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Abstract
Dissemination of cancer cells to distant organ sites is the leading cause of death due to treatment
failure in different types of cancer. Mehlen and Puisieux have reviewed the importance of the
development of inappropriate cell survival signalling for various steps in the metastatic process
and have noted the particular importance of aberrant cell survival to successful colonization at the
metastatic site. Therefore, the understanding of mechanisms that govern cell survival fate of these
metastatic cells could lead to the understanding of a new paradigm for control of metastatic
potential and could provide the basis for developing novel strategies for the treatment of
metastases. Numerous studies have documented the widespread role of Akt in cell survival and
metastasis in colorectal cancer, as well as many other types of cancer. Akt acts as a key signalling
node that bridges the link between oncogenic receptors to many essential pro-survival cellular
functions, and is perhaps the most commonly activated signalling pathway in human cancer. In
recent years, Akt2 and Akt3 have emerged as significant contributors to malignancy alongside the
well-characterized Akt1 isoform, with distinct non-overlapping functions. This review is aimed at
gaining a better understanding of the Akt-driven cell survival mechanisms that contribute to
cancer progression and metastasis and the pharmacological inhibitors in clinical trials designed to
counter the Akt-driven cell survival responses in cancer.
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1. Introduction
Colorectal cancer (CRC) is one of the most common malignancies with high incidence rates
globally [1]. It develops due to various genetic, epigenetic and environmental factors. The
stage I CRC is localized to the mucosal and submucosal layers of the colon wall. Surgery
and multimodal treatments are the preferred strategies following early stage diagnosis of
CRC with a 5-year survival rate of approximately 100%. This rate in 5-year survival is
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significantly decreased during stage III CRC which is characterized by lymph node
metastasis [2]. However, metastasis to distant organ sites (stage IV) is the most frequent
cause of cancer-related deaths with a 5-year survival rate of <5% [3, 4]. Although CRCs
progress slowly to an invasive stage but the progression from invasive carcinoma to
metastatic phase occurs rapidly [5]. The disseminating CRC cells acquire enhanced cell
survival capabilities to counteract apoptosis initiated by the multi-step metastatic cascade
including anoikis [6], migration through the basement membrane and intravasation into the
blood and/or lymphatic vessels. The CRC cells develop the ability to proliferate and
colonize secondary organ sites with unrelated microenvironments [6]. There has been
limited success in the early identification of patients at high risk for developing metastasis
through the tissue-based biomarkers currently available for such purposes [7, 8]. The
mechanisms involved in regulating the early stages of the metastatic cascade, that are crucial
for diagnosis are currently not fully understood [9–12]. In recent years, several aberrant cell
survival mechanisms has been linked to successful metastatic colonization [13] including the
deregulation of pro-survival Bcl-2 family proteins [14], inhibitor-of-apoptosis (IAP) family
proteins [15] and the PI3K/AKT signalling. The Bcl-2 family members are either pro-
apoptotic or anti-apoptotic in nature [16]. The pro-apoptotic proteins such as BID, BAX and
BAK translocate in the mitochondria leading to caspase activation thus leading to cell death.
The Bcl-2 family members have a BH3 domain that inhibits the anti-apoptotic members of
the Bcl-2 family thus leading to apoptosis. Bcl-XL protein inhibits the activity of BAX and
BAK by binding to them and inhibiting apoptosis [17]. BAX and BAK are responsible for
caspase activation thus downregulating cell survival. Several lines of evidence have
implicated the role of Bcl-2 overexpression in promoting cell survival and metastasis [18,
19]. However, contrasting reports from Subhawong et al.(2010) concluded that Bcl2 is
infrequently up-regulated in metastatic breast carcinoma and hormone therapy resistance
may lead to downregulation of Bcl-2 [20]. IAPs are also responsible for regulating apoptosis
by inhibiting caspases. Some IAPs have been shown to inhibit caspases by inhibiting their
enzyme activity and/or by targeting them for proteasomal degradation [21]. Caspases 3,7
and 9 bind to the BIR (Baculoviral IAP repeat) domains of IAPs leading to its inhibition and
increased cell survival [22]. Recently, Altieri laboratory has shown that IAP family
members survivin and XIAP are playing an essential role in metastasis [23]. Overexpression
of survivin has been observed in colorectal tumorigenesis. Survivin plays a role in the
progression of adenomas from the mild dysplasia to the more advanced highly dysplastic
lesions [24]. Several survivin inhibitors are currently in the phase I or II clinical trials in
solid tumors and non-Hodgkins lymphoma [25]. YM155 (1-(2-Methoxyethyl)-2-methyl-4,9-
dioxo-3-(pyrazin-2-ylmethyl)-4,9-ihydro-H-naphtho[2,3]-dimidazolium bromide) (Astellas
Pharma Inc) is a transcriptional inhibitor of survivin. It has been demonstrated to have a
potent anti-tumor activity and has been used as a radio-sensitizing agent to potentiate the
anti-cancer functions of various chemotherapeutic agents [25–27]. The phosphoinositide 3-
kinase (PI3K) – Akt signalling pathway, which transmits anti-apoptotic signals, is involved
in a significant fraction of human tumors promoting cancer cell growth, metabolism,
survival and has been implicated in EMT, angiogenesis and metastasis (see reference [28–
32] for extensive reviews on PI3K/Akt signalling in cancer). A better understanding of the
molecular signalling pathways involved in the process of metastasis will help in effectively
targeting these aggressive cancer cells using novel therapeutic strategies.

