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Abstract
The highly conserved 14-3-3 protein family has risen to a position of importance in cell biology
owing to its involvement in vital cellular processes, such as metabolism, protein trafficking, signal
transduction, apoptosis and cell-cycle regulation. The 14-3-3 proteins are phospho-serine/
phospho-threonine binding proteins that interact with a diverse array of binding partners. Because
many 14-3-3 interactions are phosphorylation-dependent, 14-3-3 has been tightly integrated into
the core phospho-regulatory pathways that are crucial for normal growth and development and
that often become dysregulated in human disease states such as cancer. This review examines the
recent advances that further elucidate the role of 14-3-3 proteins as integrators of diverse signaling
cues that influence cell fate decisions and tumorigenesis.

Emergence of 14-3-3 proteins as regulators of diverse biological processes
The 14-3-3 proteins are abundant 28–33-kDa acidic poly-peptides found in all eukaryotic
organisms (for a review, see Ref. [1]). Members of this protein family were first identified
by Moore and Perez [2] in 1967 and acquired their unusual name based on the nomenclature
used by these investigators during their systematic classification of proteins found in
mammalian brain tissue. 14-3-3 proteins are highly conserved and seven family members
are found in mammals – β, γ, ε, σ, ζ, τ and η. 14-3-3 proteins self-assemble into homo- and
heterodimers, with some family members, such as σ and γ, preferring to homodimerize and
other family members, such as ε, preferring to heterodimerize. 14-3-3 dimers can interact
with a diverse array of cellular proteins including transcription factors, biosynthetic
enzymes, cytoskeletal proteins, signaling molecules, apoptosis factors and tumor
suppressors. 14-3-3 proteins are able to interact with many different proteins as a result of
their specific phospho-serine/phospho-threonine binding activity. Two high-affinity 14-3-3
binding motifs have been described in 14-3-3 target proteins: RSXpSXP (mode 1) and
RXXXpSXP (mode 2), where pS represents phospho-serine. However, it is important to
note that not all phosphorylation-dependent sites conform to these motifs and not all
interactions are phosphorylation-dependent.

Structural analyses of 14-3-3 dimers have revealed that each monomer contains an
independent ligand-binding channel and, as a result, the dimer can interact with two motifs
simultaneously, found either on a single target or on separate binding partners [3]. 14-3-3
dimers are highly rigid structures and binding can induce conformational changes in protein
ligands that might alter the stability and/or catalytic activity of the ligand. In addition, by
steric hindrance, 14-3-3 binding can hide intrinsic localization motifs, prevent molecular
interactions and/or modulate the accessibility of a target protein to modifying enzymes such
as kinases, phosphatases or proteases.
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Phosphorylation is a key regulatory mechanism in cell biology and, because 14-3-3
interactions are primarily phosphorylation-dependent, the 14-3-3 proteins have emerged as
important components of essential biological processes that are regulated by
phosphorylation, such as signal transduction and cell-cycle regulation. This review focuses
on recent advances further elucidating the function of 14-3-3 proteins as integrators of
signaling cues that enable cells to make decisions that direct their fate. In particular, this
review will examine how 14-3-3 contributes to survival and apoptotic signaling, cell growth,
tumor suppression and cancer development.

Functions of 14-3-3 proteins in survival and apoptotic signaling
Regulating the balance between survival and apoptotic signaling is a key aspect of cell fate
decisions and 14-3-3 proteins contribute to this process in multiple ways. For example, the
binding of 14-3-3 has often been found to enhance the activity of proteins with proliferative
or survival functions. A case in point is the Raf serine/threonine kinase family [4]. Members
of the Raf family are key effectors of the Ras GTPase that initiate the activation of the
extracellular signal-regulated kinase (ERK) cascade, which, in turn, promotes proliferative
and survival signaling. Binding of 14-3-3 to a site in the C-terminal region of the Raf
proteins (pS621 and pS729 on the C-Raf and B-Raf family members, respectively) is needed
for full catalytic activity and is required for the heterodimerization of the C-Raf and B-Raf
kinases [5,6]. Under normal signaling conditions, this heterodimerization of C- and B-Raf
occurs in response to Ras activation and promotes maximal activation of C-Raf (Figure 1a).
The B-Raf kinase is mutated in numerous human cancers and it is important to note that
oncogenic B-Raf proteins have been found to heterodimerize constitutively with C-Raf
[7,8]. This heterodimerization is also dependent on 14-3-3 binding and is required for the
transforming function of B-Raf proteins with impaired kinase activity, thus, linking 14-3-3
with the oncogenic potential of B-Raf (Figure 1b).

