it
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dephosphorylates PIP3 back to PI45P2, effectively terminating signal relay (Li et al., 1997;
Maehama and Dixon, 1998). Thus, LOH or mutations in PTEN that lead to excessive
accumulation of PIP3 stimulate constitutive signaling to Akt and other effectors (Li et al.,
1998). As such, PTEN is one of the most frequently mutated tumor suppressors in human
cancers, particularly glioblastoma and prostate cancer (Carracedo et al., 2011). A second
tumor suppressor in the Pl 3-K pathway is PHL PP (PH domain and leucine rich protein
phosphatase), a serine/threonine phosphatase that dephosphorylates Akt at pSer473, a
residue required for maximal catalytic activity (Gao et al., 2005). Again, mutations or LOH
in PHLPPwould be predicted to relieve tumor suppression leading to constitutive Ser473
phosphorylation and Akt activation. Consistent with this, a recent study provided compelling
evidence for the absolute requirement for both PTEN and PHLPPoss in prostate cancer
progression (Chen et al., 2011).

Akt phosphorylates substrates in a sequence-specific context, and as a basophilic-directed
kinase it has a an absolute requirement for an Arg residue at the —3 position relative to the
Ser or Thr phosphoacceptor (Obata et al., 2000). In most cases an Arg at -5 is also required,
although there are examples of Akt substrates that lack =5 Arg. In many cases, a +1
hydrophaobic residue is also preferred, and can be followed by a +2 Pro residue that provides
an optimal motif for binding to 14-3-3 proteins upon phosphorylation (Manning and
Cantley, 2007). In some cases several consensus motifs are found on Akt substrates,
ensuring specificity and fidelity for efficient signal relay through P1 3-K/Akt. Many of the
identified substrates of Akt have orthologs in other mammals and lower invertebrates such
as flies and worms, and in some cases this has both validated the importance of a given
substrate in Akt signaling, and also highlighted its function in mediating signal relay to
phenotypes such as growth and survival.

Akt Isoform-specific Signaling

The first hint that Akt isoforms function non-redundantly came when the Birnbaum
laboratory generated Aktl, Akt2 and Ak3 knockout mice (Bae et al., 2003; Cho et al.,
2001a; Cho et al., 2001b). Although all three knockout lines are viable, Aktl null mice
revealed growth retardation and perinatal lethality (Chen et al., 2001; Cho et al., 2001b). In
contrast, Akt2 null mice develop insulin-resistant diabetes and it is now established that
Akt2 is the primary Akt isoform that contributes to metabolic signaling in the liver (Cho et
al., 2001a; Garofalo et al., 2003). In contrast Akt3 null mice reveal a reduced brain size,
consistent with an enrichment of this isoform in neuronal cells and tissues (Easton et al.,
2005; Tschopp et al., 2005). The non-overlapping phenotypes evident in the individual Akt
isoform null mice immediately suggested that differences must exist at the level of Akt1,
Ak2 and Akt3 signal relay. The use of Akt null mice and MEFs (mouse embryonic
fibroblasts) derived from these animals has begun to shed some light on some of these
specific signaling mechanisms. As discussed in detail below, the first realization of non-
redundant signaling by Akt proteins was the discovery that they have specific functions in
the regulation of epithelial cell and carcinoma cell migration, invasion and metastasis.
However, a number of other specific signaling mechanisms have also been attributed to one
or more Akt isoform. These have largely been possible through the use of specific RNAI
tools, as well as the development of Akt isoform-specific inhibitors. Researchers at Merck
Research Laboratories first developed a series of allosteric inhibitors Akt, which interfere
with both the PH domain as well as the catalytic domain, allowing greater specificity for
inhibition (Barnett et al., 2005; DeFeo-Jones et al., 2005). These first generation inhibitors
termed Akti-1, Akti-2 and Aktil-/2 displayed some selectivity towards Aktl and Akt2 both
in vitro and in vivo. The most recent iteration of these inhibitors is MK-2206, a pan-Akt
inhibitor currently in phase I clinical trials (Hirai et al., 2010). Importantly, the use of
MK-2206 and other PI 3-K pathway inhibitors, including rapamycin that blocks the TORC1
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complex downstream of Akt, has revealed the existence of multiple negative feedback loops
that normally serve to attenuate Pl 3-K signaling to Akt and other effectors, such that long
term inhibitor treatment alleviates negative feedback and thus enhances signaling, with
obvious consequences for targeted therapy (Carracedo et al., 2008; Chandarlapaty et al.,
2011; O’Reilly et al., 2006). For additional information concerning Pl 3-K/Akt signaling to
TORC1 and negative feedback loops, see the review by (Baselga, 2011).

