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Abstract

Akt regulates critical cellular processes including cell survival and proliferation, glucose metabolism, cell migration,
cancer progression and metastasis through phosphorylation of a variety of downstream targets. The Akt pathway is
one of the most prevalently hyperactivated signaling pathways in human cancer, thus, research deciphering
molecular mechanisms which underlie the aberrant Akt activation has received enormous attention. The PI3K-dependent
Akt serine/threonine phosphorylation by PDK1 and mTORC2 has long been thought to be the primary mechanism
accounting for Akt activation. However, this regulation alone does not sufficiently explain how Akt hyperactivation
can occur in tumors with normal levels of PI3K/PTEN activity. Mounting evidence demonstrates that aberrant Akt
activation can be attributed to other posttranslational modifications, which include tyrosine phosphorylation,
O-GlcNAcylation, as well as lysine modifications: ubiquitination, SUMOylation and acetylation. Among them, K63-linked
ubiquitination has been shown to be a critical step for Akt signal activation by facilitating its membrane recruitment.
Deficiency of E3 ligases responsible for growth factor-induced Akt activation leads to tumor suppression. Therefore, a
comprehensive understanding of posttranslational modifications in Akt regulation will offer novel strategies for cancer
therapy.
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Introduction
Akt, also known as protein kinase B (PKB), was originally
identified as the cellular homologue of the viral oncogene,
v-akt [1,2]: a serine/threonine kinase similar to protein
kinases A and C [3,4]. Akt serves as a central hub that
transduces various extracellular cues to regulate a wide
range of biological processes through phosphorylation
of distinct protein substrates. For instance, Akt phos-
phorylates and inhibits FoxOs, GSK3β, TCS2 and Bad
[5]. FoxOs, when phosphorylated by Akt are seques-
tered in the cytoplasm where they fail to induce tran-
scription of genes associated with apoptosis and cell
cycle arrest [6]. Akt phosphorylation of GSK3β, a protein
kinase known to downregulate protein substrates for cell
survival and proliferation, causes cells to reacquire survival
features [7]. TSC2 inhibits mammalian target of rapamycin
* Correspondence: chia-hsin.chan@stonybrook.edu; hklin@mdanderson.org
1Department of Pharmacological Sciences, Stony Brook University, Stony
Brook, NY 11790, USA
2Department of Molecular and Cellular Oncology, University of Texas MD
Anderson Cancer Center, Houston, TX 77030, USA
Full list of author information is available at the end of the article

© 2014 Chan et al.; licensee BioMed Central L
Commons Attribution License (http://creativec
reproduction in any medium, provided the or
Dedication waiver (http://creativecommons.or
unless otherwise stated.
complex 1 (mTORC1), a protein complex essential for pro-
tein translation and cell growth. The phosphorylation of
TSC2 by Akt allows the reactivation of mTORC1 [8,9]. Akt
phosphorylation of Bad, a pro-apoptotic protein that
controls mitochondrial outer membrane permeability,
decreases cytochrome c release to protect cells from apop-
tosis [10]. Akt-regulated phosphorylation can also provoke
the activation of substrates like IKKα and Skp2 [11-13].
Akt phosphorylates and activates IKKα, leading to the
induction of immune response through upregulation of
NF-κB. Skp2 is an F-box protein constituting the Skp2
SCF E3 ubiquitin ligase complex and is essential for cell
cycle progression, migration and metastasis [13-16]. Akt-
mediated phosphorylation of Skp2 stabilizes and activates
Skp2 and facilitates its cytosolic translocation, thereby
promoting cell migration and cancer metastasis [12,13,17].
Change in Akt expression level or activity is a causative

factor for the onset or progression of a variety of human
cancers [18-20]. Therefore, there is great enthusiasm in
the scientific community for a better understanding of
the regulatory mechanisms that underlie abnormal
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Akt activation and expression. In fact, Akt exists as
three isoforms in mammals [21,22]. Akt1 is ubiqui-
tously expressed in various tissues at high levels. Akt2
is highly expressed in the muscle, liver and adipose tis-
sues while modestly expressed in other tissues. Akt3 is
predominantly expressed in brain and testis. These
three isoforms sharing high sequence and structural
homology consists of an amino-terminal pleckstrin
homology (pH) domain and a carboxyl-terminal regu-
latory domain. Since these Akt isoforms are similarly
activated by PI3K and PDK1 and share some common
downstream effectors, it is postulated that the Akt iso-
forms may be functionally redundant. However, accumu-
lating evidence suggests differential substrate specificity
and biological functions among Akt isoforms (reviewed by
B. Dummle and B.A. Hemmings) [23]. These observations
therefore redirect scientists’ attention to the roles of each
Akt isoform in physiological and pathological conditions.
A plethora of downstream players for each Akt iso-

form have been discovered and characterized [5,23] and
the involvement of many substrates in specific biological
functions and diseases has been comprehensively illus-
trated (reviewed by B.D. Manning and L.C. Cantley)
[5,23]. In this review, we will summarize recent advances
in the posttranslational regulation of Akt, discuss the
possible roles of Akt regulators affecting Akt posttransla-
tional modifications in cancer development and potentially
provide new therapeutic strategies for cancer targeting.

Phosphorylation and activation of Akt
Extensive studies have established that growth factors,
hormones and cytokines stimulate Akt activation through
serial phosphorylation events [24,25]. The binding of lig-
and to its cognate receptor tyrosine kinase (RTK) causes
PI3K activation that converts phospholipid PIP2 to
phospholipid PIP3. PIP3 then interacts with and recruits
both Akt and phosphoinositide-dependent kinase 1
(PDK1) to the plasma membrane where PDK1 can phos-
phorylate Akt at threonine (Thr308) in the activation loop,
consequently keeping Akt in its active conformation [26].
While this phosphorylation is sufficient to activate some
Akt downstream substrates, additional phosphorylation in
the C-terminal domain at serine 473 (Ser473) by mTORC2
accounts for the full activation of Akt [27]. Other than
mTORC2, kinases including DNA-dependent protein
kinase (DNA-PK), integrin-linked kinase (ILK), and
mitogen-activated protein kinase-activated protein kinase-2
(MAPKAPK2) have been implicated in the modulation
of Akt phosphorylation at Ser473 in various contexts
[28-31]. Most recently, Wei’s group uncovered a novel
phosphorylation event that critically regulates Akt acti-
vation under diverse physiological conditions. They
found that Akt S477/T479 phosphorylation can be trig-
gered by cyclin-dependent kinase 2 (cdk2)/cyclinA,
mTORC2, and DNA-PK under cell cycle progression,
growth factor stimulation and DNA damage response
[32,33]. While Akt S477/T479 phosphorylation is es-
sential for Akt activation and Akt-regulated biological
functions, it remains obscure how this phosphorylation
orchestrates Akt activation [32]. It will be interesting to
determine whether Akt S477/T479 phosphorylation
regulates Akt activation by affecting its membrane re-
cruitment under such physiological cues.
Conversely, phosphatase and tensin homolog (PTEN)