Another way that 14-3-3 influences the balance between survival and apoptotic signaling is
by antagonizing the activity of proteins that promote cell death and senescence (for a review,
see Ref. [9]). 14-3-3 proteins can suppress apoptosis through interactions with core
components of the mitochondrial apoptotic machinery, such as BCL-2 antagonist of cell
death (BAD), BCL-2 interacting mediator of cell death (BIM) and BCL-2 associated x
protein (BAX), and through interactions with proteins that transmit apop-totic signals,
including the stress-responsive kinase ASK1 (MEKK5) and the forkhead box O1 (FOXO)
transcription factors (Figure 1c). Kinases with pro-survival functions, such as AKT (protein
kinase B, PKB), Rsk and PIM, are often responsible for generating the 14-3-3 docking sites
on these molecules and the binding of 14-3-3 frequently promotes the relocalization of these
pro-apoptotic proteins away from their site of action. For example, the BAD–14-3-3
interaction causes BAD to be retained in the cytoplasm, thus, preventing BAD from
dimerizing with BCL2/XL at the mitochondria and mediating the release of BAX from
BCL2/XL-mediated inhibition. For the FOXO proteins, the binding of 14-3-3 first facilitates
the nuclear export of these transcription factors by exposing their intrinsic nuclear export
sequences (NESs) and then retains them in the cytoplasm by masking their intrinsic nuclear
localization sequences (NLSs).

When cells receive cues that tip the balance towards death, many of these 14-3-3
interactions are targeted for disruption. 14-3-3 binding can be disrupted by activation of
phosphatases that abolish the docking site, by phosphorylation of the binding partner on
sites that dislodge 14-3-3 and by direct phosphorylation of 14-3-3 proteins to abrogate their
binding activity. For example, it has recently been shown that death of post-mitotic neurons
can be induced when cyclin-dependent kinase 1 (Cdk1)-mediated phosphorylation of
FOXO1 disrupts 14-3-3 binding, thus, enabling FOXO1 to enter the nucleus and activate the
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transcription of death-promoting proteins [10]. The stress-activated Jun-N-terminal kinase
(JNK) has also been found to disrupt 14-3-3 interactions by phosphorylating either the
14-3-3 binding partner [11] or the 14-3-3 ζ, β, ε and σ proteins themselves [12–14].
Moreover, accumulating evidence indicates that 14-3-3 phosphorylation and ligand release
is the primary mechanism by which activated JNK controls the pro-apoptotic function of
BAD, BAX, FOXO and Abl [12–14] and represents a key step in JNK-mediated apoptosis
(Figure 1d). Taken together, the above findings highlight the function of 14-3-3 as an
integration point for proliferative, survival, apoptotic and stress signaling.

Functions of 14-3-3 proteins in cell growth signaling
The mammalian target of rapamycin (mTOR) is a key effector in an important growth-
promoting pathway that is commonly dysregulated in human cancers [15,16]. Under normal
conditions, this pathway functions to interface growth factor signals with information
regarding cellular nutrient, energy and oxygen levels. Signaling through this pathway
converges on the mTOR complex 1 (TORC1) [15,17] and, strikingly, 14-3-3 binds four
different regulators of TORC1 signaling. The TORC1 complex consists of the following
components: (i) mTOR, a member of the phosphatidylinositol kinase-related protein kinase
family; (ii) Raptor, a protein scaffold that recruits downstream substrates of mTOR, such as
the S6 kinase and 4E-BP1; (iii) PRAS40, a repressor of mTOR activity; and (iv) mLST8,
also known as G-protein β-subunit-like (GβL). Acting upstream of TORC1 is the Rheb
GTPase, which directly stimulates TORC1 activity when Rheb is bound to GTP [18]. Also
functioning upstream of TORC1 is the tuberous sclerosis complex TSC1–TSC2, which
inhibits TORC1 signaling as a result of the GTPase-activating protein (GAP) activity that is
intrinsic to TSC2 and that inactivates Rheb [19].