Although close to 200 substrates of Akt have been identified in many cell types and tissues,
only a small handful of these have been evaluated for Akt isoform-specificity. The cell cycle
regulator p21 is phosphorylated exclusively by Aktl and this negatively regulates cell cycle
progression and proliferation (Heron-Milhavet et al., 2006). Similarly, the E3 ubiquitin
ligase Skp2 is exclusively phosphorylated by Aktl and not by Akt2, and this event controls
Skp2 stability by preventing degradation by the APC-Cdh1 ubiquitin ligase complex (Gao et
al., 2009). In turn, this affects cell cycle progression and cellular transformation, phenotypes
associated with deregulated Akt and Skp2 signaling. Akt2-specific substrates have also been
identified. For example AS160, a protein that modulates glucose transport in insulin-
responsive cells and tissues through the GLUT4 transporter, appears to be regulated
primarily by Akt2 (Ng et al., 2008). Similarly, myosin5a is an Akt2-specific substrate that
also functions to modulate GLUT4 vesicle translocation (Yoshizaki et al., 2007). An
important role for differential Akt isoform signaling in myogenic differentiation and
myoblast function has also emerged (Rotwein and Wilson, 2009). In this context, Ankrd2/
ARPP is an Akt2-specific substrate that regulates myogenic differentiation in cells exposed
to oxidative stress (Cenni et al., 2011). Similarly, Akt2 appears to be exclusively required
for osteoblast differentiation and bone development (Mukherjee and Rotwein, 2009), though
specific substrates that account for this phenotype have yet to be described. In summary,
primarily through candidate screening approaches, a number of Akt isoform-specific
substrates have been identified, and in some cases phosphorylation has been directly linked
to the regulation of one or more cellular response.

Regulation of Invasive Migration and Metastasis by Akt

Arguably much information concerning isoform-specific signaling through Akt isoforms has
come from the analysis of the regulation of cell migration in a variety of cell lineages. Initial
studies using expression of activated alleles /in vitro revealed that signaling through Akt
enhances cell migration, for example in fibroblasts and fibrosarcoma cells (Enomoto et al.,
2005; Kim et al., 2001). Similarly, expression of activated Aktl promotes EMT (epithelial to
mesenchymal transition) of squamous carcinoma cells, concomitant with reduced cellular
adhesion and enhanced migration (Grille et al., 2003). Similarly, Akt1 and Akt2 promotes
the expression of the IGF-1 receptor leading to increased pancreatic cancer cell motility
(Tanno et al., 2001). These studies indicated that various Akt isoforms can stimulate
motility, at least as measured using /n vitro assays, primarily under conditions of
overexpression of Akt proteins.

The use of more specific tools such as RNAI as well as 7n vivo assays for invasive migration
and metastasis painted a rather different picture as to the role of Akt isoforms in modulating
motility, especially in breast carcinoma. The first study to suggest that Aktl might function
as a metastasis suppressor came from the Muller laboratory who engineered a constitutively
active Aktl transgene in the mouse mammary gland in the background of ERB2, and
showed that while it shortens the latency of multifocal mammary tumor development, it
actually suppresses tumor invasion into surrounding tissues (Hutchinson et al., 2004).
Interestingly, in a preceding study, expression of constitutively active Akt in the mouse
mammary gland in the background of mutant polyoma middle T (PyV mT, known to signal
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through PI 3-K), did not rescue the highly metastatic phenotype displayed by wild-type PyV
mT (Hutchinson et al., 2001).