is a phosphatase that dephosphorylates PIP3 to prevent
Akt membrane recruitment and phosphorylation [34].
Multiple lines of genetic evidence demonstrate that
PTEN loss results in aberrant hyperactivation of Akt that
renders PTEN-deficient mice to predispose to neoplasia
and tumors [35]. In addition to PTEN, two phosphatases,
protein phosphatase 2A (PP2A) and PH domain and leu-
cine rich repeat protein phosphatase (PHLPP), were found
to dephosphorylate Akt at Thr308 and Ser473, respect-
ively, thereby antagonizing Akt activation [36-38].
Besides PI3K and the upstream kinases and phospha-

tases of Akt, several proteins indirectly involved in cycles
of serine/threonine phosphorylation and dephosphoryla-
tion of Akt have been identified. For instance, promyelo-
cytic leukemia protein (PML) represses Akt activation as
it is essential for PP2A-mediated Akt dephosphorylation
at Thr308 [39]. Consequently, genetic ablation of PML
causes prostate tumors in mice accompanied by eleva-
tion of Akt phosphorylation and activation [39]. In the
context of dopamine stimulation, Caron’s group showed
that β-arrestin-2 facilitates the interaction of PP2A with
Akt, leading to dephosphorylation and inhibition of Akt
[40,41]. Further genetic evidence showed β-arrestin-2
knockout mice exhibit defects in dopamine-mediated
neurotransmission and Akt inactivation in the central
nervous system [24,25]. Similarly, FK506 binding protein
51 (FKBP51) works to bridge PHLPP and Akt leading to
Ser473 dephosphorylation and subsequent inactivation
of Akt [42].
Multiple studies present evidence that Akt undergoes

tyrosine phosphorylation in response to diverse growth
factors, such as EGF, Heregulin and insulin. Upon EGF
stimulation, Akt is phosphorylated at Tyr315 and Tyr326
by Src or protein tyrosine kinase 6 (PTK6), a Src-related
tyrosine kinase [43,44]. Both Qiu’s and Tyner’s groups re-
ported that phosphorylation of Akt at Tyr315 and Tyr326
is required for its kinase activation, as substitution of these
residues with phenylalanine abolishes its kinase activity.
While Qiu’s study suggests that PI3K activation is essential
for Akt tyrosine phosphorylation, Tyner’s work does not
support this notion. This discrepancy may be due to the
different concentrations of EGF and the different cell types
used in their studies. Nevertheless, Luan and colleagues
revealed that enhanced Akt tyrosine phosphorylation by
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β-arrestin-2 can activate Akt signaling. In contrast to its
negative role in Akt activation upon dopamine stimula-
tion, β-arrestin-2 facilitates Akt activation by recruiting
Akt to active Src and the insulin receptor complex for its
tyrosine phosphorylation upon exposure to insulin [45]. In
line with this observation, loss of β-arrestin-2 results in
defective Akt activation and attenuates insulin signaling,
thereby leading to insulin resistance and type II diabetes
in mouse models [45]. Altogether, β-arrestin-2 functions
as a contextual Akt regulator that can instigate opposing
effects on Akt. Thus, caution should be taken when
considering β-arrestin-2 as a target for therapeutic
intervention.
Akt can also be phosphorylated at Tyr176 by Ack1 upon

activation of RTK by growth factors [46]. Mahajan and
colleagues have shown that Akt Tyr176-phosphorylation
is sufficient to drive its membrane localization and subse-
quent PDK1- and mTORC2-mediated Akt phosphoryl-
ation and activation. Interestingly, the Ack1-mediated Akt
tyrosine phosphorylation remains unchanged in the pres-
ence of PI3 kinase inhibitor, LY294002. This finding not
only lends a support but also offers a molecular mechan-
ism for the previous notion that Akt activation can occur
in a PI3K-independent manner [47-49]. Experiments using
transgenic mice expressing constitutively active Ack1
in prostate tissues show an elevation of Tyr176-
phosphorylation and activation of Akt in vivo. Further,
these mice develop prostatic intraepithelial neoplasia
(PIN) similar to those driven by Akt hyperactivation.
However, it is unclear whether Ack1 is required for
prostate cancer development upon conditional PTEN
inactivation in prostates.

Lysine modifications (ubiquitination, SUMOylation and
acetylation) of Akt
Phosphorylation and dephosphorylation are regarded as
the primary mechanism driving Akt signal activation.
Recent advances reveal that other posttranslational mod-
ifications including ubiquitination and SUMOylation are
also essential and equally important as phosphorylation
for Akt signaling activation.
Ubiquitination, just like phosphorylation, is a dynamic

modification engaged in diverse cellular processes in-
cluding cell growth and proliferation, apoptosis, DNA
damage response, inflammation, cancer and neurodegen-
erative diseases [50-55]. It is an enzyme-catalyzed cascade
that not only marks protein substrates for 26S proteasome-
dependent degradation by covalently conjugating them with
multiple ubiquitin monomers via lysine (K)48-linkage, but
also alters protein localization, trafficking and/or activation
via K63-linked polyubiquitin chains [56,57]. The vital role
of ubiquitination in regulating Akt degradation and inacti-
vation has been recently defined. For instance, CHIP,
BRCA1, TTC3, and MULAN ubiquitin ligases have been
shown to promote K48-linked ubiquitination and degrad-
ation of Akt to terminate its activation [58-61].
In 2009, our group presented the first evidence that

Akt can undergo K63-linked ubiquitination at K8 and
K14 residues within its PH domain in response to IGF-1
and cytokine IL-1 stimulation. In contrast to K48-linked
ubiquitination and degradation, this K63-linked ubiquiti-
nation does not trigger Akt degradation. Instead, it is re-
quired for Akt membrane recruitment, serine/threonine
phosphorylation and activation [62]. TRAF6 was the first
example of an E3 ligase that orchestrates Akt signaling
activation by promoting its K63-linked ubiquitination
[62]. In line with this study, a later report showed that
Nedd4 is another E3 ligase which regulates K63-linked
ubiquitination of Akt in IGF-1 signaling [63]. In 2012
and 2014, we and other group further showed that EGF-
mediated Akt activation also requires K63-linked ubiqui-
tination of Akt, which is induced by Skp2 or TRAF4
[64,65]. Experiments using either xenograft or genetic
mouse models illustrated that deficiency in Skp2, TRAF6
or TRAF4 results in suppression of cancer development
in vivo, pointing to the critical role of distinct E3 ubiqui-
tin ligases in Akt-mediated biological functions and cancer
progression. Notably, ablation of Skp2 mitigates the eleva-
tion of Akt phosphorylation and activation in tumors tis-
sues driven by overexpressed Her2/Neu oncoprotein [64].
Altogether, these studies suggest that various extracellular
signals utilize distinct E3 ubiquitin ligases to orchestrate
Akt signaling activation. Future studies are needed to de-
fine the mechanism by which distinct E3 ubiquitin ligases
are selectively utilized for Akt activation by diverse extra-
cellular signals. Since Akt signaling pathways are also acti-
vated by other growth factors and cytokines, such as FGF,
PDGF and insulin, it will be interesting to determine
whether K63-linked ubiquitination of Akt is a general
mechanism for Akt signaling activation beyond IGF-1,
EGF and IL-1. If it is the case, what E3 ubiquitin ligases
are also engaged in Akt activation other than Nedd4,
Skp2, TRAF4 and TRAF6? Even under stimulation by the
same ligand, Akt activity can be modulated by more than
one E3 ligase. What is the crosstalk between these E3
ligases in Akt activation? It would be interesting to
know how they work together: redundantly, comple-
mentarily or distinctly?
The ubiquitination can be reversed by deubiquitinating