Two types of inputs can ‘turn on’ TORC1: the increased availability of amino acids in the
cell and the activation of growth factor pathways such as the insulin-like growth factor 1
(IGF-1) and insulin pathways. In response to insulin treatment, both TSC2 and PRAS40 are
phosphorylated on sites that relieve their inhibitory effects and these proteins have been
shown to associate with 14-3-3 in a manner that correlates with their inactivation [20–26]
(Figure 2a). With regard to TSC2, the function of 14-3-3 binding and the identities of the
upstream kinases and TSC2 residues required for 14-3-3 binding have been the topic of
much debate [21–23,27], perhaps indicating that multiple kinases and TSC2 sites might
contribute to this interaction and that the kinases and sites involved might vary under
different signaling contexts. Nevertheless, two recent studies examining the formation of
complexes between endogenous 14-3-3 and TSC2 in insulin-treated cells report that the
TSC2–14-3-3 interaction is induced by AKT signaling, with some combination of TSC2
residues pS939, pS981 and pT1462 serving as the 14-3-3 docking sites [24,28]. Moreover,
in studies by Cai and colleagues, 14-3-3 was found to have an important role in the AKT-
mediated inhibition of TSC2, in that 14-3-3 binding promoted the relocalization of TSC2 out
of the endomembrane compartment that contains Rheb and into the cytoplasm [24]. With
regard to PRAS40, 14-3-3 binding is mediated by pT246, a site phosphorylated by AKT
[25,26]. From in vitro studies, it has been shown that the repressor activity of PRAS40 can
be inactivated solely by phosphorylation of T246 [25], indicating that 14-3-3 binding per se
is not required. However, in the context of an intracellular environment, 14-3-3 might
contribute to PRAS40 inactivation either by preventing the dephosphorylation of PRAS40
residue pT246 or by destabilizing the PRAS40–TORC1 interaction, as has been indicated in
studies by Vander Haar and colleagues [26].

The above findings indicate a positive function for 14-3-3 in promoting TORC1 signaling.
However, 14-3-3 proteins also contribute to the regulatory mechanisms that suppress
TORC1 activity under conditions of cell stress. Before committing to cell growth, it is

Morrison Page 3

Trends Cell Biol. Author manuscript; available in PMC 2011 April 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



important that the cell possesses enough energy to drive the process. 5′-AMP-activated
protein kinase (AMPK) is a kinase that senses cellular energy levels and becomes activated
under energy stress. Activation of AMPK dominantly inhibits TORC1 signaling and one
target of AMPK is TSC2, the phosphorylation of which at S1345 can stimulate its Rheb-
GAP activity [29]. Another recently identified AMPK target is Raptor. Gwinn and
colleagues found that AMPK phosphorylates Raptor at S722 and S792 and that
phosphorylation of these sites mediates 14-3-3 binding and is required for TORC1
inactivation in vivo [30] (Figure 2b). Although the exact mechanism regarding how
phosphorylation of Raptor inactivates TORC1 is unclear, experiments by Gwinn and
coworkers demonstrate that Raptor phosphorylation, and perhaps 14-3-3 binding, is required
for the metabolic checkpoint mediated by AMPK under conditions of energy stress [30].

