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Introduction
The serine/threonine kinase Akt, or protein kinase B 
(PKB), has recently been a focus of intense research as 
a reflection of the recognized central role of the Akt 
kinases in both normal physiology and disease devel-
opment. Initial work on Akt was conducted in 1977, 
when a transforming murine leukemia virus from a 
T-cell lymphoma localized in the thymus of the spon-
taneously lymphomatous AKR/J mouse was isolated 
and called AKT-8.1 AKT-8 was able to produce foci of 
malignant transformation in mink lung epithelial cells 
and thymic tumors, while other cell lines were nega-
tive for transformation, suggesting the virus contained 
a previously undescribed oncogene.2 The retrovirus 
isolated from mink lung epithelial cells contained on-
cogenic sequences of cellular origin and the oncogene 
was named v-akt.2 DNA fragments containing two 
human homologues of the akt gene, AKT1 and AKT2, 
were identified and permitted the discovery of an am-
plification of an AKT1 allele in primary gastric adeno-
carcinoma.2,3 This was the first evidence for a role of 
Akt in tumorigenesis and the pathogenesis of some hu-
man malignancies. Shortly thereafter, the AKT1 gene 
was mapped to chromosome 14, confirming its human 
origin.
In 1991 independent lines of research converged on 
the identification of genes relating to Akt/PKB.  Two 
groups used homology-based approaches to identify 
genes that encoded a serine/threonine protein kinase 
similar to protein kinase A (PKA) and protein kinase 

C (PKC), which was called RAC-PK (related to PKA 
and PKC) and subsequently named PKBα/Akt1.4 
These studies suggested an important role for Akt/
PKB in signal transduction pathways.  Later that year 
v-Akt was cloned as the oncogene transduced by AKT-
8, which highlighted the important role for AKT in 
transformation and cancer.5 A second isoform of the 
protein, PKBβ/Akt2, was identified in human cell 
lines. Currently, three mammalian isoforms of PKB/
Akt have been identified, PKBα/Akt1, PKBβ/Akt2, 
and PKBγ/Akt3, all of which are expressed differen-
tially on mRNA and protein level and play crucial 
roles in cellular homeostasis.
The Akt kinases belong to the general class of AGC 
kinases and are composed of three domains: an N-ter-
minal pleckstrin homology (PH) domain, a kinase do-
main, and a short regulatory hydrophobic C-terminal 
tail. The isoforms share the same structural organiza-
tion, though they differ slightly in the localization of 
their regulatory phosphorylation sites, and sequence 
homologies of the kinase domains exceed 87%.6  
Activation of the Akt kinases is a complex cascade 
involving engagement of receptor tyrosine kinases, 
membrane binding, translocation, and phosphoryla-
tion (Figure 1). Akt is a key downstream effector of 
phosphoinositide 3-kinase (PI3K). Upon stimulation 
with a growth factor such as insulin-like growth fac-
tor-1 (IGF-1), PI3K is activated and synthesizes the 
phosphoinositide second messenger PtdIns-3,4,5-P3 
(PIP3) from membrane bound PtdIns-4,5-P2 (PIP2).  

Summary
Akt, also known as protein kinase B (PKB), is a 
major signal transducer of the phosphoinositide 
3-kinase (PI3K) pathway and since its discovery 
has emerged as a central player in cell growth, 
proliferation, metabolism, and survival.  The 
mechanisms of activation of the Akt kinases 
have been more clearly defined, though the spe-
cific functional roles of the Akt isoforms, Akt1, 