Subsequent studies performed using /n vitro assays also demonstrated Akt isoform-
specificity in the regulation of breast cancer invasive migration. Our group showed that
Akt suppresses breast cancer cell migration by enhancing the proteasomal degradation of
the NFAT (nuclear factor of activated T cells) transcription factor (Yoeli-Lerner et al., 2009;
Yoeli-Lerner et al., 2005), which promotes the transcriptional induction of pro-migration
and invasion genes, including COX2 (cyclooxygenase-2), autotaxin and glypican-6 (Chen
and O’Connor K, 2005; Yiu et al., 2011; Yiu and Toker, 2006). Similar results were
published by the Brugge laboratory, who further showed that while Akt1 can block
migration, in the same cells Akt2 actually enhances this phenotype (Irie et al., 2005). They
further showed that the mechanism for differential regulation of MCF10A cell migration by
Aktl and Akt2 is in part through modulation of ERK (extracellular-regulated kinase)
activity. Similarly, the Bissell laboratory also showed the Aktl can block cell migration
through TSC2 (tuberous sclerosis complex 2) (Liu et al., 2006). More recent studies have
shown that the EMT phenotype induced by Aktl silencing in MCF10A cells correlates with
downregulation of the mIR-220 family of micro-RNAs (lliopoulos et al., 2009). These
findings are consistent with earlier studies which showed that expression of only Akt2 can
phenocopy the invasive phenotype of Pl 3-K-expressing breast cancer cells (Arboleda et al.,
2003). Similarly, Akt2 overexpression upregulates B1 integrin expression and thus enhances
cell migration and metastasis /77 vivo (Arboleda et al., 2003). More recent studies have added
more mechanistic insight as to how Akt isoforms differentially control cell migration, at
least in breast cancer cells. Our own studies identified palladin as an Aktl1-specific substrate
that mediates the inhibitory activity of this isoform on breast cancer cell migration (Chin and
Toker, 2010). Palladin is an actin bundling protein that is ubiquitously expressed and its
bundling activity is absolutely required for efficient cell migration. Our studies showed that
palladin is an exclusive Aktl substrate which is not phosphorylated by Akt2, and moreover
interfering with palladin phosphorylation by Aktl subverts the inhibitory function of Aktl
on breast cancer cell migration (Chin and Toker, 2010). The specific substrates of Akt2 that
are responsible for enhancing cell migration and metastatic dissemination remain presently
unidentified.

In vivo studies using either Akt knockout mice or transgenic lines harboring activated Akt
alleles in the mammary epithelium have provided physiological evidence of the non-
redundant effects of Akt isoforms on invasion and metastasis, albeit with not entirely
consistent results. As discussed above, an activated Aktl transgene in an ERB2 background
accelerates tumorigenesis, but with decreased metatstatic lesions (Dillon et al., 2009; Dillon
et al., 2007; Hutchinson et al., 2001; Hutchinson et al., 2004). Similarly, germline knockout
of Aktl results in severely impaired tumor induction as revealed by two separate studies (Ju
et al., 2007; Maroulakou et al., 2007). However, one of these studies noted that Aktl
knockout resulted in fewer metastases, with the conclusion that Aktl signaling is positively
associated with invasion leading to metastasis, although whether this is secondary to the
consequence of Aktl ablation or effects of Aktl loss in the tumor microenvironment has not
been determined (Ju et al., 2007). In contrast, a separate study did note suppression of
metastases in ERB2/Akt1-deficient tumors, consistent with Aktl functioning as a metastasis
suppressor (Maroulakou et al., 2007). This same study also noted that knockout of Akt2 in
MMTV-ERB2 mice decreases metastasis, consistent with Akt2 functioning as a metastasis
enhancer. In summary, there is now overwhelming evidence that Aktl and Akt2 have
opposing functions in modulating phenotypes associated with migration and invasion. What
has remained mysterious are the specific molecular mechanisms that account for these
distinctions.
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Mechanisms for Akt Isoform Selectivity in Signaling

There exist a number of competing possibilities as to how specificity is achieved by Akt1,
Akt2 and Akt3 proteins in relying the P1 3-K signal to cellular responses, and it should be
noted that these are not mutually exclusive. It appears that both growth factors, oncogenic PI
3-K and PTEN loss all activate Akt isoforms to the same extent in all cell types thus far
examined, at least as measured in whole cell lysates. Therefore, if there is specific activation
of Akt’s by distinct upstream signals, this likely occurs at discrete cellular locations such as
the nucleus or endomembranes. A systematic analysis of the specific contributions of p110
and p85 isoforms in the regulation of Aktl, Akt2 and Akt3 in various cells and tissues has
not been performed. Presently, such an analysis is hampered by the fact that current tools
that serve as surrogates for Akt activation, such as phospho-specific antibodies, do not
discriminate between the three isoforms. This is clearly a technological hurdle that will
hopefully be overcome in the future. In addition to upstream regulators, termination of Akt
signaling may also afford specificity. Termination of Akt signaling is achieved by a number
of mechanisms including ubigitylation and proteasomal degradation, although whether this
is isoform selective or not is unknown (Oh et al., 2010; Suizu et al., 2009; Wu et al., 2011).
In contrast, dephosphorylation of S473 by PHLPP does indicate some selectivity, whereby
the PHLPP1 isoform appears to dephosphorylate Akt2 and Akt3, whereas PHLPP2 targets
Aktl and 3 (Brognard et al., 2007).

