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Abstract
Akt (also known as PKB) signaling orchestrates many aspects of biological functions and,
importantly, its deregulation is linked to cancer development. Akt activity is well-known regulated
through its phosphorylation at T308 and S473 by PDK1 and mTORC2, respectively. Although in
the last decade the research has been primarily focused on Akt phosphorylation and its role in Akt
activation and functions, other posttranslational modifications on Akt have never been reported.
Until very recently, a novel posttranslational modification on Akt termed ubiquitination was
identified and shown to play an important role in Akt activation. The cancer-associated Akt
mutant recently identified in a subset of human cancers displays enhanced Akt ubiquitination, in
turn contributing to Akt hyperactivation, suggesting a potential role of Akt ubiquitination in
cancers. Thus, this novel posttranslational modification on Akt reveals an exciting avenue that has
advanced our current understandings of how Akt signaling activation is regulated.
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Introduction
Growth factors are important nutrients for cell growth and survival. The way cells respond
to such extracellular clues is to initiate serial signaling cascades involving several protein
kinases for their growth and survival. One critical player that helps coordinate these events
is serine (S)/threonine (T) protein kinase Akt. Since discovered in 1991, 1–3 Akt has
thereafter become one of the major research areas addressing the wide ranges of the
biological systems. Thus, the great advances on the understanding of Akt functions and its
regulation have been made during the last decade. Because of the important roles of Akt in
cell signaling and cancers, it’s not a surprise that the Akt research will continue to grow in
the next decade.
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Akt signaling regulates many aspects of biological functions including cell proliferation,
survival, metabolism, cell migration, and metastasis. Importantly, the deregulated Akt
pathway is associated with a variety of human cancers, and several mouse models with
activated Akt pathway support the role of Akt in cancer development. Given the important
role of the Akt signal in cancers, small molecule inhibitors targeting Akt have been
developed and already tested in the clinical trial.4, 5 However, Akt signal is also important
for normal cell functions, so targeting Akt is expected to raise serious side effects.
Therefore, the comprehensive understanding of how Akt signal is regulated is of importance
and of relevance in cancers and will help to design better therapeutic strategies targeting
human cancers with limited side effects.

Posttranslational modifications, such as phosphorylation, ubiquitination, sumoylation, and
methylation, often regulate protein activity and stability. Although it is known that Akt
activation is regulated through the phosphorylation of Akt, it remains unclear whether other
types of posttranslational modifications occur on Akt and may regulate Akt activity and
functions. Our recent study reveals that in addition to phosphorylation, Akt also undergoes a
novel type of the posttranslational modification named ubiquitination,6 which appears to
play an important role in Akt signaling activation. In this review, we will summarize recent
advances in the regulation of Akt activity with a particular emphasis on the Akt
ubiquitination and its potential implications in cancers.

Ubiquitin pathways in protein degradation and activation
Ubiquitination plays a critical role in numerous biological functions including cell cycle
control, cell growth, apoptosis, DNA damage repair, immune functions, as well as neuron
degeneration.7–9 Protein ubiquitination is originally thought to target proteins for 26S
proteasome-dependent degradation.10 Very recently, protein ubiquitination is also found to
play non-proteolytic functions including protein trafficking, DNA damage repair, activation
of signal transduction pathways, such as activation of IKK (IκB kinase)/NF-κB (nuclear
transcription factor kappaB) pathway in the immune function (Fig. 1).7, 11, 12

Ubiquitin consists of 76-amino acid polypeptides that are highly conserved through the
evolution. Ubiquitination is a covalent reaction that attaches the ubiquitin(s) to one or more
lysine residues of proteins. It is triggered by an enzymatic cascade involving three distinct
classes of enzymes termed E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating
enzyme), and E3 (ubiquitin ligase) (Fig. 1A). There are seven lysine (K) residues (K6, K11,
K27, K29, K33, K48, and K63) within the ubiquitin, and ubiquitination chains involving
those sites have been reported (Fig. 1B). Protein ubiquitination involving K48-linked
ubiquitination is recognized by the 26S proteasome and is therefore targeted for protein
degradation, whereas K63-linked ubiquitination plays non-proteolytic functions (Fig. 1B).7,
10 Although the role of other types of ubiquitination is less clear, recent studies suggest that
they may be also involved in triggering protein degradation (Fig. 1B). 13

In essence, the E2 determines which type of ubiquitin chains is formed, while the E3
provides the substrate specificity. In human genome, 2 E1s, roughly 50 E2s, and 600 E3s
have been identified.7 The K48-linked ubiquitination can be triggered by most E2s except
UBC13. The UBC13 E2 is a major E2 known to trigger K63-linked ubiquitination with
assistance of its cofactor UEV1A. The E3s are categorized to 2 major types, one containing
a homologous to the HECT (E6-AP carboxyl terminus) domain and the other containing
RING (a really interesting new gene) or RING-like domain (e.g. U-Box and PHD domain).7
Most of E3s recognized target proteins for K48-linked ubiquitination, although there are also
very few E3s, such as TRAF6 (tumor necrosis factor receptor-associated factor 6), HectH9,
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c-IAP1/2 (cellular inhibitor of apoptosis protein 1/2), and RNF8 (ring finger protein 8) (see
below), 7, 14–16 targeting proteins for K63-linked ubiquitination.