Akt2, and Akt3, continue to be under investiga-
tion, particularly their potential roles in cancer 
invasion and metastasis. The frequent aberrant 
activation of Akt/PKB in human cancer has made 
it an attractive target for pharmacological and 
therapeutic treatment, making the potential spe-
cific roles of each of the three Akt isoforms highly 
relevant. 
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PIP3 binds to the PH domain of Akt and targets it to 
the plasma membrane. The binding of PIP3 to the PH 
domain anchors Akt to the membrane and allows its 
phosphorylation and activation. Full activation of Akt/
PKB involves a conformational change and phospho-
rylation of two highly conserved residues.7 The major 
activating phosphorylation event involves a threonine 
residue, Thr308, within the kinase domain activation 
loop which is phosphorylated by phosphoinositide-
dependent kinase-1 (PDK1). The phosphorylation of 
Ser473 in the hydrophobic motif is required for the full 
activity of Akt and is presumably phosphorylated by the 
mTORC2 (mammalian target of rapamycin complex 
2) complex.8  Other implicated mechanisms of Ser473 
phosphorylation include PDK1, integrin-linked ki-
nase, and autophosphorylation.9 Once fully activated, 
Akt loses PIP3 binding and translocates within the cell 
to the cytoplasm, nucleus, mitochondria, and other or-
ganelles.  Akt/PKB is then able to transduce signals 
through phosphorylation of a number of substrates in-
cluding, glycogen synthase kinase 3β, BAD, MDM2, 
human caspase 9, FOXO, NF-κB transcription factors, 
mTOR, Raf, p21, BRCA-1, and Rac1, many of these 
being implicated in cancer-associated phenotypes.  

Akt Isoforms
The term Akt encompasses the three highly conserved 
cellular homologues, Akt1/PKBα, Akt2/PKBβ, and 
Akt3/PKBγ, found in mammals.  Because Akt isofor-
ms are ubiquitously expressed in all tissues, including 
the cellular compartments of the stroma, investigation 
into the roles the Akt isoforms play in cancer pheno-
types has provided insights into the pathophysiologi-
cal mechanisms of tumor development and metastasis. 
Although each Akt kinase is activated through similar 
mechanisms and responds similarly to stimuli, their 
different tissue-specific expression patterns suggest dis-
tinct roles. Akt1 is the most abundant and ubiquitously 
expressed isoform. Akt2 is also ubiquitously expressed, 
though Akt2 transcripts are especially abundant in 
insulin-responsive tissues such as skeletal muscle and 
brown fat.10 Akt3 has a more restricted tissue expres-
sion and can be found in neuronal tissues.11

Mouse knockouts were the first experiments uncov-
ering isoform-specific functions of Akt1, Akt2, and 
Akt3. Akt1-null mice displayed developmental defects 
and growth retardation, Akt2-null mice had defects in 
glucose homeostasis and developed insulin-resistant 
diabetes, Akt3-null mice on the other hand displayed 
defects in brain development and had a decreased 
brain size.11 Although studies have shown that func-

tional redundancy between the isoforms does exist, 
data suggest that there are functional differences at the 
cellular level.
Akt/PKB is involved in a number of cellular processes 
including survival, proliferation, growth, metabo-
lism, and tumorigenesis, and it is crucial to delineate 
the roles each of the isoforms play in these processes. 
Akt1 has traditionally been shown to be involved in 
cell survival by negatively regulating and blocking the 
function of pro-apoptotic proteins and processes. In 
addition, Akt1 plays a role in promoting cell growth, 
primarily through the activation of the mTOR com-
plex 1 (mTORC1) and stimulating cell proliferation by 
interrupting cell-cycle regulation.11 Akt1 also plays pi-
votal roles in both physiological and pathological angio-
genesis, being required for endothelial cell migration.12

Akt1 was first implicated in human cancer shortly af-
ter its discovery in 1977.2  Increased kinase activity of 
Akt1 is associated with poor prognosis in prostate and 
breast carcinomas. Given the high frequency of PTEN 
(phosphatase and tensin homolog deleted on chromo-
some 10) mutations in cancer, it is thought that in a 
majority of tumors, Akt activation results from loss of 
PTEN.13 PTEN is a tumor suppressor that negatively 
regulates Akt activation by directly inactivating the 
PI3K/Akt pathway, acting as a lipid phosphatase of 
phosphorylated phosphoinositides. PTEN is frequent-
ly inactivated in a number of human tumors, resulting 
in hyperactivation of Akt signaling, phosphorylation 
of downstream substrates, and resulting in cellular 
transformation and tumorigenesis.
Independent studies demonstrate that active Akt1 de-