enzymes (DUBs). Recently, two independent studies re-
ported that the tumor suppressor CYLD can function as
a DUB for Akt. CYLD can terminate Akt activity by re-
moving Akt K63-linked ubiquitin chains induced by dif-
ferent inducers, including growth factors and lung injury
stimuli [66,67]. Thus, CYLD serves as a negative regula-
tor for Akt-mediated tumorigenesis and lung fibrosis.
These reports suggest that the K63-linked ubiquitination
is a universal mechanism for Akt regulation at least
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beyond growth factor signaling. These findings under-
score the crucial role of cycles of ubiquitination and
deubiquitination in Akt plasma membrane localization
and activation. Several questions remain to be answered.
For examples, what mechanism causes CYLD to switch
off Akt from the ubiquitinated (active) to deubiquiti-
nated form (inactive)? Is CYLD the sole actor or are
there more DUBs responsible for Akt deubiquitination
and regulation?
Besides ubiquitination, multiple frequent posttransla-

tional modifications occur at lysine residues, such as
SUMOylation and acetylation. Li and colleagues system-
atically screened 34 lysine residues on Akt to determine
which sites are engaged in Akt activation by analyzing
phosphorylation of Akt and its downstream target,
GSK3β. This study supports the previous finding that
the K14 residue, modified by K63-linked ubiquitination,
is essential for Akt phosphorylation and activation [68].
Consistent with previous observations, mutation of
K179, the ATP-binding site, impairs the activation of
GSK3β without impact on the serine/threonine phos-
phorylation of Akt [68]. Other than residues K14 and
K179, replacement of lysine with arginine at K168, 183,
or K276 reduces the phosphorylation of GSK3β by Akt
but has negligible impact on the phosphorylation state
of Akt. Among these sites, K276 was identified as a
major receptor site for SUMOylation, which is provoked
by the SUMO E3 ligase PIAS1 and reversed by the
SUMO-specific protease SENP1 [68]. Another biochem-
ical analysis revealed that K301, like K276, is also a preva-
lent SUMO attachment site on Akt. Moreover, double
mutation on K276 and K301 residues of Akt was found to
attenuate Akt-regulated cellular processes independently
of Akt phosphorylation [69]. Even though SUMOylation
of Akt is critical for Akt activation, the mechanism ac-
counting for its activation remains to be determined. It’s
worth mentioning that SUMOylation can occur on all
three Akt isoforms while K63-linked ubiquitination can be
detected in Akt1 and Akt2 but not Akt3. These observa-
tions imply that K63-linked ubiquitination and SUMOyla-
tion may activate Akt through different mechanisms—at
least in Akt3.
Acetylation is another lysine modification that can

negatively regulate Akt activity [70]. It has been demon-
strated that the level of Akt acetylation induced by IGF-1
or insulin inversely correlates with Akt phosphorylation
and signaling [70]. p300 and p300/CBP-associated factor
(PCAF) are the aceyltransferases that induce Akt acetyl-
ation and inactivation, whereas sirtuin 1 (SIRT1) deacety-
lates Akt to promote Akt binding to PIP3 and consequent
Akt activation [70]. Consistent with these observations,
SIRT1 deficiency compromises Akt participation in cell
survival, proliferation and tumorigenesis. Mass spectrom-
etry analysis revealed that Akt is acetylated at K14 and
K20 within its PH domain. While the Akt acetylation-
defective mutant, K20R, exhibits increased PIP3 binding
and Akt membrane localization, the K20Q mutant that
mimics constitutive Akt acetylation increases Akt activity,
recapitulating the effect of SIRT1 deficiency. However, the
other acetylation defective Akt mutant (K14R) does not
enhance Akt phosphorylation as expected and activation
due to the fact that it also affects K63-linked Akt ubiquiti-
nation. Thus, it is likely that the loss of K63-linked ubiqui-
tination offsets enhanced Akt membrane translocation
and activation by the loss of Akt acetylation. While several
lysine modifications on Akt have been uncovered, more
studies will be required to decipher the potential crosstalk
among diverse lysine modifications on Akt.
Glycosylation of Akt
O-GlcNAcylation is a reversible process, which modifies
serine/threonine residues of proteins with a specific glycan:
β-N-acetylglucosamine. Some studies have demonstrated
that elevated protein O-GlcNAcylation by overexpression
of O-GlcNAc transferase or inhibitors of O-GlcNAcases re-
sults in decreased Thr 308 phosphorylation of Akt and thus
insulin resistance [71,72]. However, whether Akt can be the
target for O-GlcNAcylation was not characterized in these
studies. Subsequent study from Soesanto and colleagues
reports that Akt itself can undergo O-GlcNAcylation
[73]. Geng’s and Gong’s groups later demonstrated that
O-GlcNAcylation of Akt inhibits its Thr 308 phosphor-
ylation in various cell types [74,75]. Geng’s group fur-
ther mapped the O-GlcNAcylation sites of Akt and
illustrated that O-GlcNAcylation occurs at Thr305 and
Thr312. Intriguingly, O-GlcNAcylation of Akt attenu-
ates Akt phosphorylation at Thr308 and Akt-mediated
biological functions by blocking the binding of Akt to
PDK1. Although O-GlcNAcylation of Akt on Ser126 and
Ser129 was also reported, the progress toward under-
standing the functional significance of O-GlcNAcylation
on these two sites was hindered by the fact that Ser126
and Ser129 are also Akt phosphorylation sites. Experi-
ments comparing the effects of O-GlcNAcylation versus
phosphorylation of Akt on Ser126 and Ser129 are ne-
cessary to determine the predominant and functional
relevance of these modifications on these sites. Further-
more, the interplay between of O-GlcNAcylation and
phosphorylation on Ser126 and Ser129 in Akt regula-
tion remains to be elucidated.
Akt signaling in human cancer
Although mutations in Akt are rarely found, Akt signaling
is one of the most frequently hyperactivated pathways in
many human cancers. Several mechanisms accounting for
this aberrant activation have been proposed. These in-
clude mutation or amplification of PIK3C gene that
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encodes PI3K, loss of PTEN function and activation of
RTKs. Thus, development of inhibitors targeting PI3K-
Akt pathway has received enormous attention in the past
decade [76,77]. The antitumor activities of specific PI3K
or dual PI3K/mTOR inhibitors have been reported in sev-
eral preclinical models [78-81]. In theory, the dual PI3K/
mTOR inhibitors should lead to the maximal inhibition of
PI3K-Akt pathway as they can simultaneously target PI3K,
mTORC1 and mTORC2. The potential therapeutic bene-
fits in patients and adverse effects that may come with
these inhibitors are currently being evaluated in a number
of clinical trials (the progress of the specific PI3K or dual
PI3K/mTOR inhibitors in clinical trials is comprehensively
reviewed by C. Porta) [82]. Among these, NVP-BEZ235,
an ATP-competitive dual inhibitor for PI3K and mTOR, is
currently in phase I/II clinical trials for advanced solid
tumors. Although the clinical benefits of NVP-BEZ235
are being assessed, multiple resistance mechanisms are
already known in prostate, breast and renal cell carcin-
omas (RCC) cells, among others. Inhibition of the
PI3K/Akt pathway by NVP-BEZ235 activates androgen
receptor signaling by relieving feedback inhibition of Her2
kinases [83,84], thus maintaining tumor cell growth in
PTEN-deficient murine prostate cancer models. Similarly,
use of NVP-BEZ235 in breast and RCC cells induces
feedback regulations to sustain cell survival via ERK-
and the FoxO/mTORC2-dependent pathways, respect-
ively [85,86]. These findings highlight that combination
therapies of NVP-BEZ235 with inhibitors that target
the respective resistance pathways prevalent in each
cellular context should be considered in order to
maximize the therapeutic efficacy in the clinic setting.
Figure 1 Schematic representation of post-translational modifications
Akt are shown together with their regulating proteins. PH (Pleckstrin homolog
indicate amino acid position.
Further studies are needed to unravel comprehensive
resistance mechanisms that cancer cells may evolve to
survive in the presence of NVP-BEZ235 or other PI3K
inhibitors. This information will provide rationale for
combination therapy in cancer patients.
Membrane translocation is known to be prerequisite