The ubiquitination is a reversible process in which the polyubiquitin chain on proteins can
be removed by the deubiquitinating enzymes (DUBs). There are about 90 DUBs in human
genome that can be divided into five subfamilies: ubiquitin-specific proteases (USP),
ubiquitin carboxyl-terminal hydrolases (UCH), ovarian tumor-like proteases (OTU), JAMM/
MPN metalloproteases, and Machado–Jakob-disease proteases (MJD).7, 9, 17 The DUBs are
known to play important roles in controlling key signal transduction pathways involved in
oncogenic and tumor suppressor pathways such as the NF-κB pathway and PTEN (tumor
suppressor phosphatase and tensin homolog)/PI3K (phosphatidylinositol-3-OH kinase)/Akt
pathway, suggesting their roles in cancer development and tumor suppression. 7, 18 One of
the characteristics for the DUBs is that the ubiquitin binding domain (UBD) is found in most
DUBs, so the DUBs can bind to the ubiquitinated proteins and induce protein
deubiquitination. The HAUSP (also known as USP7), a DUB that is known to inhibit the
nuclear translocation of the tumor suppressor PTEN by deubiquitinating PTEN, is amplified
in human prostate cancer and may play an important role in cancer development.19, 20

However, other DUBs, such as A20 and CYLD (cylindromatosis tumor suppressor),
negatively regulate the NF-κB pathway.7, 21 In support of the role of CYLD and A20 in NF-
κB regulation, recent genetic evidence and the mutation analysis show that knockout of
CYLD in mice or mutations on CYLD and A20 genes in patients causes the hyperactivation
of NF-κB resulting in tumor susceptibility or tumor formation.22–25

The K63-linked ubiquitination provides a molecular platform for protein/protein interaction
important for signaling activation, DNA damage repair, protein trafficking, and receptor
endocytosis (Fig. 1). In the case of the DNA damage repair, RNF8 E3 ligase is recruited to
the DNA damage sites upon γ-irradiation and triggers K63-linked ubiquitination of histone
H2A and H2AX.16, 26 The polyubiquitination of H2A or H2AX is recognized by RAP80/
Abrax/BRCA1 complex important for the DNA damage repair.9, 27 RAP80 contains two
ubiquitin-binding motifs (UIM), which bind preferentially to K63-linked ubiquitin chains
and is required to recruit BRCA1 and Abrax to the DNA damage sites.9, 27 With regard to
the endocytosis, the K63-linked ubiquitination of the receptor regulates the receptor
internalization to the early and late endosome.28, 29 For instance, prolactin receptor (PRLr)
ubiquitination upon the stimulation with its ligand prolactin facilitates the interaction of
PRLr with the AP2 complex, leading to the internalization of PRLr to the late endosome.29

The role of Akt in cell cycle regulation and tumorigenesis
The PI3K/Akt pathway plays a central role in various biological functions including cell
survival, cell proliferation, cell metabolism, and protein translation.30–34 The PI3K contains
the p85 regulatory domain and p110 catalytic domain. The p85 regulatory domain possesses
two src-homology 2 (SH2) domains and a src-homology 3 (SH3) domain.24,25 PI3K
phosphorylates the inositol ring of PI(4,5)P2 at the D-3 position to form PI(3,4,5)P3, which
is required to activate Akt kinase in the plasma membrane. The recruitment of Akt from the
cytosol to the plasma membrane requires its binding to PI(3,4,5)P3 phospholipid in the
membrane through its pleckstrin homology (PH) domain within the N-terminal of Akt.31, 32

Akt is then phosphorylated at T308 within its catalytic domain by PDK1 (phosphoinositol-
dependent kinase 1) and at S473 within its C-terminal regulatory domain by mTORC2
(mammalian target of rapamycin complex 2), resulting in full activation of Akt kinase.32, 35

The PI3K/Akt pathway is negatively regulated by PTEN, a lipid phosphatase
dephosphorylating PI(3,4,5)P3 at the D3 position of the inositol ring.18, 36, 37