In this review, we have focused on the emerging roles of Akt isoforms in various types of
cancer including colorectal, breast, lung and pancreatic cancer and have discussed the
TGFβ/PKA metastatic suppressor pathway that negatively regulates Akt-driven aberrant cell
survival mechanisms that contribute to metastatic progression in CRC. Additionally, we
have provided updates on various Akt inhibitors that are in clinical trials.
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2. PI3K – Akt signalling in cancer
The PI3K signalling pathway is a major link between oncogenic receptors to downstream
pro-survival molecules and is one of the most frequently activated signalling pathway in
human cancers [33–35]. It is known that multiple small GTPase that belong to Ras and Rho-
kinase family of GTPases activate PI3K [36]. It has also been shown that Rho GTPases are
downstream activators of PI3K. These Rho GTPases amplify the PI3K activity by feedback
mechanisms [37]. The stimulation by growth factors leads to the activation of receptor
tyrosine kinases (RTKs), that in turn recruits the class IA PI3Ks, consisting of p110α–p85
subunits to the membrane due to the direct protein-protein interaction between p85 and
activated RTKs (for example, IGFR and EGFR). Alternatively, p85 subunit can also interact
with specific adaptor proteins, such as Insulin Receptor Substrate 1/2 (IRS1/2) associated
with IGFR (Figure 1). The activated p110α catalytic subunit converts
phosphatidylinositol-4,5-bis phosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate
(PIP3) at the membrane. The conversion of PIP2 to PIP3 provides docking sites for
pleckstrin homology (PH) domain-containing proteins, including 3-phosphoinositide-
dependent protein kinase 1 (PDPK1) and serine–threonine protein kinase Akt (also known
as protein kinase B). PDPK1 phosphorylates Akt at Ser473 and PDK2 phosphorylates Akt at
Thr308. The dual activation of Akt at Ser473 and Thr308 phosphorylation sites elicits a
broad range of downstream signalling events as shown in Figure 2. The tumor suppressor
phosphatase and tensin homologue deleted on chromosome 10 (PTEN) inhibits PI3K
activation and downstream signalling by dephosphorylating PIP3 [38]. Deletion, mutation
and hypermethylation of PTEN are observed in various cancer conditions thus resulting in
elevated Akt activity [39]. A study in rhabdomyosarcoma cells has shown that PTEN is
responsible for dephosphorylation specifically at the Ser473 site of Akt [40]. PHLPP (PH
domain leucine-rich repeat protein phosphatase) specifically dephosphorylates Akt at Ser473
thus attenuating Akt signalling [41]. It has two isoforms PHLPP1 and PHLPP2, which are
very specific in their mode of action. PHLPP1 and PHLPP2 specifically dephosphorylate
Akt2 and Akt1 respectively [42]. The expression of these phosphatases decrease in many
cancer types including colon cancer and glioblastoma, thus resulting in increased Akt
activation and its downstream oncogenic signalling pathways [43]. PP2A (protein
phosphatase 2A) is a serine threonine phosphatase, which is ubiquitously expressed in the
tissues. It regulates Akt by inhibiting its phosphorylation at Thr308 [44]. It is a tumor
suppressor gene since its inhibition by okadaic acid results in increase in cell survival thus
increasing tumor growth [45]. It has been shown that there is an increase in the expression of
PP2A inhibitors in various cancer conditions [46]. We have recently demonstrated a novel
pathway of cell death in colon cancer, mediated by PP2A where it inhibits the
phosphorylation of Akt, thus disrupting the XIAP/Survivin complex resulting in increased
cell death [47]. The overall mechanism of cell death mediated by this pathway has been
explained in detail in the later part of review.