for Akt phosphorylation and signal activation. Perifosine
is a PH domain inhibitor that targets Akt activity via
perturbing membrane translocation of Akt and has been
proven as the most clinically advanced Akt inhibitor
[87]. However, perifosine along with other pH domain,
lipid-based Akt inhibitors such as PX-316 [88], inhibit
not only Akt but also other pH domain containing pro-
teins. Hence, specificity and the potential for severe side
effects, like hemolysis, are common issues needed to be
resolved for the class of PH domain Akt inhibitors. A
growing body of evidence has shown that cycles of K63-
linked ubiquitination of Akt provide dynamic and pre-
cise control of Akt activity by regulating its membrane
localization [62-67]. The discoveries that cancer-associated
Akt E17K mutant exhibits higher basal level of K63-linked
ubiquitination than wild-type Akt provide an underlying
mechanism through which the Akt E17K mutant acquires
increased activity and oncogenic potentials in cancer
[47,62,63]. This observation highlights the physiological
relevance of K63-linked ubiquitination in Akt regulation
and further suggests that E3 ligases responsible for growth
factor induced K63-linked ubiquitination of Akt can serve
as a new class of therapeutic targets in cancer treatment
[89]. Indeed, deficiency of Akt E3 ligases including Skp2,
TRAF6 and TRAF4 suppresses tumor growth in vivo. In
agreement with these genetic findings, the specific Skp2
of Akt. Domain structure and post-translational modification sites of
y domain), KD (Kinase domain), and RD (Regulatory domain). Numbers
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inhibitor against its E3 ligase activity, compound 25, down-
regulates Akt phosphorylation and represses tumor growth
in pre-existing cancer xenografts [90,91]. These studies
open an avenue to treat human cancers by targeting E3 li-
gases for K63-linked Akt ubiquitination.
Conclusion and perspectives
Research on Akt regulation by serine/threonine phos-
phorylation has taken center stage for years, and Akt and
its upstream regulators, like PI3K, have been targeted for
cancer therapies. The discovery of other posttranslational
modifications such as ubiquitination, SUMOylation,
acetylation and glycosylation adds further complexity to
the diverse regulatory networks controlling Akt signaling
activation (Figure 1). Even though aberrant deregulation
of PI3K and PTEN activity is a prevalent cause for Akt
hyperactivation in human cancers, mechanisms other
than PI3K/PTEN deregulation have emerged [47-49].
Recent advances reveal that K63-linked ubiquitination,
SUMOyation and perhaps tyrosine phosphorylation can
contribute to Akt signaling activation in a PI3K-
independent fashion, indicating that these modifica-
tions may be alternative mechanisms accounting for
aberrant Akt hyperactivation in human cancers. Thus,
the identification of proteins responsible for these
modifications will provide important insights for can-
cer treatment.
Accumulating evidence illustrates that different Akt

isoforms are responsible for their diverse biological func-
tions [92-94]. In particular, Akt1 and Akt2 seem to have
opposing roles in cancer metastasis despite the similarity
of their activation mode by PI3K stimulation [95-98].
This may explains the poor efficacy of PI3K inhibitors in
advanced human cancers. It also suggests that deeper
understanding of the roles of PTMs on the activation of
different Akt isoforms over the course of cancer progres-
sion and metastasis could be beneficial for therapeutic
outcomes. Limited evidence has been presented that
K63-linked ubiquitination and SUMOylation can effi-
ciently modify both Akt1 and Akt2 [62,64,69], suggesting
that neither modification is the major contributor for
the diverse functions of Akt1 and Akt2 in metastasis.
Further effort is required to define what PTMs may be
associated with the activation of distinct Akt isoforms.
This knowledge will offer an opportunity to develop spe-
cific inhibitors against each Akt isoform.
Despite the enormous progress made for the role of

PTMs in Akt regulation, several outstanding questions re-
main to be addressed. While both K63-linked ubiquitina-
tion and SUMOylation have been shown to drive Akt
localization to either membrane and/or nucleus, the under-
lying mechanism dictating Akt trafficking remains un-
known. Do K63-linked ubiquitination and SUMOylation
employ the same regulatory machinery for Akt trafficking
even though modifications occur at different sites? What
determines the biological consequences when distinct mod-
ifications occur on the same residues of Akt? For instance,
both K63-linked ubiquitination and acetylation can occur
at K14 upon IGF1 stimulation. How do they work differ-
ently to coordinately regulate Akt activation in response to
IGF-1? Another example is how phosphorylation and
O-GlcNAcylation of Akt can occur on the same sites of
Akt (Ser126 and Ser129). Are these two modifications
mutually exclusive or interdependent? Comprehensive
understanding of physiologically importance of cross-
talk between PTMs in Akt regulation may provide bet-
ter strategies for the fight against cancer.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
CHC wrote the manuscript. UJ generated the figure, UJ, AHR, PCC, CL and
HKL planned the manuscript outline. AWK and HKL edited the manuscript.
CHC and HKL finalized the manuscript. All authors have read and approved
the final manuscript.