Yang et al. Page 3

Cell Cycle. Author manuscript; available in PMC 2011 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The PI3K/Akt pathway is activated by numerous growth factors and cytokines through their
cognate receptors.31, 32 It provides the survival signal in diverse cell types, and activation of
PI3K/Akt signal can rescue cells from apoptosis in response to growth factor deprivation.31,
32, 38 It has become clear that Akt can phosphorylate and inhibit proapoptotic proteins like
Bad and Foxo3a to prevent cell apoptosis (Fig. 2).31, 32 Akt can also phosphorylate and
activate numerous oncogenic proteins involved in cell cycle progression and tumorigenesis,
such as MDM2 (murine double minute), IKKα, and Skp2 (S-phase kinase-associated protein
2) E3 ligase.39–45 Akt regulates cell growth and protein translation by phosphorylating and
inactivating TSC2 (tuberous sclerosis 2), resulting in activation of the mTOR pathway.46, 47

Akt also regulates glucose metabolism through phosphorylating and inactivating GSK3β
(glycogen synthase kinase 3β).48 The PI3K/Akt pathway also has an important role in cell
migration. Several Akt substrates, such as Girdin/APE, ACAP1 (ArfGAP with coiled-coil,
ankyrin repeat and PH domains 1), PAK1 (p21 protein-activated kinase 1), and Skp2, are
known to be phosphorylated by Akt and play an important role in cell migration (Fig. 2).42,
49–51 It remains to be determined whether phosphorylation of these proteins is indeed
required for Akt-mediated cell motility.

The role of PI3K/Akt signaling in cancer development has been well documented. For
instance, overexpression of insulin-like growth factor–binding protein-5 helps accelerate
progression to androgen independence in the prostate tumor model through activation of the
PI3K/Akt pathway.52 Aberrant Akt activation is observed in various human cancers, and
importantly, Akt1, Akt2 and Akt3 isoforms are found to be overexpressed in human cancers.
53–58 Recent studies show that Akt1 mutations were observed in a subset of human cancers
and associated with Akt hyperactivation.59–65 The role of Akt in cancer development has
been supported by numerous animal tumor models. For example, Pten+/− mice with aberrant
Akt activation develop multiple tumors, which can be inhibited by Akt1 deficiency.66, 67 In
addition, the prostate-specific expression of constitutively active Akt1 in mice leads to
prostate intraepithelial neoplasia (PIN).68, 69 Accordingly, these results highlight the critical
role of the PI3K/Akt pathway in cancer development.

Akt activity is regulated by phosphorylation of Akt
Engagement of Growth factor receptor by growth factors leads to Akt phosphorylation and
activation. As aforementioned, the full activation of Akt requires phosphorylation of Akt at
T308 and S473 by PDK1 and mTORC2, respectively.35, 70–72 T308 phopshoryaltion of Akt
directly controls Akt activity. Although S473 phopshorylation does not directly control Akt
activity, it may facilitate T308 phosphorylation. In contrast, dephosphorylation of Akt leads
to the termination of Akt actvation. PP2A (protein phosphatase 2A) negatively regulates Akt
activity by inducing Akt T308 dephosphorylation, whereas PHLPP (PH domain leucine-rich
repeat protein phosphatase) suppresses Akt activity by dephosphorylating Akt at S473 (Fig.
3).73–77 The interaction of PHLPP with Akt is regulated by FKBP51 (FK506 binding
protein 51), which serves as a scaffold for Akt and PHLPP and negatively regulates Akt
phosphorylaiton at S473 (Fig. 3).78 Accordingly, Akt activity is controlled by the
phosphorylation and dephosophorylation cycles within Akt molecules.

Akt phosphorylation and activation is also regulated by PML (promyelocytic leukemia
protein) tumor suppressor. PML forms a complex with PP2A and Akt and facilitates PP2A-
mediated Akt dephosphorylation at T308 (Fig. 3).79 As a consequence, PML cooperates
with PTEN tumor suppressor to restrict prostate cancer development in the animal model.79

Additionally, PP2A also interacts with β-arrestin-2, on which PP2A-mediated Akt
dephosphorylation in response to dopamine is dependent in neurons (Fig. 3).80 This result
supports the notion that β-arrestin-2 is a signaling molecule that functions as a scaffold to
regulate signal transduction pathways such as Akt signaling.
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In contrast to its negative role in Akt activation in neurons, β-arrestin-2 is recently shown to
be required for phosphorylation and activation of Akt in response to insulin in muscles.81

Mice deficient for β-arrestin-2 have defects in Akt phosphorylation and develop type 2
diabetes, whereas β-arrestin-2 overexpression in mice promotes Akt activation and
ameliorates the diabetes phenotype. 81 Accumulating evidence reveals that tyrosyl
phopshorylation of Akt at Y315 and Y326 by Src is a prerequisite for T308 and S473
phosphorylation and activation of Akt.81–85 Pei and colleagues further showed that β-
arrestin-2 is required for Akt tyrosyl phopshorylaiton by recruiting Akt and Src to the
activated insulin receptors (Fig. 3).81 Thus, β-arrestin-2 is once again a critical scaffold that
regulates Akt activation and insulin sensitivity by forming a signaling Akt complex for Akt
activation.