Genomic analyses have revealed that many components of the PI3K/Akt pathway are
frequently mutated or altered in common human cancers underscoring the importance of this
pathway in cancer [48]. The genes encoding the PI3K catalytic subunits PI3KCA, PI3KCB,
regulatory subunit of PI3K, p85, PDK1, PTEN undergo loss of function or overexpression in
various tumor conditions thus leading to cancer.

3. Distinct roles for Akt isoforms in cancer progression and metastasis
Akt is an evolutionarily conserved serine/threonine kinase consisting of 3 members, i.e.,
Akt1 (PKBα), Akt2 (PKBβ) and Akt3 (PKBγ). The Akt isoforms have distinct non-
redundant functional characteristics despite sharing high level of structural homology and
similar mechanisms of activation [49, 50]. The Akt isoforms are ubiquitously expressed in
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all cell types and tissues. However, the pattern of Akt3 expression is restricted [51]. Akt1 is
widely expressed in brain, heart and lungs; however, Akt2 is mostly expressed in skeletal
muscles [45, 52]. Akt3 is expressed in brain, kidney and embryonic heart [53]. These Akt
isoforms also show difference in their cellular localization. Akt1 is known to localize in the
cytoplasm;Akt2 localizes in the nucleus, cytoplasm and mitochondria [49, 54–57]. However,
Akt3 is known to localizein the nuclear membrane [57, 58]. Knockdown of individual Akt
isoforms does not affect the localization pattern of other Akt isoforms and also has been
shown to have no compensatory effects on the level of other isoforms [59]. Numerous
studies have been done in genetically engineered mice deficient for Akt1, Akt2 or Akt3 to
confirm that these isoforms have different physiological functions [60]. Variable phenotypic
differences are observed following the genetic inactivation and/or removal of the Akt
isoforms. Akt1 knockout mice exhibit retardation in growth and an increase in perinatal
lethality [58, 61]. Removal of Akt2 in mice results in insulin resistance and diabetes mellitus
[62] whereas Akt3 knockout results in reduction in brain size and development [63]. Double
knockout mice harboring deficiency of both Akt1 and Akt2 isoforms die immediately after
birth [64]. However there are no studies available related to double knockdown of Akt3 in
combination with Akt1 or Akt2.

Although Akt isoforms are aberrantly expressed in tumor condition but these isoforms have
tumor specific expression. Akt1 amplification is commonly observed in gastric cancer cells
and knockdown of Akt1 increases the sensitivity of gastric cancer cells to chemotherapy as
determined by treatment with cisplatin. Akt1 knockdown in gastric cancer cells increases the
expression of Bax and reduces the expression of Bcl2 thus increasing cell death in vitro and
in vivo [65]. Akt2 is abnormally expressed in breast, ovarian and colon cancers [45, 63, 66].
Akt3 undergoes amplification in breast and prostate cancer [53, 65, 67]. In the following
section, we have discussed the role of Akt isoforms in colorectal, breast, lung and pancreatic
cancer. Numerous cross talk and feedback mechanisms regulate PI3K/Akt signalling.
Recently, Heron-Milhanet et al. has extensively reviewed the differential action of Akt1 and
Akt2 in cancer and pointed towards the significance of targeting isoform-specific
downstream events for the development of effective anti-cancer therapies involving Akt
kinases [68].

3.1 Colorectal cancer
Several studies have documented the inhibition of apoptosis as a critical event in the
development of colorectal malignancies. The overexpression of anti-apoptotic proteins or
the inactivation of pro-apoptotic proteins is a common event in colorectal carcinogenesis
that is usually dependent on the genetic background of the tumor [69]. Sporadic colon
cancers are associated with inhibition of apoptosis in association with the loss of function of
tumor suppressor adenomatous polyposis coli (APC), along with overexpression of anti-
apoptotic Bcl-2 proteins [70]. However, CRC that originates due to DNA mismatch repair
deficiency resulting in microsatellite instability (MSI) are usually associated with
inactivating mutations of the pro-apoptotic BAX protein. About 6–15% of sporadic (non-
hereditary) colon cancers have MSI positive, while majority of tumors from patients with
hereditary non-polyposis colorectal cancer (HNPCC) are MSI positive [71]. Roy et al.
demonstrated for the first time that Akt overexpression is an early event during sporadic
colon carcinogenesis [69]. This increased Akt expression was specific to sporadic colon
carcinogenesis as opposed to the human MSI-high tumors represented by a series of HNPCC
tumors. It was shown that 57% of all colorectal cancer specimens tested were positively
immnuostained for Akt. However, normal colonic mucosa and hyperplastic polyps
expressed negligible levels of Akt. Roy et al. also reported for the first time that 57% of all
adenomas overexpressed Akt indicating that overexpression of Akt is an early event in colon
carcinogenesis. Interestingly, Akt2 isoform was indicated as a predominant player in colon
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carcinogenesis. Additionally, Akt phosphorylation at Ser473 was detected in colon
carcinomas but not in normal epithelium. This study concluded that Akt overexpression
(especially Akt2) may be important in the early inhibition of apoptosis during colon
carcinogenesis [69].