Oxygen deprivation, or hypoxia, is another cell stress that inhibits mTORC1 activity and,
although hypoxia can cause energy stress and impact TORC1 through AMPK activation, the
predominant means by which hypoxia inhibits TORC1 is through the induced expression of
the DNA-damage-inducible transcript 4 (DDIT4; also known as REDD1) protein [31–35].
REDD1 has been shown to function in a dominant manner downstream of AKT signaling
and to inhibit TORC1 in a TSC2-dependent manner, indicating that REDD1 might regulate
TSC2. A report by DeYoung and colleagues describes a mechanism for how expression of
REDD1 might modulate TSC2 activity and this mechanism involves 14-3-3 [28]. The
authors found that 14-3-3 proteins interact with REDD1 at a motif surrounding S137 of
REDD1 and that REDD1 can reverse the AKT-mediated inhibition of TSC2 by promoting
the movement of 14-3-3 proteins from TSC2 to REDD1 (Figure 2c). Thus, according to this
model, REDD1 activates the TSC1–TSC2 complex, which inhibits Rheb, by functioning as
a ‘binding sink’ for 14-3-3.

Functions of 14-3-3 proteins in tumor suppression
Regulation of cytokinesis

In addition to their well-known pro-proliferative and anti-apoptotic effects, 14-3-3 proteins
have also been found to suppress cell growth and cell-cycle progression, especially after
DNA damage, indicating functions in tumor suppression. Of the 14-3-3 proteins, tumor-
suppressor activity has most clearly been defined for 14-3-3σ. 14-3-3σ is unique among the
14-3-3 proteins in that it is expressed primarily in epithelial cells and forms homodimers
almost exclusively [36]. Expression of 14-3-3σ is coordinately upregulated by the cellular
tumor antigen p53 and the breast cancer type 1 susceptibility protein (BRCA1) and
contributes to the DNA-damage-induced cell-cycle checkpoint mediated by these tumor
suppressors [37,38]. When induced, 14-3-3σ binds to and sequesters cyclin-B–cell division
cycle 2 (cdc2) complexes in the cytoplasm, thus, enabling DNA damage to be repaired
before the cell cycle progresses [39,40]. Further indicating tumor-suppressor activity, the
expression of 14-3-3σ is frequently lost in tumors of epithelial origin, including most breast
cancers [41]. This loss can be caused either by hypermethylation of the promoter for the
gene encoding 14-3-3σ or by targeted ubiquitin-mediated degradation of 14-3-3σ.
Downregulation of 14-3-3σ occurs not only in the tumor itself but also in surrounding pre-
dysplastic tissue, indicating that loss of 14-3-3σ function might be an early step in tumor
development [42].

Further insight as to why loss of 14-3-3σ might facilitate tumor formation comes from the
discovery by Wilker and colleagues that 14-3-3σ is a crucial regulator of translation during
mitosis and that 14-3-3σ function is required for proper mitotic exit and cytokinesis [43]
(Figure 3a). In eukaryotic cells, most mRNA translation occurs via a cap-dependent
mechanism in which ribosome recruitment begins with the binding of eukaryotic initiation
factors, such as eIF4B, to a modified guanosine residue (known as a ‘cap’) at the 5′ end of
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the mRNA. However, some mRNAs contain internal ribosome entry sites (IRESs) and are
translated in a cap-independent manner. During mitosis, cap-dependent translation is
suppressed and cap-independent translation is stimulated, allowing for the translation of key
cell-cycle regulators such as cell division cycle 2-like 1 (CDC2L1; also known as Cdk11-
p58 and PITSLRE). Experiments by Wilker and coworkers found that 14-3-3σ is needed for
the mitotic switch from cap-dependent to cap-independent translation and that 14-3-3σ
seems to mediate this switch by binding to eIF4B and perhaps other factors involved in cap-
dependent translation [43]. When cells are depleted of 14-3-3σ, cap-dependent translation is
not suppressed and cytokinesis is impaired, resulting in the generation of binucleated cells, a
phenotype observed in early stages of tumor formation. Yet to be determined is the kinase(s)
that regulates the mitosis-specific binding of 14-3-3σ to eIF4B.