Figure 1. Overview of the Akt/PKB signaling pathway. Akt, 
activated by phosphorylation on its threonine 308 and serine 
473 residues, phosphorylates and mediates many known down-
stream effectors and signals implicated in cancer phenotypes.
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creases mammary epithelial cell migration. The inhibi-
tory effect of Akt1 on migration is mediated through 
proteasomal degradation of the NFAT (Nuclear Fac-
tor of Activated T cells) transcription factor.14  Using 
siRNA, knockdown of Akt1, but not Akt2, led to an 
increase in the migratory capabilities of mammary 
epithelial cells. Stimulation of the cells with IGF-IR 
and down-regulation of Akt1 caused increased activa-
tion of the ERK/MAPK pathway, which contributed 
to enhanced migration and demonstrated the impor-
tance of Akt1 in potentially cross-regulating the ERK 
signaling pathway.15 Additionally, overexpression of 
constitutively active Akt1 phosphorylates and targets 
the tumor suppressor Tuberous Sclerosis Complex 
2 (TSC2) for degradation, leading to reduced Rho  
GTPase activity and decreased motility and invasion 
of breast cancer cells.16

Akt2 was first reported to be involved in tumorigenesis 
when found to be amplified and overexpressed in ovar-
ian cell lines and tumors, causing an aggressive pheno-
type.17 Akt2 activity is elevated in approximately 40% 
of primary ovarian cancers and overexpression of Akt2 
is seen in 10% of pancreatic and 5% of breast cancers.7
As Akt1 has been shown to have an inhibitory effect 
on breast cancer invasion, Akt2 plays a pro-invasive 
role in the disease. Increased expression of Akt2 by 
the transcription factor Twist enhances breast cancer 
migration.11 Akt2 up-regulates β1 integrins, interacts 
with PKC and promotes adhesion and migration of 
breast cancer cells.15

In direct contrast, our group has found opposite roles 
for Akt1 and Akt2 in inflammatory breast cancer 

(IBC) invasion. Using siRNA to specifically knock-
down Akt1 levels, it was found that in vitro invasive 
capabilities of IBC cells were significantly inhibited, 
while the invasiveness of the non-inflammatory breast 
cancer cells was not affected (Figure 2).  In contrast, 
siRNA knockdown of Akt2 did not effect the IBC 
cells but significantly decreased the invasiveness of the 
non-inflammatory breast cancer cells (Figure 3), impli-
cating Akt1 in the highly invasive phenotype of IBC.
Akt3 remains understudied. It is expressed abundantly 
in neuronal tissues and is involved in the protection of 
motoneuronal death.18 Akt3 mRNA is upregulated in 
estrogen receptor (ER)-negative breast tumors and has 
increased activity in ER-negative breast cancers and 
androgen-insensitive prostate cancer cell lines (PCa).19 
Though Akt3 mRNA expression is not limited to ER-
negative breast cancer cells, data suggest that Akt3 
contributes to the aggressiveness of steroid hormone-
insensitive cancers.

Clinical Applications
The importance of the Akt/PKB pathway in human 
cancers is firmly established and presents an exciting tar-
get for molecular therapeutics, serving as a convergence 
point for growth stimuli and a central role in transduc-
ing oncogenic signals. Thus, putting the issues of using 
Akt as a diagnostic marker and developing targeted 
drugs for the treatment of cancers with Akt involvement 
at the forefront of translational cancer research.
There is a definite need to identify biomarkers that are 
able to distinguish clinically aggressive forms of a tu-
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Figure 2. Treatment of SUM149 inflammatory breast cancer 
(IBC) cells and MDA231, MDA435, and MCF7 non-IBC cells with 
siRNA specifically directed against Akt1 causes significantly re-
duced invasion of SUM149 IBC cells in a Matrigel invasion assay.
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Figure 3. Treatment of SUM149 IBC cells and MDA231, 
MDA435, and MCF7 non-IBC cells with siRNA specifically di-
rected against Akt2 causes significantly decreased invasion 
of non-IBC cells in a Matrigel invasion assay.
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mor. In prostate cancer for example, a disease where 
four times as many men are treated for the disease than 
would have died from it if left untreated, high levels of 
active phosphorylated Akt (pAkt) are associated with a 
high Gleason-grade. High pAkt levels are an excellent 
indicator of PSA failure and predictor of poor clinical 
outcome.20 Recent identification of Akt1 mutations in 
in situ breast carcinoma demonstrates that it is a po-
tential early indicator for chemoprevention strategies.21