Accordingly, these results suggest that β-arrestin-2 has distinct functions in Akt signaling
activation dependent on various stimuli and tissue types. Future experiments will be required
to understand what is a molecular switch that determines the distinct effects of β-arrestin-2
on Akt activation.

Akt undergoes a novel type posttranslational modification critical for Akt
phosphorylation and activation

Akt phosphorylation plays a critical role in Akt activation and its oncogenic activity. The
research on Akt study in the past decade has been centered on the role of Akt
phosphorylation and how this phosphorylation is regulated. Akt was recently found to also
undergo ubiquitination when cells were treated with growth factors or cytokines known to
induce Akt activation.6, 86 Akt ubiquitination is correlated well with Akt T308
phosphorylation and activation. Interestingly, this ubiquitination acts through the K63-linked
ubiquitination, but not the K48-linked ubiquitination. Akt ubiqiutination does not affect Akt
stability, but it is important for Akt signaling activation.6, 86

Subsequent experiments identify TRAF6 as an E3 ligase for Akt. Traf6−/− primary cells
have defects in Akt ubiquitination and phosphorylation in response to growth factors such as
insulin-like growth factor-1 (IGF-1) and serum treatment.6, 86. Reconstitution of TRAF6,
but not TRAF6 E3 ligase dead mutant, restores Akt ubiquitination and subsequent Akt
phosphorylation, suggesting that TRAF6 E3 ligase is required for Akt phosphorylation and
activation.6, 86 The further mutation analysis reveals that Akt ubiquitination occurs at K8
and K14 within the PH domain of Akt, and mutations on these sites (from K to R) abrogates
Akt phosphorylation and activation,77 highlighting the critical role of Akt ubiquitination in
Akt signaling activation. Thus, Akt ubiquitination represents a novel posttranslational
modification that plays a key role in Akt activation.

Akt consists of three isoforms: Akt1, Ak2 and Akt3. Extensive studies suggest that although
these isoforms share some similar functions, they also play distinct functions in normal cell
physiology and cancer pathogenesis. Akt1 null mice are viable, but display the reduction in
body weight and thymus apoptosis.87 Akt2 null mice develop severe type 2 diabetes,
whereas Akt3 null mice exhibit impaired brain development.87 Akt1 promotes cell migration
in mouse embryonic fibrablasts (MEFs), but inhibits breast cancer cell migration.88, 89 In
contrast, Akt2 negatively regulates cell migration in MEFs, but positively regulates breast
cancer cell migration.88, 89 The exact mechanisms responsible for these distinct functions
played by Akt isoforms remain still elusive. Although Akt1 and Akt2 appear to regulate
diverse biological functions, the operating machinery responsible for their activation may
act through the same mechanism. Supporting evidence came from the observation that both
of Akt1 and Akt2 interacted with TRAF6 with a similar efficiency, and that the levels of the
ubiquitination between Akt1 and Akt2 induced by TRAF6 are comparable.6, 86 Thus,
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TRAF6 likely regulates the phosphorylation and activation of Akt1 and Akt2 in a similar
fashion.

Although the interaction between Akt and TRAF6 was shown, the detailed interaction
region between Akt and TRAF6 has not been mapped yet. Sequence alignment reveals that
Akt consists of the TRAF6 consensus binding motif (Pro-X-Glu-X-X-(Ar/Ac) within the N-
terminal PH domain (Fig. 5),90, 91 which is evolutionary conserved from Drosophila to
human (data not shown). Importantly, it is also conserved among all three Akt isoforms (Fig.
5). These observations imply that TRAF6 may bind to Akt and regulate Akt signaling
activation in the lower organisms. The TRAF6 consensus binding motif found in several
TRAF6 interacting proteins plays an important role in TRAF6’s interaction and functions.91

Future experiments will be warranted to decipher the interaction regions between Akt and
TRAF6, and to determine whether mutation on the TRAF6 consensus site within Akt
disrupts the interaction between Akt and TRAF6, leading to abrogation of Akt ubiquitination
and activation. These experiments will be warranted to provide a novel molecular insight
into how TRAF6 regulates Akt signaling.