Strikingly, 14-3-3 proteins have been found to function at another key regulatory point
during cytokinesis – abscission (Figure 3b). In a recent study, Saurin and colleagues [44]
report that binding of 14-3-3 to protein kinase C epsilon (PKCε) activates PKCε in a lipid-
independent manner and that formation of this complex is required for the final stage of cell
separation during cytokinesis. PKCε interacts with multiple 14-3-3 family members and
binding is mediated by two phosphorylation sites – pS368, a PKCε auto-phosphorylation
site and pS346, a site phosphorylated by glycogen synthase kinase 3 (GSK3) following a
priming phosphorylation event mediated by p38 mitogen-activated protein kinase (MAPK).
Both pS346 phosphorylation and 14-3-3 binding peak during mitosis and formation of the
active PKCε–14-3-3 complex is apparently needed during late telophase to limit RhoA
activity at the midbody, which in turn enables the actomyosin ring to dissociate during the
final stages of abscission. Saurin and colleagues show that disruption of the PKCε–14-3-3
interaction, loss of PKCε expression, inactivation of PKCε catalytic activity or
overexpression of a dominant-negative 14-3-3 protein all promote defects in cytokinesis that
result in the formation of binucleated cells [44]. Moreover, as indicated earlier, the
formation of binucleated cells due to failed cytokinesis has been reported to be an early
event in tumorigenesis and underlies the subsequent development of genomic instability
[45–47].

A role in Hippo pathway signaling
In the past year, several studies have revealed new tumor-suppressor activities for the 14-3-3
proteins. Of particular interest is the function of 14-3-3 in the Hippo pathway, a novel
tumor-suppressor pathway first discovered in Drosophila melanogaster (for reviews, see
Refs [48–50]). In flies, the Hippo pathway controls tissue and organ size by regulating cell
proliferation and apoptosis. The Drosophila Hippo (Hpo) protein is a member of the Ste20
serine/threonine kinase family that complexes with a regulatory scaffold protein Salvador
(Sav) to phosphorylate and activate Warts (Wrts), a member of the nuclear DBf2-related
(NDR) serine/threonine kinase family. Wrts associates with its activating subunit, Mats, and
phosphorylates the transcriptional coactivator Yorkie (Yki), thus, inhibiting Yki function.
Acting upstream of Hpo are two actin-binding cytoskeletal proteins Merlin (Mer) and
Expanded (Ex) and the cell surface protocadherin Fat. In mammals, Mst1/2 and Lats1/2
function as the Hpo and Wrts homologues, respectively, and signaling through the pathways
inactivates two transcriptional coactivators, YAP (Yki homolog) and TAZ. The mammalian
Hippo pathway also contributes to organ size control [51,52] and dysregulation of numerous
Hippo pathway components, including Mer, Sav, Lats and YAP, has been observed in
human tumors [48,53].

Recently, three studies have identified a molecular mechanism by which Hippo signaling
inactivates Yki, YAP and TAZ [52,54,55]. Specifically, for all three transcriptional
coactivators, phosphorylation by the Wrts and Lats kinases promotes 14-3-3 binding and
their relocalization to the cytoplasm (Figure 4a). 14-3-3ε, and probably other 14-3-3 family
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members, bind to the transcriptional coactivators [52,54,55] and 14-3-3 binding is indicated
to be an important regulatory mechanism in that several activating mutations in Yki result in
decreased 14-3-3 binding [54]. With regard to YAP and TAZ, mutants unable to bind to
14-3-3 localize constitutively in the nucleus and exhibit constitutive activity that can result
in the loss of cell contact inhibition, epithelial-to-mesenchymal transition and/or anchorage-
independent growth [52,54,55], all of which are properties that contribute to tumorigenesis.