The independent roles for Akt isoforms in regulating malignant progression in colorectal
and breast cancer was recently reported by Yoeli-Lerner et al. [51, 72] demonstrating that
Akt1 overexpression inhibits the transcriptional activity of NFAT (nuclear factor of
activated T cells) thus resulting in the blockade of invasion and migration. It is postulated
that NFAT is targeted through Akt1-HDM2 (Human analogue of MDM2) pathway. HDM2
is an E3 ubiquitin ligase, that ubiquitinates its target proteins, such as NFAT for proteasomal
degradation. It was observed that NFAT degradation was rescued in the presence of HDM2
siRNA [73]. Feng et al. has shown that Akt1 stabilizes MDM2 by phosphorylating Ser166
and Ser188 residues, thus inhibiting its self-ubiquitination and increasing its stability. [74].
In contrast, Akt2 overexpression up-regulates β1-integrin(a component of collagen IV-
binding receptor; referred to here as β1) expression both in vivo and in vitro [75]. Increased
β1 expression is responsible for increased metastasis [76, 77]. This capability of Akt2 has
been attributed to the fact that Akt2, in addition to regulating cell migration and invasion,
also inhibits apoptosis. Thus Akt1 inhibits metastasis and invasion by degrading NFAT
however, Akt2 up-regulates β1-integrin expression resulting in increased cell migration and
invasion depicting their contradictory roles in cancer. Amplification and overexpression of
Akt2 has been shown to play a critical role in CRC metastatic colonization [78]. Akt2 is a
proto-oncogene, and is highly expressed in metastatic colon carcinoma as compared to
primary colon cancer [79]. Genetic inactivation of Akt2 has been shown to results in
reduced ability of colon carcinoma cells to metastasize thus confirming that Akt2 is required
for the establishment of colon cancer metastasis [80]. However, the exact mechanism of
Akt2-driven metastasis is poorly understood. Genetic inactivation of Akt1 and Akt2 results
in reduction in clonal growth of colon cancer cells in vitro, but this reduction was much
more significant when the cells were cultured in media lacking growth factors [80]. This led
to the conclusion that tumor microenvironment plays a significant role in regulating the
effects of gene inactivation [12]. Inactivation of Akt1 and Akt2 also results in reduced
metastasis to liver and reduced tumor burden [80].

Activated Akt regulates the expression of Bcl-2 and FAK (focal adhesion kinase) proteins
mediating CRC metastasis [81, 82]. In response to stress, Akt1 binds directly to FAK thus
phosphorylating it at three serine residues (Ser 517, 601, 695) [83]. Phosphorylation of the 3
serine residues in turn phosphorylate the tyrosine residue (Tyr397) thus activating it. This in
turn induces cell adhesion by increasing the binding of integrins to matrix thus leading to
increased metastasis [84].