Acknowledgement
We apologize to those scientists whose great works are not cited in this
review due to the limited space. We thank the lab members from Chan’s
and Lin’s laboratories for their valuable comments and suggestions. This
work is supported by The NCI Transition Career Development Award from
National Institute of Health and Stony Brook University New Investigator
Fund to C. H. C., NIH RO1 grants, The University of Texas MD Anderson
Prostate Cancer Moon Shots Program, R. Lee Clark fund, MD Anderson
prostate spore development grant to HKL, and MD Anderson prostate
spore grant to CL.
This review was based on the award lecture by Dr. Hui-Kuan Lin at the 14th
SCBA International Symposium.

Author details
1Department of Pharmacological Sciences, Stony Brook University, Stony
Brook, NY 11790, USA. 2Department of Molecular and Cellular Oncology,
University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA.
3Graduate School of Biomedical Sciences, University of Texas Health Science
Center at Houston, Houston, TX 77030, USA. 4Department of Genitourinary
Medical Oncology, University of Texas MD Anderson Cancer Center, Houston,
USA. 5Graduate Institute of Basic Medical Science, China Medical University,
Taichung 404, Taiwan. 6Department of Biotechnology, Asia University,
Taichung 404, Taiwan.

Received: 25 July 2014 Accepted: 4 September 2014
Published: 1 October 2014

References
1. Bellacosa A, Testa JR, Staal SP, Tsichlis PN: A retroviral oncogene, akt,

encoding a serine-threonine kinase containing an SH2-like region.
Science 1991, 254:274–277.

2. Bellacosa A, Franke TF, Gonzalez-Portal ME, Datta K, Taguchi T, Gardner J,
Cheng JQ, Testa JR, Tsichlis PN: Structure, expression and chromosomal
mapping of c-akt: relationship to v-akt and its implications. Oncogene 1993,
8:745–754.

3. Coffer PJ, Woodgett JR: Molecular cloning and characterisation of a novel
putative protein-serine kinase related to the cAMP-dependent and protein
kinase C families. Eur J Biochem 1991, 201:475–481.

4. Jones PF, Jakubowicz T, Pitossi FJ, Maurer F, Hemmings BA: Molecular
cloning and identification of a serine/threonine protein kinase of the
second-messenger subfamily. Proc Natl Acad Sci U S A 1991, 88:4171–4175.

5. Manning BD, Cantley LC: AKT/PKB signaling: navigating downstream. Cell 2007,
129:1261–1274.



Chan et al. Cell & Bioscience 2014, 4:59 Page 7 of 9
http://www.cellandbioscience.com/content/4/1/59
6. Eijkelenboom A, Burgering BM: FOXOs: signalling integrators for homeostasis
maintenance. Nat Rev Mol Cell Biol 2013, 14:83–97.

7. Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA: Inhibition of
glycogen synthase kinase-3 by insulin mediated by protein kinase B.
Nature 1995, 378:785–789.

8. Sabatini DM: mTOR and cancer: insights into a complex relationship.
Nat Rev Cancer 2006, 6:729–734.

9. Laplante M, Sabatini DM: mTOR signaling in growth control and disease.
Cell 2012, 149:274–293.

10. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenberg ME: Akt
phosphorylation of BAD couples survival signals to the cell-intrinsic
death machinery. Cell 1997, 91:231–241.

11. Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM, Donner DB: NF-kappaB
activation by tumour necrosis factor requires the Akt serine-threonine
kinase. Nature 1999, 401:82–85.

12. Gao D, Inuzuka H, Tseng A, Chin RY, Toker A, Wei W: Phosphorylation
by Akt1 promotes cytoplasmic localization of Skp2 and impairs
APCCdh1-mediated Skp2 destruction. Nat Cell Biol 2009, 11:397–408.

13. Lin HK, Wang G, Chen Z, Teruya-Feldstein J, Liu Y, Chan CH, Yang WL,
Erdjument-Bromage H, Nakayama KI, Nimer S, Tempst P, Pandolfi PP:
Phosphorylation-dependent regulation of cytosolic localization and
oncogenic function of Skp2 by Akt/PKB. Nat Cell Biol 2009, 11:420–432.

14. Chan CH, Lee SW, Li CF, Wang J, Yang WL, Wu CY, Wu J, Nakayama KI,
Kang HY, Huang HY, Hung MC, Pandolfi PP, Lin HK: Deciphering the
transcriptional complex critical for RhoA gene expression and cancer
metastasis. Nat Cell Biol 2010, 12:457–467.

15. Chan CH, Lee SW, Wang J, Lin HK: Regulation of Skp2 expression and
activity and its role in cancer progression. The Scientific World JOURNAL
2010, 10:1001–1015.

16. Chan CH, Gao Y, Moten A, Lin HK: Novel ARF/p53-independent
senescence pathways in cancer repression. J Mol Med 2011, 89:857–867.

17. Ecker K, Hengst L: Skp2: caught in the Akt. Nat Cell Biol 2009, 11:377–379.
18. Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, Szabo S, Yan H, Gazdar A,

Powell SM, Riggins GJ, Willson JK, Markowitz S, Kinzler KW, Vogelstein B,
Velculescu VE: High frequency of mutations of the PIK3CA gene in human
cancers. Science 2004, 304:554.

19. Cully M, You H, Levine AJ, Mak TW: Beyond PTEN mutations: the PI3K
pathway as an integrator of multiple inputs during tumorigenesis.
Nat Rev Cancer 2006, 6:184–192.

20. Fruman DA, Rommel C: PI3K and cancer: lessons, challenges and
opportunities. Nat Rev Drug Discov 2014, 13:140–156.

21. Gonzalez E, McGraw TE: The Akt kinases: isoform specificity in metabolism
and cancer. Cell Cycle 2009, 8:2502–2508.

22. Gonzalez E, McGraw TE: Insulin-modulated Akt subcellular localization
determines Akt isoform-specific signaling. Proc Natl Acad Sci U S A 2009,
106:7004–7009.

23. Dummler B, Hemmings BA: Physiological roles of PKB/Akt isoforms in
development and disease. Biochem Soc Trans 2007, 35:231–235.

24. Brazil DP, Park J, Hemmings BA: PKB binding proteins. Getting in on the
Akt. Cell 2002, 111:293–303.

25. Cantley LC: The phosphoinositide 3-kinase pathway. Science 2002,
296:1655–1657.

26. Alessi DR, Andjelkovic M, Caudwell B, Cron P, Morrice N, Cohen P, Hemmings BA:
Mechanism of activation of protein kinase B by insulin and IGF-1. EMBO J
1996, 15:6541–6551.

27. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM: Phosphorylation and
regulation of Akt/PKB by the rictor-mTOR complex. Science 2005,
307:1098–1101.