An additional mechanism that likely accounts for isoform-selective signaling is
compartmentalization. Distinct cellular localization of total Akt proteins has been detected,
for example Akt2 colocalizes at sites adjacent to the extracellular matrix during adhesion,
whereas Aktl does not (Arboleda et al., 2003). However, identification of distinct
intracellular pools of Akt isoforms does not necessarily imply that any given pool is actually
required for transducing the signal to a specific phenotype. Interfering with a specific Akt
pool and observing the phenotypic consequence would provide cause-and-effect
demonstration, and to this end a recent study used a new technology in which cellular
compartment-directed Akt pseudosubstrate inhibitors were used to attenuate plasma
membrane, cytoplasmic and nuclear Akt pools, individually (Maiuri et al., 2010). This
approach revealed that nuclear and plasma membrane Akt pools are required for adipocyte
differentiation, whereas the cytoplasmic pool appears to be dispensable. While this approach
does not discriminate between Akt isoforms, presumably it could be coupled with
expression of Akt alleles, or silencing of Akt isoforms using RNA.I, to begin to probe the
contribution of distinct subcellular pools of Akt isoforms in physiology and
pathophysiology.

Consistent with the notion that distinct Akt isoforms modulate specific phenotypes in a
spatially restricted manner, it has been shown that membrane recruitment of Akt2 in insulin-
stimulated adipocytes appears to be more robust than Akt1, and to be dependent on the PH
domain and the Akt2 linker region (Gonzalez and McGraw, 2009). In this context, it is
interesting to note that our studies showed that the Aktl linker region determines the
selectivity of Aktl over Akt2 in the phosphorylation of palladin (Chin and Toker, 2010).
This is reminiscent of studies in MEFs derived from Akt null mice, in which chimeric
constructs bearing the PH and linker domains of either Aktl or Akt2, in various
combinations, were introduced. This analysis revealed that the defect in MEF cell migration
could be rescued by a chimera harboring the Akt2 PH domain and Akt2 linker region (Zhou
et al., 2006). Whether the linker region contains specific residues or microdomains that
confer Akt substrate selectivity remains to be determined. Similarly, whether additional
determinants exist on Akt isoforms that dictate substrate selectivity is not known. The POSH
(plenty of SH3 domains) protein is an Akt substrate, however it only directly interacts with
Akt2 and not Aktl (Figueroa et al., 2003). However since POSH is involved in apoptotic
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signaling, it is unlikely that it accounts for the differential role of Akt’s in cell migration and
metastasis. Regardless, specific substrates of Akt isoforms that are responsible for
transducing distinct phenotypes clearly do exist, and the challenge is now to discover the
subset of these proteins that are exclusively regulated by Aktl, Akt2 or Akt3.