In addition to the overexpression of Akt isoforms in different cancer types, Akt
phosphorylation in human CRCs has been shown to correlates with cell proliferation and
apoptosis inhibition, and has also been demonstrated to increase with advancement of CRC
[85, 86]. It is well documented that mTOR (mammalian target of rapamycin), which
promotes growth, protein translation and metabolism is regulated by Akt kinase. Sabatini
laboratory have made the seminal discovery that mTOR is a direct substrate of Akt and
identified Ser2448 residue as the Akt phosphorylation site on mTOR [87]. Evers laboratory
has recently demonstrated that mTOR1/mTOR2 proteins, Raptor and Rictor are highly
expressed in CRC tissues [88]. Importantly, Rictor expression was correlated with pAKT
Ser473 expression in CRCs derived from same patient. Johnson et al. showed that p85α,
Akt1, Akt2 and pmTOR Ser2448 were all overexpression in CRC compared to control and
additionally reported that the expression of Akt1 and Akt2 was more pronounced in the left
sided CRCs compared to the right sided CRC [89].
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The molecular networks and pathways affected by the predicted mRNA targets of Akt2 in
context of CRC metastasis signalling generated using the Ingenuity Pathway Analysis (IPA)
tool has been shown in Figure 3. The IPA analysis of Akt2 revealed that Akt2 targets
multiple genes frequently deregulated in cancer. Some of these target genes have been
identified previously as directs targets for Akt2 and have been implicated in invasion and
metastasis (including the MMP-9, EGF and SRC). Additionally, the predicted mRNA
targets of Akt2 also included apoptosis regulators such as Bax, JNK/p38, TP53, NF-κB and
Caspase3. Yuan et al [90] demonstrated that Akt2 altered the cisplatin-induced apoptosis in
ovarian cancer cells by regulating the ASK1/JNK/p38 pathway. ASK1 (apoptosis signal-
regulating kinase 1) is a member of the mitogen-activated protein kinase kinase kinase
family that mediates cell death in response to various stress including chemotherapeutic
drugs such as cisplatin and paclitaxel [90]. Stimulation of JNK/p38 activity has also been
shown to be critical for cisplatin-induced apoptosis in certain cancer cell types. It was shown
that AKT2 interacts with and phosphorylates ASK1 (apoptosis signal-regulating kinase 1) at
Ser-83 residue. This leads to the inhibition of ASK1 kinase activity, blockade of JNK/p38
activation and activation of Bax. This work provided a new highlight on the role of Akt2 in
regulating the ASK1/JNK/p38/Bax pathway and provided a new mechanistic insight into the
anti-apoptotic effects of Akt2 [90].

3.2 Breast cancer
In breast cancer, Akt upregulates matrix metalloproteases (MMPs) mediated matrix
degradation resulting in increased metastasis [91]. In estrogen receptor-positive (ER+) breast
cancer cells, Akt2 activation is triggered by ER-α. Akt2 expression is higher in Her2/neu
breast cancer compared to Her2 negative tumors with increased resistance to stress mediated
cell death and less susceptibility to chemotherapeutics [67]. Due to the intrinsic tyrosine
kinase activity of Her2/neu, the receptor undergoes dimerization and activation, even in the
absence of ligand, which in turn activates PI3K [92, 93]. Akt1 is upregulated in breast
cancer samples although there is no significant correlation between Her2/neu and Akt1
expression [67]. In contrast, ER-β causes reduction in Akt signalling in ERα positive breast
cancer cells, thus affecting cell proliferation and survival along with increasing the
sensitivity of cells for tamoxifen (ER antagonist) treatment [94]. Increased expression of
Akt3 has been observed in hormone unresponsive breast tumors thus contributing to their
aggressive and metastatic phenotype. Chung et al, [95] showed that N-cadherin specifically
suppressed Akt3 activity and promoted tumor cell migration in breast cancer cells, however,
N-cadherin had no effects on Akt1 and Akt2 isoforms, thereby associating Akt3 with
epithelial-to-mesenchymal transition (EMT), a crucial step in metastasis. These studies were
further confirmed by knockdown of Akt3, which resulted in increased cell motility with no
effect on cell proliferation [95]. The mechanism of reduction in Akt3 activity by N-cadherin
is yet to be determined however, it was observed that the expression of Akt3 mRNA was
affected by N-cadherin but the protein expression remains unchanged, thus the transcription
of Akt3 is reduced by N-cadherin.

3.3 Lung cancer
Grabinski et al. reported a high activity of Akt3 isoform in lung cancer cells that regulates
the expression of cyclin D3, thus promoting G1-S transition of cell cycle [96]. Akt3 siRNA
knockdown reduced proliferation, survival and migration of lung cancer cells. In contrast,
Akt1 siRNA knockdown resulted in a reduction in MEK/ERK1/2 activity [97] and IkB
protein expression leading to cell death [98]. However, reduction in Akt2 expression induces
MCL-1 cleavage cell death through mitochondrial membrane potential loss and release of
cytochrome c in the cytosol [81]. Akt1 undergoes a mutation 17th position (Glutamic acid is
mutated to LysineE17K)this mutation is generally observed in breast, colon and ovarian
cancers [99]. Recently, it was reported that non-small cell lung carcinoma (NSCLC) patients
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also possess E17K mutation in Akt1 although the frequency is very less [100]. Kim et al. has
confirmed that Akt1 polymorphism might be used as a prognostic marker for NSCLS [101].
However, Sung et al reported that polymorphism in Akt2 and Akt3 is not associated by
NSCLC [102].