A role in β-catenin signaling
Another tumor-suppressor pathway in which 14-3-3 has recently been shown to function is
the Wnt–β-catenin pathway. Wnt–β-catenin signaling serves crucial functions during
embryonic development, is required for tissue homeostasis and is aberrantly activated in
numerous human tumors, including >70% of colorectal cancers (for reviews, see Refs [56–
58]). β-catenin contributes to cell-adhesion processes and functions as a transcriptional
coactivator in the Wnt pathway. In the absence of Wnt signals, β-catenin is maintained at
low levels in the cytoplasm owing to ubiquitin-mediated degradation that is facilitated by the
tumor suppressors adenomatous poly-posis coli (APC) and axin. β-catenin function can also
be antagonized by a conserved 14-kDa protein named Chibby (Cby) [59]. Previous studies
show that Cby competes with Tcf enhancer factors for binding to β-catenin in the nucleus,
thus, inhibiting Wnt target-gene transcription [59]. In a recent report, Li and colleagues
describe another mechanism by which Cby antagonizes β-catenin signaling [60]. They
identify multiple 14-3-3 family members (ε, ζ and η) as Cby binding partners and find that
binding of 14-3-3 to pS20 of Cby results in the cytoplasmic relocalization of Cby. However,
as opposed to sequestering Cby from β-catenin, Cby, β-catenin and 14-3-3 form a stable
tripartite complex that facilitates the nuclear export of β-catenin (Figure 4b). The implication
from these findings is that 14-3-3 functions as a tumor suppressor with Cby to limit β-
catenin signaling.

Investigating the function of 14-3-3ζ in tumorigenesis
The impact of 14-3-3 function on tumor development is best understood for 14-3-3σ, where
14-3-3 has been shown to have specific tumor-suppressing activities and its loss seems to be
an early event in tumorigenesis. Whether and how other 14-3-3 family members contribute
to human cancer is less clear. 14-3-3 proteins are undoubtedly important regulatory
components in many signaling pathways; however, if a particular 14-3-3 family member
was found to function primarily in survival signaling, upregulation of this 14-3-3 protein
might provide a survival advantage to tumor cells. Moreover, because resistance to
apoptosis is a characteristic feature of cancer cells, an approach towards therapy might be to
abolish the activity of a ‘survival-promoting’ 14-3-3 family member to force cells into the
default death pathway. To begin to address these issues, two recent reports have investigated
the contribution of 14-3-3ζ to oncogenesis. 14-3-3ζ is a ubiquitously expressed 14-3-3
family member and increased expression of 14-3-3ζ has been observed in several human
tumors, including human hepatocellular carcinoma, stomach cancer, seminoma, squamous
carcinoma, pancreatic adenocarcinoma, breast cancer and several types of lung carcinoma
[61–63]. In addition, the gene encoding 14-3-3ζ maps to a chromosome region (8q23) that is
frequently amplified in metastatic cancer [64,65]. In a study by Li and colleagues, depletion
of 14-3-3ζ in A549 lung adenocarcinoma cells was found to inhibit the anchorage-
independent growth of these cells and to cause increased apoptosis when cells were detached
from the plate matrix – a phenomenon known as anoikis [66]. The enhanced anoikis
correlated with upregulation of the pro-apoptotic proteins BAD and BIM and with increased
BAX activity. Work by Niemantsverdriet and colleagues also observed an effect of 14-3-3ζ
depletion on the levels of apoptosis [61]. In this case, depletion of 14-3-3ζ in human
keratinocytes dramatically increased the rate of apoptosis induced by UV stress. In addition,
the expression of cell-adhesion proteins, including epithelial E-cadherin, T-cadherin and γ-
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catenin, was elevated in 14-3-3ζ-depleted cells, indicating that 14-3-3ζ might be inhibitory
towards cell adhesion. The overriding conclusion from these studies is that upregulation of
14-3-3ζ can help tumor cells resist apoptosis and might provide them with an increased
potential for tumor invasion and metastasis.