Ubiquitination of Akt regulate Akt membrane recruitment
Akt normally resides in the cytosol and translocalizes to the plasma membrane in response
to various growth factor stimuli. Although the Akt PH domain is clearly important for
PI(3,4,5)P3 lipid binding required for membrane localization, it is also proposed to play an
important role in protein/protein interaction required for membrane recruitment. Several Akt
interaction partners known to regulate Akt activation, such as JIP1 (JNK-interacting protein
1) and TCL1 (T cell leukemia-1), bind to the PH domain of Akt,30, 92, 93 raising the
possibility that the PH domain of the Akt may not only serve as an important region for
PI(3,4,5)P3 binding, but also provides the platform for recruiting the critical adaptors
important for Akt membrane localization and phosphorylation. This notion was supported
by the evidence that overexpression of the PH domain of Akt inhibited endogenous Akt
phosphorylation, whereas the Akt PH domain mutant retaining the PI(3,4,5)P3 binding did
not.94

Although the PH domain of Akt is clearly known to mediate PI(3,4,5)P3 lipid binding
required for Akt membrane localization, it was not clear in the first place how the Akt is
recruited to the plasma membrane, where it can bind to the PI(3,4,5)P3 lipid and is
subsequently activated by PDK1 and mTORC2. The current model proposed by the Tsichlis
group suggests that before Akt can be recruited to the plasma membrane to interact with
PI(3,4,5)P3 phospholipid, the inactive Akt may need to interact with the critical adaptors by
using its PH domain in the cytosol, which then facilitate the Akt membrane recruitment.95

This model was indeed supported by our recent report demonstrating that Akt undergoes
K63-linked ubiquitination at K8 and K14 within its PH domain by TRAF6, which is critical
for Akt membrane recruitment and phosphorylation.6, 86 Notably, TRAF6 overexpression
promotes Akt ubiquitination, membrane recruitment, and phosphorylation, whereas TRAF6
deficiency inhibits these processes.6, 86 These results underscore the critical role of TRAF6-
mediated Akt ubiquitinaiton in Akt membrane localization and activation, supporting the
notion that the K63-linked ubiquitination plays an important role in protein trafficking and
signaling activation.28, 29

However, TRAF6 does not appear to affect Akt activation once Akt is already on the plasma
membrane, since its overexpression could promote neither T308 nor S473 phosphorylation
of the myristoylated Akt mutant, which displays the constitutive Akt membrane localization
(our unpublished observations). TRAF6-mediated Akt ubiquitination does not affect the
ability of Akt to interact with PI(3,4,5)P3,6 suggesting that Akt ubiquitination is dispensable
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for the binding of Akt to PI(3,4,5)P3. This is in line with the observation that mutation of the
critical ubiquitination site of Akt on the K8 residue, which is not located in the PI(3,4,5)P3
lipid binding pocket, does not affect the ability of Akt to interact with PI(3,4,5)P3.6 Our data
suggest that both events (Akt ubiquitination and PI(3,4,5)P3 lipid binding) are required for
Akt membrane recruitment and phosphorylation, and Akt ubiquitination is likely an event
that precedes the PI(3,4,5)P3 lipid binding (Fig. 4).

How does the Akt ubiquitination regulate Akt membrane localization? As the K63-linked
ubiquitination plays an important role in protein/protein interaction, the K63-linked
ubiquitination of Akt on its PH domain may serve as a molecular platform to recruit the
essential adaptors for Akt, in turn facilitating Akt membrane recruitment and activation (Fig.
4). The validation of this hypothetical model will require a thorough analysis towards
identifying such factors using the systematic approach, which may help understand how
ubiquitination of Akt regulates Akt membrane localization and activation. Interestingly,
PAK1, a protein kinase involved in cell migration and tumorigenesis,96 was recently shown
to interact with Akt and help recruit Akt to the plasma membrane.97 How exactly PAK1
regulates Akt membrane localization and activation remains unclear. It will be interesting in
the future to examine whether Akt ubiquitination orchestrates the interaction between Akt
and PAK1, therefore promoting Akt membrane recruitment.

Hyperubiquitination contributes to hyperactivation of the Akt cancer-
associated mutant

Recent studies show that a mutation within the Akt PH domain (E17K) was identified in a
subset of human cancers, such as colon and breast cancer.53–57 The Akt E17K cancer-
associated mutant displays a constitutive Akt membrane localization and T308
phosphorylation presumably due to its higher PI(3,4,5)P3 lipid binding, leading to aberrant
oncogenic potential.60 Interestingly, Akt E17K mutant was also found to display the
enhanced Akt ubiquitination, and abrogating this ubiquitination resulted in a marked
reduction in Akt membrane recruitment and phosphorylation.6, 86 Accordingly, these results
suggest that Akt E17K gains two important properties (enhanced Akt ubiquitination and
PI(3,4,5)P3 lipid binding) that contribute to constitutive Akt membrane recruitment and
phosphorylation. Our results therefore suggest that targeting Akt ubiquitination may offer
promising strategies for the treatment of human cancers.