3.4 Pancreatic cancer
Akt activation due to mutation of Kras or PTEN pathway is a potent survival signal in
pancreatic cancer cell lines [103] and correlates with the aggressiveness of tumor.
Specifically, Akt2 is amplified in 60% of pancreatic cancer [104] and has been associated
with increased growth and invasiveness in human ductal pancreatic cancer. There is a
significant increase in the expression of Akt2 and pAkt(p<0.01) in pancreatic ductal
adenocarcinoma (PDAC) [105]. Akt2 is considered a prognostic marker for PDAC.
Inhibition of Akt2 signaling by PI3K inhibitor results in the reduction in growth of
pancreatic cancer cells in vitro and in vivo, by induction of apoptosis. Therefore Akt2 can be
an important therapeutic target for treatment of pancreatic cancer [106]. It has been reported
that Akt isoforms show differential role in pancreatic cancer, whereas Akt2 is responsible
for poor prognosis, Akt1 is associated with favorable prognosis of pancreatic cancer [105].
As mentioned above PHLPPs are responsible for dephosphorylation of Akt thus inactivating
it. Nitschie et al. studied the expression of PHLPP1 and PHLPP2 in pancreatic cancer and
observed a reduction in the expression of these phosphatases in PDAC as compared to
normal pancreas. It was also reported that increased expression of PHLPP1 results in
reduction in tumor growth confirming that it is the loss of phosphorylation of Akt2, that
causes reduced growth of cancer cells [42].

4. TGFβ-Akt signalling crosstalk regulates aberrant cell survival in CRC
metastasis

TGFβ signalling plays a critical role in cell survival and metastasis. TGFβ inhibitory/tumor
suppressor responses are decreased with increasing malignant progression and in advanced-
stages, TGFβ promotes invasion and metastasis. Substantial reports from our laboratory
have established a loss or epigenetic silencing of TGFβ receptor expression in a wide range
of cancer [107–110]. The mechanisms of epigenetic loss of TGFβ receptors and their
therapeutic implications have been reviewed in details [111]. Recently, we have
demonstrated that reconstitution of TGFβ receptor expression in CRC cell lines with
attenuated TGFβ receptor signalling resulted in the inhibition of metastatic colonization
from primary colon tumors to lungs and liver. Significantly, invasion at the primary colon
tumor was not prevented indicating that the effect of receptor reconstitution was on the
ability to form progressively growing metastatic deposits at liver and/or lungs rather than
preventing the initial steps in metastasis [47]. It has been shown that TGFβ mediated
apoptosis can be inhibited by insulin in hepatocytes and that the PI3K/Akt pathway (which
is activated by insulin stimulation) is involved in this protective effect conferred by insulin
[112–114]. Although additional signalling pathways might contribute to TGFβ induced
responses, Smads are the only direct effectors known to act as transcription factors and
therefore represent the most direct mediators for the transmission of TGFβ signalling from
the cell surface to the nucleus [115]. In systemic screening for Akt-associated proteins,
Smad3 was identified as a binding partner [116, 117]. We have shown previously that
endogenous cellular TGFβ signalling increases apoptosis during growth factor deprivation
stress (GFDS) in CRC cells [118]. Further, the loss of autocrine TGFβ in colon cancer cells
with attenuated TGFβ signalling resulted in increased PI3K/Akt activation and survivin
expression, as well as resistance to GFDS-induced apoptosis [118]. Interestingly, poorly
metastatic FET colon cancer cells transfected with the neomycin vector (designated
FETNeo) were compared with the highly metastatic FETDNRII cells that have been stably
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transfected with a dominant negative RII construct to knockout TGFβ signalling [119]. In
Figure 4 (unpublished data), the upper panel shows that relatively little Smad3 binds to Akt
when TGFβ signalling is intact or in the absence of GFDS (“0” time for FETDNRII). When
stress as reflected by GFDS is initiated there is rapid induction of complex formation. In
Figure 4, the lower panel shows that when GFDS is initiated in TGFβ autocrine competent
cells there is a rapid loss of survivin expression. In contrast, loss of autocrine activity and
Smad3/Akt complex formation results in the induction of survivin expression.