Screening for Akt Substrates in Human Cancers

The identification of novel substrates of protein kinases, including Akt, using quantitative
mass spectrometry sequencing approaches such as SILAC (stable isotope labeling of amino
acids in cell culture) or KESTREL (kinase substrate tracking and elucidation) has
significantly contributed to our understanding of the mechanisms by which the Pl 3-K/Akt
pathway mediates downstream signaling (Cohen and Knebel, 2006; Manning and Cantley,
2002). These studies have combined the use of Akt consensus motif substrate-directed
antibodies to enrich for phosphopeptides from complex mixtures including cell lysates and
whole organ extracts, followed by mass spectrometry sequencing and database analysis. The
first of these approaches made use of standard chromatography techniques to enrich
phosphopeptides from HelLa cell nuclear lysates followed by sequencing (Beausoleil et al.,
2004). From this emerged numerous novel phosphopeptides that could be attributed to one
or more protein kinase subfamilies, including Akt. Subsequent approaches using mouse liver
extracts and Akt substrate-directed antibodies (Rxxs/t or RxRxxs/t) identified thousands of
novel phosphopeptides that have since been curated on publicly available databases and
made available to the research community (Villen et al., 2007). Many groups, including our
own, have made use of these databases to identify putative novel Akt substrates which can
subsequently be validated using standard biochemical approaches (Manning and Cantley,
2002). It should be noted that the use of the Akt substrate-directed antibody has also proven
instrumental in substrate identification using standard biochemical assays (Zhang et al.,
2002), beginning with the discovery of the TSC2 protein as a substrate of Akt, and major
regulator of the TORC1 complex (Manning et al., 2002; Tee et al., 2002). The most recent
iteration of this technology has used second generation substrate-directed antibodies, highly
specific to the Akt consensus (which should be noted is also shared by other AGC kinases
including S6-kinases, SGKs (serum and glucocorticoid-inducible kinases) and RSK
(ribosomal S6 kinase)) (Moritz et al., 2010). This has been combined with specific pathway
inhibitors in cells harboring relevant pathway mutations. The resulting mass spectrometry
analysis has revealed thousand of additional phosphopeptides that can be attributed to one or
more protein kinase, including Akt, and once again curated on public databases (Moritz et
al., 2010). Similar approaches have also used tissues from human tumors do identify specific
phosphorylation events that might be associated with disease etiology and progression
(Rikova et al., 2007). While none of these approaches to date have addressed Akt isoform-
specificity with respect to substrate phosphorylation, this presumably can be achieved using
either Akt isoform-specific inhibitors or RNAI to discover the complement of pan-Akt,
Aktl-, Akt2-, Akt3-specific substrates.

Conclusions

Subsequent to the generation of Akt isoform-specific knockout mice and the realization that
Aktl, Akt2 and Akt3 function non-redundantly in the regulation of cellular responses, the
development and use of tools to interfere specifically with Akt isoforms has provided
unequivocal evidence for distinct signaling roles for this family of protein kinases
downstream of Pl 3-K. One of the most obvious phenotypes that Akt isoforms regulate in a
differential manner is breast cancer cell invasion migration and metastasis, whereby Akt2
enhances metastasis and Akt1 either does not, or actually functions as a metastasis
suppressor. However, it is likely that other phenotypes associated with malignancy,
including survival, growth and metabolic reprogramming are also regulated by specific Akt
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isoforms, and this information is predicted to emerge in the near future. Equally importantly
will be the identification of the specific mechanisms that account for isoform selectivity,
whether it be specific substrates exclusively phosphorylated by one Akt isoform, or specific
intracellular localization, or differential binding partners, or a combination of these.

One critical hurdle to be overcome is the development of specific antibodies or biomarkers
that can be used as surrogates for the activation of an individual isoform, in both cell lines
and clinical specimens. Similarly, the complement of pan-Akt and isoform-specific
substrates of Akt’s remains to be identified, and is likely to diverge considerably in different
cell types and tissues. As discussed above, global phospho-proteomic mass spectrometry
sequencing approaches are expected to provide this critical information in the near future.
Answers to all these questions will provide valuable information on the specific functions of
Akt proteins in cellular physiology and disease etiology. These are pressing issues,
considering the numerous clinical trials targeting both P1 3-K and Akt for therapeutic benefit
in a variety of human diseases, especially cancer, and considering the array of
pathophysiologies that have been attributed to deregulated Pl 3-K/Akt signaling.
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Fig. 1.

Regulation of Akt Activation by the P1 3-K pathway. The figure shows the major upstream
regulators of Akt. Receptor tyrosine kinases such as the PDGF receptor stimulate
recruitment of Pl 3-K to the membrane where it interconverts P145P2 into PIP3. This
stimulates recruitment of inactive Akt to the cell surface, concomitant with recruitment of
PDK-1. PDK-1 and TORC2 phosphorylate Akt at T308 and S473, respectively, and lock the
enzyme in the catalytically-competent conformation. Akt can relocalize to intracellular
locations and phosphorylate a large number of substrates, which harbor the consensus motif
RxRxxs/t. The pathway is terminated by two critical negative regulators, both of which are
tumor suppressors in cancer. PTEN dephosphorylates PIP3 back into PI45P2 and PHLPP
dephosphorylates Akt at S473.
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