Therapeutic targeting of the Akt/PKB pathway in-
cludes Akt, its upstream regulators and downstream 
effectors. Various Akt inhibitors are better classified in 
vitro, including commercially available Wortmannin 
and LY294002. Thus far, translation of these inhibi-
tors to everyday cancer therapy has failed. However, 
in PC-3 PCa cells adhered to collagen-I, inhibition of 
Akt with LY294002 induced caspase activation, sug-
gesting that decreased Akt activation increases sensi-
tivity of PCa cells to Docetaxel. Although combina-
tions of inhibitors targeting PI3K, Akt, and mTOR, 
with various chemotherapies and radiation have been 
explored in preclinical studies, only a few clinical tri-
als with Akt inhibitors are reported to date. The most 
developed Akt inhibitor is Perifosine; a lipid-based in-
hibitor. In vitro Perifosine is able to inhibit transloca-
tion of Akt to the cell membrane and sensitize cancer 
cells to apoptosis induced by radiation.22 phase I and 
II clinical trials investigating Perifosine concluded 
that its use as monotherapy is associated with limited 
efficacy and high toxicity. However, phase I trials of 
the combinational use of Perifosine with chemothera-
peutic agents such as taxanes and gemcitabine show 
that these drugs can be safely administered. Current-
ly, other phase II clinical trials are using Perifosine 
in combination with conventional therapies target-
ing multiple myeloma.24  Another Akt inhibitor, the 
nucleoside analogue Triciribine (API-2), is currently 
being investigated in phase I clinical trials targeting 
metastatic solid tumors with high pAkt levels.24 This 
agent showed to have minimal efficacy with serious 
toxicities, presumably due to Akt2 inhibition.
Currently, there is a lack of Akt-specific inhibitors as 
well as isoform-selective Akt inhibitors. However, a few 
novel selective inhibitors have been developed: Akti-1, 
Akti-2, and Akti-1/2. These inhibitors are able to in-
hibit kinase activity, phosphorylation and activation 
of the corresponding isoforms reversibly. In LnCaP 
PCa cells, both Akt1 and Akt2 must be inhibited for 
maximal caspase-3 induction and apoptosis. Apoptosis 
induced by any three of these inhibitors could not be 
reversed by overexpression of active Akt3, suggesting 
that Akt3 cannot compensate for Akt1 and Akt2.25 

Though these compounds show great promise in vitro, 
poor solubility and pharmacokinetics have inhibited 
in vivo studies. Further research on these selective Akt 
compounds is required as the potential redundant, 
distinct, or opposite functions of the three Akt/PKB 
isoforms are explored.  