28. Bozulic L, Surucu B, Hynx D, Hemmings BA: PKBalpha/Akt1 acts downstream
of DNA-PK in the DNA double-strand break response and promotes
survival. Mol Cell 2008, 30:203–213.

29. Feng J, Park J, Cron P, Hess D, Hemmings BA: Identification of a PKB/Akt
hydrophobic motif Ser-473 kinase as DNA-dependent protein kinase.
J Biol Chem 2004, 279:41189–41196.

30. Persad S, Attwell S, Gray V, Delcommenne M, Troussard A, Sanghera J,
Dedhar S: Inhibition of integrin-linked kinase (ILK) suppresses activation
of protein kinase B/Akt and induces cell cycle arrest and apoptosis of
PTEN-mutant prostate cancer cells. Proc Natl Acad Sci U S A 2000,
97:3207–3212.

31. Fayard E, Tintignac LA, Baudry A, Hemmings BA: Protein kinase B/Akt at a
glance. J Cell Sci 2005, 118:5675–5678.
32. Liu P, Begley M, Michowski W, Inuzuka H, Ginzberg M, Gao D, Tsou P, Gan W,
Papa A, Kim BM, Wan L, Singh A, Zhai B, Yuan M, Wang Z, Gygi SP,
Lee TH, Lu KP, Toker A, Pandolfi PP, Asara JM, Kirschner MW, Sicinski P,
Cantley L, Wei W: Cell-cycle-regulated activation of Akt kinase by
phosphorylation at its carboxyl terminus. Nature 2014, 508:541–545.

33. Gao Y, Moten A, Lin HK: Akt: a new activation mechanism. Cell Res 2014,
24:785–786.

34. Stambolic V, Suzuki A, de la Pompa JL, Brothers GM, Mirtsos C, Sasaki T,
Ruland J, Penninger JM, Siderovski DP, Mak TW: Negative regulation of
PKB/Akt-dependent cell survival by the tumor suppressor PTEN. Cell 1998,
95:29–39.

35. Salmena L, Carracedo A, Pandolfi PP: Tenets of PTEN tumor suppression.
Cell 2008, 133:403–414.

36. Arroyo JD, Hahn WC: Involvement of PP2A in viral and cellular transformation.
Oncogene 2005, 24:7746–7755.

37. Gao T, Furnari F, Newton AC: PHLPP: a phosphatase that directly
dephosphorylates Akt, promotes apoptosis, and suppresses tumor
growth. Mol Cell 2005, 18:13–24.

38. Millward TA, Zolnierowicz S, Hemmings BA: Regulation of protein kinase
cascades by protein phosphatase 2A. Trends Biochem Sci 1999, 24:186–191.

39. Trotman LC, Alimonti A, Scaglioni PP, Koutcher JA, Cordon-Cardo C, Pandolfi
PP: Identification of a tumour suppressor network opposing nuclear Akt
function. Nature 2006, 441:523–527.

40. Beaulieu JM, Marion S, Rodriguiz RM, Medvedev IO, Sotnikova TD, Ghisi V,
Wetsel WC, Lefkowitz RJ, Gainetdinov RR, Caron MG: A beta-arrestin 2
signaling complex mediates lithium action on behavior. Cell 2008,
132:125–136.

41. Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdinov RR, Caron MG:
An Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic
neurotransmission and behavior. Cell 2005, 122:261–273.

42. Pei H, Li L, Fridley BL, Jenkins GD, Kalari KR, Lingle W, Petersen G, Lou Z,
Wang L: FKBP51 affects cancer cell response to chemotherapy by
negatively regulating Akt. Cancer Cell 2009, 16:259–266.

43. Chen R, Kim O, Yang J, Sato K, Eisenmann KM, McCarthy J, Chen H, Qiu Y:
Regulation of Akt/PKB activation by tyrosine phosphorylation. J Biol
Chem 2001, 276:31858–31862.

44. Zheng Y, Peng M, Wang Z, Asara JM, Tyner AL: Protein tyrosine kinase 6
directly phosphorylates AKT and promotes AKT activation in response to
epidermal growth factor. Mol Cell Biol 2010, 30:4280–4292.

45. Luan B, Zhao J, Wu H, Duan B, Shu G, Wang X, Li D, Jia W, Kang J, Pei G:
Deficiency of a beta-arrestin-2 signal complex contributes to insulin
resistance. Nature 2009, 457:1146–1149.

46. Mahajan K, Coppola D, Challa S, Fang B, Chen YA, Zhu W, Lopez AS,
Koomen J, Engelman RW, Rivera C, Muraoka-Cook RS, Cheng JQ, Schonbrunn E,
Sebti SM, Earp HS, Mahajan NP: Ack1 mediated AKT/PKB tyrosine 176
phosphorylation regulates its activation. PLoS One 2010, 5:e9646.

47. Carpten JD, Faber AL, Horn C, Donoho GP, Briggs SL, Robbins CM, Hostetter G,
Boguslawski S, Moses TY, Savage S, Uhlik M, Lin A, Du J, Qian YW, Zeckner DJ,
Tucker-Kellogg G, Touchman J, Patel K, Mousses S, Bittner M, Schevitz R,
Lai MH, Blanchard KL, Thomas JE: A transforming mutation in the pleckstrin
homology domain of AKT1 in cancer. Nature 2007, 448:439–444.

48. Stemke-Hale K, Gonzalez-Angulo AM, Lluch A, Neve RM, Kuo WL, Davies M,
Carey M, Hu Z, Guan Y, Sahin A, Symmans WF, Pusztai L, Nolden LK,
Horlings H, Berns K, Hung MC, van de Vijver MJ, Valero V, Gray JW,
Bernards R, Mills GB, Hennessy BT: An integrative genomic and proteomic
analysis of PIK3CA, PTEN, and AKT mutations in breast cancer. Cancer Res
2008, 68:6084–6091.

49. Tibes R, Kornblau SM, Qiu Y, Mousses SM, Robbins C, Moses T, Carpten JD:
PI3K/AKT pathway activation in acute myeloid leukaemias is not associated
with AKT1 pleckstrin homology domain mutation. Br J Haematol 2008,
140:344–347.

50. Harper JW, Elledge SJ: The DNA damage response: ten years after. Mol Cell
2007, 28:739–745.

51. Chen ZJ, Sun LJ: Nonproteolytic functions of ubiquitin in cell signaling.
Mol Cell 2009, 33:275–286.

52. Bhoj VG, Chen ZJ: Ubiquitylation in innate and adaptive immunity.
Nature 2009, 458:430–437.

53. Corn JE, Vucic D: Ubiquitin in inflammation: the right linkage makes all
the difference. Nat Struct Mol Biol 2014, 21:297–300.