In addition to the E17K mutant, another Akt mutant (Akt E49K) was recently indetifed in
bladder cancer patients.59 Similar to the Akt E17K mutant, the Akt E49K mutant also
displays hyperphosphorylation and activation of Akt compared to wild-type Akt,59 although
the molecular mechanism responsible for its hyperactivation is unclear. Since the mutation
located at the PH domain of Akt gains an additional lysine residue, it will be interesting to
determine in the future whether the hyperubiquitination is also observed in Akt E49K
mutant and contributes to hyper-oncogenic potential of the Akt E49K mutant.

Can K63-linked ubiquitination serve as a general mechanism for kinase
activation?

The activation of protein kinase is normally regulated through protein phosphorylation. The
K63-linked ubiquitination has recently emerged to also play an important role in the
regulation of protein kinase activation. For instance, TAK1 (transforming growth factor-β
activating kinase-1) was previously known to be activated by TGF-β (transforming growth
factor β) through an unknown mechanism. Recent studies suggest that TAK1 undergoes
K63-linked ubiquitination upon stimulation with TGF-β. Importantly, K63-linked
ubiquitination of TAK1 is induced by TRAF6, which is prerequisite for TAK1
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autoposphorylation and subsequent activation.98, 99 Another study further show that the
ubiquitination of TAK1 serves as a docking site to recruit mitogen-activated MEKK3
(protein kinase kinase kinase 3) to activate the MAP kinase pathway (Fig. 5A).100

Another example is MLK3 (mixed linage kinase 3). MLK3 is a family of mitogen-activated
protein kinase kinase kinase (MAP3K) responsible for activation of multiple mitogen-
activated protein kinase (MAPK) pathways in response to stress, growth factors, and the
pro-inflammatory cytokines, such as tumor necrosis factor (TNF). The K63-linked
ubiquitination of MLK3 triggered by TRAF6 is critical for activation of MLK3 (Fig. 5A).101

These results indicated that K63-linked ubiquitination of kinases appears to be important for
kinase activation. In further support of this notion, Akt kinase also undergoes K63-linked
ubiquitination triggered by TRAF6, which is required for Akt activation. The K63-linked
ubiquitination of Akt does not directly activate Akt kinase activity, instead is required for
Akt membrane recruitment and subsequent phosphorylation and activation (Fig. 5A).

Accordingly, these results raise the interesting and important question whether or not K63-
linked ubiquitination represents a general mechanism for kinase activation? Akt
ubiquitination occurs within the Akt PH domain, which is also found in other protein kinases
known to be involved in growth factor and T-cell receptor (TCR) signaling, such as ETK
(endothelial/epithelial tyrosine kinase), ITK (IL-2 inducible T-cell kinase), TEC (Tec
protein tyrosine kinase).102, 103 Interestingly, these kinases also contain the TRAF6
consensus binding motif as Akt does (Fig. 5B), raising the possibility that TRAF6 may
induce the ubiquitination of these kinases. Thus, it is of significance to examine whether
these PH domain-containing kinases also undergo K63-linked ubiquitination by TRAF6 or
other E3 ligases, which may play an important role in kinase activation. Answering this
question may advance our understanding of how growth factor and TCR signaling elicits the
kinase cascades to regulate cell survival and proliferation.

TRAF6 E3 ligase regulates multiple signal transduction pathways
TLR4 (Toll-like receptor 4) and IL-1R (interleukin-1 receptor) signaling pathways play
important roles in NF-κB activation and the innate immune response.7, 11, 21 The key
protein that engages the TLR4/IL-1R signaling to NF-κB activation is TRAF6. TRAF6 is a
RING domain containing E3 ligase that is recruited to the receptor upon lipopolysaccharide
(LPS) or IL-1 stimulation where it can be activated by IRAK4 (IL-1 receptor-associated
kinase 4)/IRAK1/IRAK2 complex by inducing its oligomeraization and K63-linked
ubiquitination.7, 11, 21 The K63-linked ubiquitination of TRAF6 was proposed to serve as a
platform to recruit the kinase complex containing the TAB2/TAB3/TAK1,7, 21 although this
model was recently challenged.104, 105 The association of TAK1 with TAB2/TAB3 triggers
its autophosphorylation, therefore activating TAK1. TAK1 then phosphorylates IKKβ to
activate the IKK complex consisting of IKKα, IKKβ and the regulatory protein NEMO (NF-
κB essential modulator, also known as IKKγ). Active IKK complex then phosphorylates IκB
and results in K48-linked ubiquitination and degradation of IκB. As such, the p65, a subunit
of NF-κB is released from IκB, translocates to the nucleus, where it can turn on several
target genes important for the proinflammatory response.7, 11, 21