Novel Approaches and concepts
As questions concerning upstream regulators, down-
stream substrates, and potential isoforms-specific path-
ways in cancer remain unanswered, Akt/PKB con-
tinues to be a focus of intense research. One unique 
concept regarding Akt involves its role as both a kinase 
and a substrate of GTPases. A putative Akt/PKB phos-
phorylation site (ydRIRpISYp) can be found in nearly 
all Rho proteins. Rho proteins are important in nearly 
every cellular process, particularly reorganization of 
the actin cytoskeleton. One of the first suggestions that 
Rho proteins can be Akt/PKB substrates came from 
experiments showing that recombinant Rac1 GTPase 
could be phosphorylated on serine 71 by active Akt/
PKB.26 In vitro phosphorylation of Rac1 attenuated its 
activation without affecting its GTPase activity sug-
gesting that Akt acts upstream of Rac1 and modulates 
its activity. Phosphorylation of Rac1 by Akt results 
in decreased Rac1 activity and decreased osteoclast 
motility, which can be reversed by PI3K inhibitors.27 
Likewise, downregulation of RhoC GTPase activity in 
PC-3 PCa cells leads to a marked increase of Rac and 
Cdc42 GTPase activity, corresponding with decreased 
serine 71 phosphorylation of these two GTPases.28 The 
mechanism(s) by which serine 71 phosphorylation of 
the Rho proteins prevent activation is currently un-
known but may be due to changes within the activat-
ing switch region of the GTPases.   
In contrast, several studies have suggested that Akt/
PKB may act as a downstream substrate of the Rac 
and Rho GTPases. Activation of Cdc42 and/or Rac1 
disrupts the normal polarization of mammary epithe-
lial cells in the collagen matrix, leading to increased 
invasiveness through the activation of PI3K by Cdc42/
Rac1.29 In addition, the regulatory subunit of PI3K 
(p85) binds to GTP-bound Rac/Cdc42, causing acti-
vation of PI3K/Akt.30

Although the relationship between Akt and the Rho 
proteins still remains unclear, it was found that Akt/
PKB is active in SUM149 IBC cells due to loss of 
PTEN. Increased Akt activity results in high levels 
of serine-phosphorylated RhoC GTPase. Inhibition 
of Akt/PKB activity, either by Akt1 pharmacologic 
inhibitors, introduction of siRNA to Akt1, or re-in-
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troduction of PTEN, leads to a significant decrease in 
RhoC-mediated invasion. Likewise, introduction of 
a RhoCS73A mutant into the IBC cells significantly 
decreases their invasive capabilities. The mechanism 
through which Akt/PKB phosphorylation of RhoC 
affects the cells invasive capabilities is currently under 
investigation. RhoC activity does not appear to be af-
fected by serine phosphorylation, however, serine 73 
lies within the switch II region of the guanine nucle-
otide binding pocket. Each switch region is critical for 
effector binding and X-ray crystallography suggests 
that GTP binding causes RhoC to undergo two con-
formational changes that may be affected by phospho-
rylation, thus altering its effector binding capabilities. 

Conclusion
As research continues, the Akt kinases have been as-
signed an increasing number of cellular functions in 
both physiological and disease processes. Akt/PKB 
has been shown to be at a crossroads of oncogenic 
and tumor suppressor signaling networks. Studies in-
dicate that individual functions may be revealed for 
Akt1, Akt2, and Akt3. As the molecular mechanisms 
of Akt isoform-specific roles continue to be explored, 
the knowledge of these precise functions is crucial for 
the design of highly specific and effective Akt-targeted 
therapeutics for cancer treatment.

Glossary
• Akt/Protein Kinase B (Akt/PKB):  Serine/threonine 

kinases activated by the PI3K pathway and involved 

in several cellular processes such as survival, growth 
and motility.

• Inflammatory breast cancer (IBC): A highly aggres-
sive and rare form of locally advanced breast cancer. 
This form of breast cancer manifests rapidly within 
6 months and is by definition, classified as T4d due 
to invasion of the dermal lymphatics overlying the 
breast. Blockage of the dermal lymphatics by tumor 
emboli results in primary skin changes resembling 
inflammation.

• Ras Homology GTPase (Rho GTPase): Monomeric 
GTP-binding proteins which act as binary switch-
es, transiently moving between an inactive-GDP-
bound state to an active-GTP-bound state back to 
an inactive state. The activation/inactivation of the 
proteins comprises the tightly regulated GTPase cy-
cle. The main role of these proteins is to reorganize 
the actin cytoskeleton leading to cellular motility 
and invasion.
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