54. Hoeller D, Dikic I: Targeting the ubiquitin system in cancer therapy.
Nature 2009, 458:438–444.



Chan et al. Cell & Bioscience 2014, 4:59 Page 8 of 9
http://www.cellandbioscience.com/content/4/1/59
55. Segref A, Hoppe T: Think locally: control of ubiquitin-dependent protein
degradation in neurons. EMBO Rep 2009, 10:44–50.

56. Adhikari A, Chen ZJ: Diversity of polyubiquitin chains. Dev Cell 2009,
16:485–486.

57. Yang WL, Wu CY, Wu J, Lin HK: Regulation of Akt signaling activation by
ubiquitination. Cell Cycle 2010, 9:487–497.

58. Solit DB, Basso AD, Olshen AB, Scher HI, Rosen N: Inhibition of heat shock
protein 90 function down-regulates Akt kinase and sensitizes tumors to
Taxol. Cancer Res 2003, 63:2139–2144.

59. Xiang T, Ohashi A, Huang Y, Pandita TK, Ludwig T, Powell SN, Yang Q:
Negative regulation of AKT activation by BRCA1. Cancer Res 2008,
68:10040–10044.

60. Suizu F, Hiramuki Y, Okumura F, Matsuda M, Okumura AJ, Hirata N, Narita M,
Kohno T, Yokota J, Bohgaki M, Obuse C, Hatakeyama S, Obata T, Noguchi M:
The E3 ligase TTC3 facilitates ubiquitination and degradation of
phosphorylated Akt. Dev Cell 2009, 17:800–810.

61. Bae S, Kim SY, Jung JH, Yoon Y, Cha HJ, Lee H, Kim K, Kim J, An IS, Kim J,
Um HD, Park IC, Lee SJ, Nam SY, Jin YW, Lee JH, An S: Akt is negatively
regulated by the MULAN E3 ligase. Cell Res 2012, 22:873–885.

62. Yang WL, Wang J, Chan CH, Lee SW, Campos AD, Lamothe B, Hur L,
Grabiner BC, Lin X, Darnay BG, Lin HK: The E3 ligase TRAF6 regulates Akt
ubiquitination and activation. Science 2009, 325:1134–1138.

63. Fan CD, Lum MA, Xu C, Black JD, Wang X: Ubiquitin-dependent regulation
of phospho-AKT dynamics by the ubiquitin E3 ligase, NEDD4-1, in the
insulin-like growth factor-1 response. J Biol Chem 2013, 288:1674–1684.

64. Chan CH, Li CF, Yang WL, Gao Y, Lee SW, Feng Z, Huang HY, Tsai KK, Flores
LG, Shao Y, Hazle JD, Yu D, Wei W, Sarbassov D, Hung MC, Nakayama KI,
Lin HK: The Skp2-SCF E3 ligase regulates Akt ubiquitination, glycolysis,
herceptin sensitivity, and tumorigenesis. Cell 2012, 149:1098–1111.

65. Li W, Peng C, Lee MH, Lim D, Zhu F, Fu Y, Yang G, Sheng Y, Xiao L, Dong X,
Ma W, Bode AM, Cao Y, Dong Z: TRAF4 is a critical molecule for Akt
activation in lung cancer. Cancer Res 2013, 73:6938–6950.

66. Lim JH, Jono H, Komatsu K, Woo CH, Lee J, Miyata M, Matsuno T, Xu X,
Huang Y, Zhang W, Park SH, Kim YI, Choi YD, Shen H, Heo KS, Xu H, Bourne P,
Koga T, Xu H, Yan C, Wang B, Chen LF, Feng XH, Li JD: CYLD negatively
regulates transforming growth factor-beta-signalling via deubiquitinating
Akt. Nat Commun 2012, 3:771.

67. Yang WL, Jin G, Li CF, Jeong YS, Moten A, Xu D, Feng Z, Chen W, Cai Z,
Darnay B, Gu W, Lin HK: Cycles of ubiquitination and deubiquitination
critically regulate growth factor-mediated activation of Akt signaling.
Sci Signal 2013, 6:ra3.

68. Li R, Wei J, Jiang C, Liu D, Deng L, Zhang K, Wang P: Akt SUMOylation regulates
cell proliferation and tumorigenesis. Cancer Res 2013, 73:5742–5753.

69. Risso G, Pelisch F, Pozzi B, Mammi P, Blaustein M, Colman-Lerner A, Srebrow A:
Modification of Akt by SUMO conjugation regulates alternative splicing
and cell cycle. Cell Cycle 2013, 12:3165–3174.

70. Sundaresan NR, Pillai VB, Wolfgeher D, Samant S, Vasudevan P, Parekh V,
Raghuraman H, Cunningham JM, Gupta M, Gupta MP: The deacetylase
SIRT1 promotes membrane localization and activation of Akt and PDK1
during tumorigenesis and cardiac hypertrophy. Sci Signal 2011, 4:ra46.

71. Vosseller K, Wells L, Lane MD, Hart GW: Elevated nucleocytoplasmic
glycosylation by O-GlcNAc results in insulin resistance associated with
defects in Akt activation in 3T3-L1 adipocytes. Proc Natl Acad Sci U S A
2002, 99:5313–5318.

72. Yang X, Ongusaha PP, Miles PD, Havstad JC, Zhang F, So WV, Kudlow JE,
Michell RH, Olefsky JM, Field SJ, Evans RM: Phosphoinositide signalling
links O-GlcNAc transferase to insulin resistance. Nature 2008, 451:964–969.

73. Soesanto YA, Luo B, Jones D, Taylor R, Gabrielsen JS, Parker G, McClain DA:
Regulation of Akt signaling by O-GlcNAc in euglycemia. Am J Physiol
Endocrinol Metab 2008, 295:E974–E980.

74. Wang S, Huang X, Sun D, Xin X, Pan Q, Peng S, Liang Z, Luo C, Yang Y,
Jiang H, Huang M, Chai W, Ding J, Geng M: Extensive crosstalk between
O-GlcNAcylation and phosphorylation regulates Akt signaling. PLoS One
2012, 7:e37427.

75. Shi J, Wu S, Dai CL, Li Y, Grundke-Iqbal I, Iqbal K, Liu F, Gong CX: Diverse
regulation of AKT and GSK-3beta by O-GlcNAcylation in various types of
cells. FEBS Lett 2012, 586:2443–2450.

76. Hennessy BT, Smith DL, Ram PT, Lu Y, Mills GB: Exploiting the PI3K/AKT
pathway for cancer drug discovery. Nat Rev Drug Discov 2005, 4:988–1004.

77. Liu P, Cheng H, Roberts TM, Zhao JJ: Targeting the phosphoinositide
3-kinase pathway in cancer. Nat Rev Drug Discov 2009, 8:627–644.
78. Fan QW, Knight ZA, Goldenberg DD, Yu W, Mostov KE, Stokoe D, Shokat
KM, Weiss WA: A dual PI3 kinase/mTOR inhibitor reveals emergent
efficacy in glioma. Cancer Cell 2006, 9:341–349.