TRAF6 appears to be essential for prenatal and postnatal survival. When bred with Traf6
heterozygote mice, only 11% of Traf6−/− mice were born and some Traf6−/− mice did not
survive up to three weeks.106 Interestingly, some Traf6−/− mice, which could survive more
than 3-week old displayed an osteopetrotic phenotypes.106 Examining the Traf6−/− cells
revealed that TRAF6 is required for LPS, IL-1, CD40, and RANKL-induced NF-κB
activation (Fig. 6).106 Recent study revealed that TRAF6 is also engaged in TGF-β-induced
p38 phosphorylation and activation, but not Smad2/3 phosphorylation.98, 99, 107 TGF-β
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promotes the association of TRAF6 with TGF-β receptor I and induces TRAF6
ubiquitination and activation, in turn eliciting K63-linked ubiquitination of TAK1 and
subsequent p38 and JNK phosphorylation.98, 99, 107 TRAF6 was further shown to be
required for TGF-β-induced cell apoptosis and epithelial-mesenchymal transition (EMT)
(Fig. 6).98, 99, 107 Thus, TRAF6 may play a dual role in TGF-β-mediated tumor suppression
and metastasis.

In addition to NF-κB and p38 activation upon cytokine stimulation, TRAF6 is also required
for Akt signaling activation and cell survival in response to growth factor receptor signaling
by inducing the K63-linked ubiquitination of Akt (Fig. 6).6, 86 Interestingly, TRAF6
ubiquitination and activation is also induced by IGF-1 receptor (IGF-1R) signaling and is
correlated with Akt ubiquitination.6, 86 TRAF6 was shown to physically interact with
IGF-1R and this interaction was disrupted by IGF-1 treatment.6, 86 Further study will be
required to understand the mechanism by which IGF-1/IGF-1R induces TRAF6
ubiquitination and activation.

Proinflammatory cytokine IL-1 and endotoxin LPS were known to induce Akt
phosphorylation and are important for cellular survival,108–110 although the underlining
mechanism by which these molecules activate Akt remains poorly understood. Our results
provide the first clue as to how they activate Akt. IL-1 and LPS act through TRAF6 to
trigger Akt K63-linked ubiquitination, phosphorylation, and activation (Fig. 6).6, 86

Accordingly, these results suggest that TRAF6 is engaged in multiple signal transduction
pathways important for cell survival, apoptosis, and inflammation.

Although the deregulated NF-κB is clearly associated with human cancer development,111,
112 it is still unclear whether TRAF6 is involved in cancer development. The hint that
TRAF6 may be involved in tumorigenesis came from a recent report demonstrating that p62,
known to interact with TRAF6 and required for TRAF6 ubiquitination and activation,113 is
induced by oncogenic Ras and required for Ras-induced NF-κB activation, cell
transformation, and lung cancer formation.114 The first evidence proving the role of TRAF6
in tumorigenesis came from our recent report demonstrating that TRAF6 knockdown in
prostate cancer cells impair IGF-1-mediated Akt phosphorylation and reduce tumorigenic
potential of prostate cancer cells by using the xenograft tumor models.6 This expands the
role of TRAF6 not only in TLR signaling and innate immune response, but also in growth
factor receptor signaling and oncogenic pathways, suggesting that TRAF6 may be a
previously unrecognized oncogene that plays an important role during the cancer
progression. Our results therefore suggest that targeting TRAF6 may offer promising
strategies for the treatment of human cancers. It will be important to determine in the future
whether TRAF6, like its regulator p62, also participates in cellular transformation and
tumorigenesis in oncogenic Ras activation or other oncogenic events such as PTEN
inactivation.

Perspective
Growth-factor receptors undergo ubiquitination upon ligand engagement, which is critical
for receptor internalization to the early endosome. Our findings demonstrating that Akt also
undergoes ubiquitination upon growth factor stimulation, which is critical for Akt membrane
recruitment and subsequent activation, provides the direct evidence that ubiquitination of the
signaling components downstream of these receptors is also critical for protein trafficking
and signaling activation. This discovery opens up a new and exciting avenue for the Akt
kinase field, suggesting that Akt ubiquitination appears to be as equally important as the
phosphorylation does on Akt. We envision that the research efforts studying the regulation
of Akt ubiquitination and its role in cancer development represent novel and important areas
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for further understanding of growth factor receptor signaling, and it is anticipated that more
and more exciting findings on this area will be made in the next decade.