The linkage of this apoptotic mechanism in human colon cancer cell lines to repression of
survivin expression may be of significance, because survivin overexpression is strongly
associated with poor prognosis in colon cancer [118]. Survivin/XIAP complexes that
mediate caspase inhibition have been shown to be a key cell survival mechanism enabling
metastasis process [23, 120]. The complex is critical for stabilization of XIAP to inhibit
caspases. Survivin and XIAP are in separate mitochondrial compartments, but are released
by mitochondria into the cytoplasm in response to stress (such as metastatic growth in a
foreign microenvironment) to promote cell survival. We recently identified a novel TGFβ/
PKA signalling transduceome by which TGFβ mediated cyclic AMP independent PKA
activation lead to the disruption and subsequent destabilization of the survivin/XIAP
complex to enable cell death due to PP2A mediated inhibition of Akt phosphorylation of a
stabilizing XIAP site (S87) and direct phosphorylation of survivin at S20 (Figure 5).
Moreover, we have shown that Akt phosphorylation was higher in the highly metastatic
CRC cells with attenuated TGFβ receptor. However, reconstitution of TGFβ receptors in
these CRC cells lead to a reduction in Akt phosphorylation followed by a reduction in
metastatic colonization [121].

5. Clinical advancement of Akt as a therapeutic target
5.1 MK-2206

It is a potent allosteric kinase inhibitor of Akt. It binds to the pleckstrin homology(PH)
domain of Akt and thus inhibits its phosphorylation and translocation to the plasma
membrane thus inactivating Akt. It is presently in phase II clinical trial in colon cancer and
breast cancer. It is being used in combination with EGFR and IGFR inhibitors in leukemia,
breast, colon cancer and malignant gliomas [122]. A recent study showed that MK-2206 has
antitumor role in breast cancer in vivo, which was further augmented in the presence of
paclitaxel [123]. This combination of MK-2206 and paclitaxel is important since paclitaxel
is used in the treatment of breast cancer. A report on nasopharyngeal carcinoma (NPC)
reveals that MK-2206 inhibits growth of NPC cells by inhibiting Akt and mTOR signaling.
MK-2206 treatment results in reduction in survival of pediatric cancer cell lines in vitro and
in vivo [124]. In T cell acute lymphoblastic leukemia it has been demonstrated that
MK-2206 results in induction of apoptosis, autophagy and cell cycle arrest [125]. The
treatment of MK-2206 in various cancer conditions as a single agent or in combination with
other inhibitors has been effective in diminishing the tumor growth and reducing cell
survival of cancer cells.

5.2 Perifosine
It is an allosteric inhibitor that binds the PH domain of Akt thus preventing the translocation
to plasma membrane [126]. It inhibits the activation of Akt signaling thus reducing cell
survival in many cancer conditions like multiple myeloma, T-cell acute lymphoblastic
leukemia, NSCLC, prostate and ovarian carcinoma [127–130]. It has been reported that
perifosine in combination with curcumin results in increased cell death and decreased cell
proliferation of CRC cells in vivo and in vitro. It is believed that this combination inhibits
Akt and NF-kB signalling and increases endoplasmic stress and thus plays an anti-
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tumorigenic role [131]. The role of perifosine was studied in hepatocellular carcinoma and it
was found that this Akt inhibitor results in increased apoptosis by affecting the
phosphorylation of ERK and JNK [132]. In a study in hepatocellular carcinoma it was
observed that perifosine in combination with cisplatin increases apoptosis by increasing the
expression of Bax and by reduction in the expression of Bcl-2 [132]. A recent report by
Richardson et. al. has revealed that periforsine in combination with bortezomib shows
promising results in patients suffering from multiple myeloma with a response rate of 40%
[129].

5.3 Deguelin
It is a plant product derived from rotenone, which is used as an important chemotherapeutic
agent. It plays anti-tumorigenic role by affecting multiple pathways, such as the inhibition of
PI3K/Akt pathway, suppressing the expression of cyclooxygenase 2 (COX2) and cyclin D1
expression [133]. Deguelin causes increase in apoptosis both in vivo and in vitro in a dose
and time dependent manner by inhibiting phosphorylation of Akt in lung cancer. It is a heat
shock protein 90 (Hsp90) inhibitor with potent anti-angiogenic activity [134]. This drug
inhibits Akt activity both via PI3K dependent and PI3K independent pathways [135].
Deguelin suppresses the growth of colon cancer cells in mice by modulating the NF-kB and
Wnt signalling pathway. However, it is a potent inhibitor of complex-1 of electron transport
chain and its long-term use can result in Parkinson’s disease thus making it incompetent for
clinical trials [134]. Li et. al. studied the role of deguelin in murine myeloma cell
proliferation and observed that it plays a pro-apoptotic role by upregulation of Bax, down-
regulation of Bcl2 and activation of caspase3 [136].