79. Serra V, Markman B, Scaltriti M, Eichhorn PJ, Valero V, Guzman M, Botero ML,
Llonch E, Atzori F, Di Cosimo S, Maira M, Garcia-Echeverria C, Parra JL,
Arribas J, Baselga J: NVP-BEZ235, a dual PI3K/mTOR inhibitor, prevents
PI3K signaling and inhibits the growth of cancer cells with activating
PI3K mutations. Cancer Res 2008, 68:8022–8030.

80. Yao E, Zhou W, Lee-Hoeflich ST, Truong T, Haverty PM, Eastham-Anderson J,
Lewin-Koh N, Gunter B, Belvin M, Murray LJ, Friedman LS, Sliwkowski MX,
Hoeflich KP: Suppression of HER2/HER3-mediated growth of breast cancer
cells with combinations of GDC-0941 PI3K inhibitor, trastuzumab, and
pertuzumab. Clin Cancer Res 2009, 15:4147–4156.

81. Ihle NT, Lemos R Jr, Wipf P, Yacoub A, Mitchell C, Siwak D, Mills GB, Dent P,
Kirkpatrick DL, Powis G: Mutations in the phosphatidylinositol-3-kinase
pathway predict for antitumor activity of the inhibitor PX-866 whereas
oncogenic Ras is a dominant predictor for resistance. Cancer Res 2009,
69:143–150.

82. Porta C, Paglino C, Mosca A: Targeting PI3K/Akt/mTOR signaling in cancer.
Front Oncol 2014, 4:64.

83. Carver BS, Chapinski C, Wongvipat J, Hieronymus H, Chen Y, Chandarlapaty
S, Arora VK, Le C, Koutcher J, Scher H, Scardino PT, Rosen N, Sawyers CL:
Reciprocal feedback regulation of PI3K and androgen receptor signaling
in PTEN-deficient prostate cancer. Cancer Cell 2011, 19:575–586.

84. Mulholland DJ, Tran LM, Li Y, Cai H, Morim A, Wang S, Plaisier S,
Garraway IP, Huang J, Graeber TG, Wu H: Cell autonomous role of
PTEN in regulating castration-resistant prostate cancer growth.
Cancer Cell 2011, 19:792–804.

85. Serra V, Scaltriti M, Prudkin L, Eichhorn PJ, Ibrahim YH, Chandarlapaty S,
Markman B, Rodriguez O, Guzman M, Rodriguez S, Gili M, Russillo M, Parra JL,
Singh S, Arribas J, Rosen N, Baselga J: PI3K inhibition results in enhanced HER
signaling and acquired ERK dependency in HER2-overexpressing breast
cancer. Oncogene 2011, 30:2547–2557.

86. Lin A, Piao HL, Zhuang L, Sarbassov dos D, Ma L, Gan B: FoxO transcription
factors promote AKT Ser473 phosphorylation and renal tumor growth in
response to pharmacologic inhibition of the PI3K-AKT pathway. Cancer Res
2014, 74:1682–1693.

87. Fensterle J, Aicher B, Seipelt I, Teifel M, Engel J: Current view on the mechanism
of action of perifosine in cancer. Anti Cancer Agents Med Chem 2014,
14:629–635.

88. Meuillet EJ, Ihle N, Baker AF, Gard JM, Stamper C, Williams R, Coon A,
Mahadevan D, George BL, Kirkpatrick L, Powis G: In vivo molecular
pharmacology and antitumor activity of the targeted Akt inhibitor
PX-316. Oncol Res 2004, 14:513–527.

89. Wang Z, Liu P, Inuzuka H, Wei W: Roles of F-box proteins in cancer. Nat Rev
Cancer 2014, 14:233–247.

90. Chan CH, Morrow JK, Li CF, Gao Y, Jin G, Moten A, Stagg LJ, Ladbury JE,
Cai Z, Xu D, Logothetis CJ, Hung MC, Zhang S, Lin HK: Pharmacological
inactivation of Skp2 SCF ubiquitin ligase restricts cancer stem cell
traits and cancer progression. Cell 2013, 154:556–568.

91. Chan CH, Morrow JK, Zhang S, Lin HK: Skp2: a dream target in the coming
age of cancer therapy. Cell Cycle 2014, 13:679–680.

92. Chen WS, Xu PZ, Gottlob K, Chen ML, Sokol K, Shiyanova T, Roninson I,
Weng W, Suzuki R, Tobe K, Kadowaki T, Hay N: Growth retardation and
increased apoptosis in mice with homozygous disruption of the Akt1
gene. Genes Dev 2001, 15:2203–2208.

93. Garofalo RS, Orena SJ, Rafidi K, Torchia AJ, Stock JL, Hildebrandt AL, Coskran
T, Black SC, Brees DJ, Wicks JR, McNeish JD, Coleman KG: Severe diabetes,
age-dependent loss of adipose tissue, and mild growth deficiency in
mice lacking Akt2/PKB beta. J Clin Invest 2003, 112:197–208.

94. Tschopp O, Yang ZZ, Brodbeck D, Dummler BA, Hemmings-Mieszczak M,
Watanabe T, Michaelis T, Frahm J, Hemmings BA: Essential role of protein
kinase B gamma (PKB gamma/Akt3) in postnatal brain development but
not in glucose homeostasis. Development 2005, 132:2943–2954.

95. Stambolic V, Woodgett JR: Functional distinctions of protein kinase B/Akt
isoforms defined by their influence on cell migration. Trends Cell Biol
2006, 16:461–466.

96. Irie HY, Pearline RV, Grueneberg D, Hsia M, Ravichandran P, Kothari N,
Natesan S, Brugge JS: Distinct roles of Akt1 and Akt2 in regulating cell
migration and epithelial-mesenchymal transition. J Cell Biol 2005,
171:1023–1034.



Chan et al. Cell & Bioscience 2014, 4:59 Page 9 of 9
http://www.cellandbioscience.com/content/4/1/59
97. Yoeli-Lerner M, Yiu GK, Rabinovitz I, Erhardt P, Jauliac S, Toker A: Akt blocks
breast cancer cell motility and invasion through the transcription factor
NFAT. Mol Cell 2005, 20:539–550.

98. Maroulakou IG, Oemler W, Naber SP, Tsichlis PN: Akt1 ablation inhibits,
whereas Akt2 ablation accelerates, the development of mammary
adenocarcinomas in mouse mammary tumor virus (MMTV)-ErbB2/neu and
MMTV-polyoma middle T transgenic mice. Cancer Res 2007, 67:167–177.

doi:10.1186/2045-3701-4-59
Cite this article as: Chan et al.: Posttranslational regulation of Akt in
human cancer. Cell & Bioscience 2014 4:59.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Phosphorylation and activation of Akt
	Lysine modifications (ubiquitination, SUMOylation and acetylation) of Akt
	Glycosylation of Akt
	Akt signaling in human cancer
	Conclusion and perspectives

	Competing interests
	Authors’ contributions
	Acknowledgement
	Author details
	References