Several outstanding questions remain mysterious and warrant for future investigations. How
is TRAF6 activated by growth factors? Are there additional E3 ligases responsible for Akt
ubiquitination and activation? Does the K63-linked ubiquitination serve as a general
mechanism for the activation of kinases downstream of growth factor signaling? Addressing
these important questions will lead to comprehensive understanding of the complicate
modes of TRAF6 and Akt activation and shed new light into the role of ubiquitination in the
regulation of growth factor-mediated signal transduction pathways.
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Figure 1.
Ubiquitination can regulate protein degradation or activation. (A) Ubiquitination reaction
involves three enzymes. Ubiquitin is activated by the E1 and is transferred to the E2. The E3
recognizes its protein substrates and brings them to the E2, resulting in protein
ubiquitination. (B) Ubiquitination regulates the fate of proteins. Ubiquitin consists of seven
lysine (K) residues. The K48-linked ubiquitination is recognized by the 26S proteasome and
results in protein degradation. In contrast, the K63-linked ubiquitination does not induce
protein degradation since it is not recognized by the proteasome, instead it regulates
signaling activation involved in distinct biological functions including DNA damage
response, receptor endocytosis, and protein trafficking. Although the function for other types
of ubiquitnation is less clear, it is proposed that these types of ubiquitination may also
regulate protein degradation.
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Figure 2.
Akt regulates numerous biological functions by phosphorylating distinct protein substrates.
For instance, Akt protects cells from apoptosis by phosphorylating and inactivating
proapoptotic proteins, such as Bad and Foxo3a. Akt regulates cell growth and protein
translation by phosphorylating and inactivating TSC2, resulting in activation of the mTOR
pathway. Akt regulates cell cycle progression and tumorigenesis by phosphorylating and
activating oncogenic proteins, such as Skp2, Mdm2, and IKKα. Akt can orchestrate glucose
metabolism by regulating the activity of GSK3β. Akt may also regulate cell migration by
inducing the phosphorylation and activation of Skp2, Girdin/APE, ACAP1, and PAK1.
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Figure 3.
The activity of Akt is regulated by phosphorylation and dephosphorylation of Akt. β-
arrestin-2 recruits Src and Akt to the activated insulin receptor, and phosphoryaltion of Akt
at Y315 and Y326 by Src is a prerequisite for Akt T308 and S473 phosphorylaiton induced
by PDK1 and mTOC2, respectively, leading to the full activation of Akt. Akt T308
dephosphorylation is triggered by PP2A phosphatase. PML or β-arrestin-2 recruits PP2A
and facilitates Akt T308 dephosphorylation. Dephosphorylation of Akt at S473 is induced
by PHLPP phosphates. The adaptor protein FKBP51 recruits PHLPP to elicit Akt
dephosphorylation at S473.
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Figure 4.
Akt membrane localization and activation is regulated by ubiquitination of Akt. TRAF6 E3
ligase is activated by engagement of IGF-1, IL-1, and LPS to their cognate receptors. The
activated TRAF6 then interacts with Akt and triggers K63-linked ubiquitination of Akt,
which facilitates Akt membrane recruitment and subsequent phosphorylation by PDK1 and
mTORC2 through an unknown mechanism. It is possible that the ubiquitinated Akt may
recruit the essential adaptors to facilitate Akt membrane localization.
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Figure 5.
K63-linked ubiquitination may serve as a general mechanism for kinase activation. (A)
TRAF6 induces the activation of TAK1 and MLK3 by triggering their K63-linked
ubiquitination. TRAF6 also induces K63 ubiquitination of Akt within its PH domain and
regulates Akt activation. (B) TRAF6 consensus binding motif is conserved among all three
Akt isoforms and is found in several other TRAF6 interacting proteins. The PH domain is
also found in several other kinases, such as ETK, ITK, and TEC, which are important
downstream effectors for growth factor receptor and TCR signaling. Interestingly, these
kinases also contain the TRAF6 consensus binding motif, suggesting that TRAF6 or other
E3 ligases may induce the K63-linked ubiquitinaiton of these kinases and in turn regulates
their activation.
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Figure 6.
TRAF6 E3 ligase regulates multiple signal transduction pathways involved in the plethora of
biological functions including the innate immune response, cell survival, apoptosis, and
epithelial-mesenchymal transition (EMT). TRAF6 is a critical mediator for NF-κB
activation upon the engagement of CD40L, TRANCE, LPS and IL-1 to their receptors, in
turn regulating inflammation and innate immune response. TRAF6 is activated by TGF-β/
TGF-β receptor and is required for TGF-β-mediated p38 and JNK activation. The activated
p38 and JNK positively regulate cell apoptosis and EMT. Interestingly, TRAF6 is also
activated upon the binding of IGF-1 to IGF-1 receptor and regulates cell survival by
inducing Akt activation.
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