Concluding remarks and future perspectives
Research in the past few years has revealed exciting advances that further our understanding
of the complex roles that 14-3-3 proteins have in cell biology and signal transduction.
Diverse signaling cues are transmitted through regulated cycles of phosphorylation and
dephosphorylation and, because most 14-3-3 interactions are phosphorylation-dependent,
14-3-3 proteins have emerged as key targets capable of integrating multiple signaling inputs.
14-3-3 proteins function in pathways that modulate cell survival and proliferation and in
those that control apoptosis and tumor suppression. These pathways are crucial for normal
growth and development and their dysregulation often results in the onset of tumorigenesis.
Recent studies have clearly demonstrated the involvement of 14-3-3 proteins in cellular
processes that directly impact tumor development, such as cytokinesis, cell-contact
inhibition, anchorage-independent growth and cell adhesion. The challenge that continues
for 14-3-3 research is the further elucidation of specific functions for individual 14-3-3
family members. As progress is made in this area, it is possible that alterations in the
expression of certain 14-3-3 proteins might provide new avenues for the diagnosis and
treatment of human cancer. In this regard, the development of small molecule inhibitors that
globally target 14-3-3 interactions or that specifically inhibit the interactions of certain
14-3-3 proteins could prove useful in the design of new anti-cancer therapies.
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Figure 1.
Functions of 14-3-3 in proliferative, oncogenic, survival and stress signaling. (a) Under
proliferative signaling conditions, 14-3-3 binding is required for the Ras-dependent
heterodimerization of B-Raf and C-Raf and contributes to the full kinase activation of C-
Raf. (b) Under oncogenic B-Raf signaling conditions, 14-3-3 mediates the constitutive
heterodimerization of B-Raf and C-Raf and is required for the transforming potential of
kinase-impaired B-Raf mutants (indicated by starburst shape). (c) Under survival signaling
conditions, 14-3-3 binding inactivates numerous pro-apoptotic proteins, such as BAD, BAX
and the FOXO transcription factors, by sequestering them from their sites of action such as
the mitochondria and the nucleus. (d) Under stress signaling conditions, activated JNK
disrupts 14-3-3 binding to several pro-apoptotic proteins by directly phosphorylating the
14-3-3 proteins themselves, thus, enabling the apoptosis regulators to localize to their site of
action.
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Figure 2.
Functions of 14-3-3 in TORC1 signaling. (a) Under growth conditions, the AKT kinase is
activated downstream of the insulin receptor (not depicted) and in turn activates TORC1 by
phosphorylating TSC2 and PRAS40 on sites that mediate 14-3-3 binding and that relieve the
inhibitory effects of these proteins. (b) AMPK is activated under conditions of low energy
and inhibits TORC1 signaling by phosphorylating TSC2 and Raptor, thus, stimulating TSC2
activity and inhibiting Raptor function. AMPK-mediated phosphorylation of Raptor is
required for the energy checkpoint induced by AMPK, and the sites that are phosphorylated
mediate 14-3-3 binding. (c) REDD1 (DDIT4) expression is induced under hypoxic
conditions and REDD1 inhibits TORC1 activity in a TSC2-dependent manner. REDD1 has
been reported to reverse the inhibition of TSC2 by promoting the movement of 14-3-3
proteins from TSC2 to REDD1.
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Figure 3.
Functions of 14-3-3 in cytokinesis. (a) 14-3-3σ function is required for a mitotic
translational switch. During mitosis, binding of 14-3-3σ to eIF4B and possibly to other
factors involved in cap-dependent translation is required for the mitotic switch from cap-
dependent to cap-independent translation. This translational switch is needed for the
synthesis of key mitotic regulators required for proper mitotic exit and cytokinesis. mRNA
shown as red line. Abbreviations: IRES, internal ribosome entry site. (b) 14-3-3 function in
abscission. During mitosis, phosphorylation mediated by p38, GSK3 and PKCε generates
14-3-3 binding sites on PKCε. Binding of 14-3-3 activates PKCε and formation of the active
PKCε–14-3-3 complex is needed to limit RhoA activity at the midbody, which in turn
enables the actomyosin ring to dissociate during the final stages of abcission.
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Figure 4.
Functions of 14-3-3 in tumor-suppressor pathways. (a) The mammalian Hippo pathway
transmits signals received at the cell surface, such as cell–cell contact, through the sequential
activation of the Mst1/2–WW45 and Lats1/2–Mob kinase complexes. The Lats kinases
phosphorylate YAP and TAZ on sites that mediate 14-3-3 binding, thus, inactivating the
function of these transcriptional coactivators by means of their cytoplasmic retention. (b) β-
catenin functions as a transcriptional coactivator in the Wnt signaling pathway. Cby
antagonizes β-catenin signaling by preventing the interaction between β-catenin and the Tcf
transcription factor enhancer and by mediating the formation of a stable β-catenin–Cby–
14-3-3 tripartite complex that results in the nuclear export of β-catenin.
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