5.4 A443654 and Akti1/2
A443654 is a potent ATP competitive inhibitor of Akt activity. It inhibits all isoforms of Akt
with equal potency. Another Akt inhibitor Akti1/2, which is an ATP non-competitive
inhibitor, inhibits Akt1 and 2 but not Akt3 [137]. Both these inhibitors are being studied in
chronic lymphocytic leukemia (CLL). Treatment of CLL cells with these inhibitors results in
reduced expression of MCL-1, which is a critical survival protein in CLL cells [125]. It has
also been shown that A443654 increases phosphorylation of Akt at Ser473 thus resulting in
increase in Akt activity. This increase in Akt activity is considered as a feedback response of
the cell to maintain activation of Akt [138].

5.5 GSK690693
It is a potent ATP competitive Akt inhibitor that inhibits phosphorylation of downstream
targets. It is given intravenously to patients with hematological malignancy [139]. Alt more
et. al has studied the effect of this inhibitor on mouse model that develop spontaneous
athymic lymphoma, endometrial carcinoma or ovarian cancer. Since all these mouse models
had activated Akt, treatment with GSK690693 results in reduction in tumor progression,
phosphorylation of Akt substrates, cell proliferation and increased apoptosis [140]. This Akt
kinase inhibitor has been shown to reduce tumor growth in xenograft models for ovarian,
prostate and breast tumors [141]. It has been reported that long term use of this GSK690693
inhibits glycogen synthesis and activates glycogenolysis thus resulting in hyperglycemia as
one of the major side effects thus making this drug unfit for further clinical trials [142]. It is
being used in combination with other inhibitors, such as mTOR inhibitor and have shown to
induce cell death in non-small lung cancer cells [143].

5.6 HSP90 inhibitors
HSP90 is a molecular chaperone which plays an important role in the stability and post-
translational maturation and activation of some of the proteins which are implicated in
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oncogenesis [144]. HSP90 is responsible for maturation of certain cell signalling proteins
such as Raf Serine kinases, CDK4 and receptor tyrosine kinases [145]. It has been reported
that HSP90 is overexpressed in number of cancers and in virally-transformed cells [146].
HSP90 is a dimer and contains an ATP binding pocket, which is required for its optimal
activity. It was reported that amino acid residues (229-309) of Akt are responsible for
binding to HSP90. The formation of Akt –HSP90 complex stabilizes Akt activity by
preventing its dephosphorylation from PP2A. Stabilization of Akt in phosphorylated state
prevents apoptosis in the normal cells making them tumorigenic [147]. Thus, HSP90 has
now become an attractive target in anti-cancer therapy. Multiple small molecule inhibitors
are being used to inhibit HSP90-client protein interaction that leads to client protein
degradation [148]. Whitesell et. al reported that benaoquinoneanamycins like geldanamycin
inhibit HSP90 by binding at the ATP binding pocket and thus release the client protein (such
as Akt) and directs it to proteasome for degradation, thus resulting in shortening of half-life
of Akt from 36 h to 12 h [149]. Geldanamycin is a naturally occurring drug, which is
produced by microorganisms and is an HSP90 inhibitor which is being used in combination
with chemotherapy and radiotherapy for tumor suppression in preclinical models. In human
neuroblastoma and multiple myeloma studies, HSP90 inhibitor was combined with Akt
inhibitor perifosine demonstrating increased anti-tumor activity [150, 151]. It is presently in
phase II clinical trial for Her2-positive breast cancer in combination with Herceptin [152].

6. Conclusions
As discussed in this review, Akt acts a nodal onco-protein critical for regulating cell survival
and metastasis of cancer cells. Thus, targeting Akt as a potential anti-metastatic therapeutic
strategy either as a single agent or in combination holds significant promise.
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Highlights

• Emerging roles of Akt isoforms in different cancer-types

• Importance of Akt-driven aberrant cell survival mechanism that regulate
metastasis

• TGFβ/PKA signaling transduceome regulate Akt-mediated survival and
metastasis

• Current Akt inhibitors in clinical trials
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Figure 1.
PI3K/Akt signalling in cancer
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Figure 2.
Akt isoform functions in cancer
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Figure 3.
Predicted mRNA targets of Akt2 in context of colorectal cancer metastasis signalling
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Figure 4.
Loss of autocrine TGFβ leads to complex formation between Akt& Smad3 during stress
(unpublished data)
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Figure 5.
TGFβ/PKA mediated Akt regulation leading to cell death in CRC
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