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14-3-3 proteins regulate intracellular signaling pathways, such as signal transduction, protein

trafficking, cell cycle, and apoptosis. In addition to the ubiquitous roles of 14-3-3 isoforms, unique tissue-

specific functions are also described for each isoform. Owing to their role in regulating cell cycle, protein

trafficking, and steroidogenesis, 14-3-3 proteins are prevalent in human diseases, such as cancer,

neurodegeneration, and reproductive disorders, and, therefore, serve as valuable drug targets. In this

review, we summarize the role of 14-3-3 proteins in normal and disease states, with a focus on 14-3-3g

and e. We also discuss drug compounds targeting 14-3-3 proteins and their potential therapeutic uses.

Introduction
14-3-3 proteins are crucial regulators of intracellular signaling

pathways. Upon interacting with their target protein, 14-3-3 pro-

teins alter its activity, modifications, and intracellular localization

[1]. The functions of 14-3-3 proteins can be categorized from two

different viewpoints: isoform and tissue specificity.

Owing to their high degree of homology, researchers initially

thought that 14-3-3 isoforms were redundant and, in the absence

of one 14-3-3 isoform, others would compensate. Indeed, a 14-3-

3g-knockout (K/O) mouse model showed no change in brain

phenotype, a finding suggesting that in brain, where 14-3-3 pro-

teins are most abundant, another isoform replaces 14-3-3g [2]. In-

depth studies of the 14-3-3 phylogenetic tree suggest that all

isoforms evolved before the divergence of mammals and that

the orthologs have a higher homology compared with isoforms

of the same species, implying that 14-3-3 isoforms have unique

and fundamental roles [3]. This hypothesis is supported by mass-

spectrometry studies identifying unique networks for each 14-3-3

isoform [4]. 14-3-3-Isoform specificity was further confirmed by

studies of 14-3-3 isoform-specific K/O mice that found various

tissue-specific phenotypes [5]. Based on data provided by the two

main online microarray databases (http://biogps.org and http://

www.proteinatlas.org), we summarize the tissue-specific expres-

sion of 14-3-3 isoforms in Fig. 1.

Certain 14-3-3 functions are similar in multiple tissues, because

their target proteins are involved in global pathways. The global

roles of 14-3-3 proteins can be divided into two categories: (i) cell

cycle progression and apoptosis; and (ii) intracellular protein

trafficking. Tissue-specific roles for 14-3-3 proteins are observed

for those that target proteins in particular cell types, such as

adipocytes, neurons, and testicular Leydig cells.

Functions of 14-3-3 family members
The cell cycle and apoptosis
Much work has been dedicated to understanding the role of 14-3-

3 proteins in cell proliferation, growth, and apoptosis. Mitogenic

signals promote proliferation through the rat sarcoma (Ras)/

rapidly accelerated fibrosarcoma (Raf)/mitogen-activated pro-

tein kinase (MAPK) cascade [6] and activate downstream MAP

Kinase Kinase Kinase proteins (MEKK) [7]. 14-3-3e, z, and u,

respectively, regulate MEKK2 dimerization in mouse embryonic

fibroblast cells [8], MEKK1 functions in human prostate adeno-

carcinoma cell lines [9], and phosphorylation-dependent activi-

ty of MEKK3 in human fibroblasts cell lines [10]. 14-3-3 proteins

are also involved in cell growth and survival. Acting through the

extracellular signal-regulated kinase (ERK) pathway, 14-3-3z, e,
and g mediate the activation of rapidly accelerated fibrosarcoma
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(Raf), phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), and

mitogen- and stress-activated protein kinases (MSK1/2) in many

cell types, including hematopoietic stem cells and human breast,

prostate, and fibroblast cell lines [11–15]. Downstream of the pro-

tein kinase B (PKB or Akt) pathway, 14-3-3z drives cell survival by

inducing the phosphorylation and deactivation of B cell lymphoma

2 (Bcl-2)-associated death promoter (BAD), which leads to inhibi-

tion of apoptosis and promotes the cytosolic retention of Forkhead

(FOXO) transcription factors, thus blocking the expression of down-

stream pro-apoptotic genes [11] (Fig. 2a).
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FIGURE 1

Differential expression levels of 14-3-3 isoforms in human tissues. 14-3-3 isoforms are shown in human tissues from highest to lowest expression levels as indicated

by dark to light colors. Such differences suggest that there is tissue specificity for each isoform.
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FIGURE 2

Summary of 14-3-3 protein function. (a) The 14-3-3 network in the cell cycle, proliferation, and apoptosis. 14-3-3 proteins are antiapoptotic and pro-proliferative,
and the network of 14-3-3 protein interactions in such pathways is intricate. 14-3-3 proteins positively regulate Raf-1, MEKK proteins, and Abl proteins, modify the

localization of HDAC proteins, FOXO proteins, and BAD downstream growth factors, and regulate P53 and P21 action upon DNA damage. (b) 14-3-3e and g

collaborations in protein trafficking. A dimer of 14-3-3e and g, called mitochondrial import stimulating factor (MSF), mediates the import of b sheet-rich

mitochondrial proteins through interactions with the Tom complex at the mitochondria (37, TOM subunit 37 kDa; 70, TOM subunit 70 kDa). (c) 14-3-3e and g

collaborations in steroidogenesis. 14-3-3e and g control the rate of cholesterol import to the mitochondria by targeting STAR and VDAC1, respectively. 14-3-3g is

hormonally induced. Upon hormonal stimulation, it binds and blocks Ser194 on STAR, maintaining its basal activity. This function is transient and begins at the

initiation of steroidogenesis. It is likely that 14-3-3e is recruited by 14-3-3g–STAR interactions. Upon 14-3-3g release from STAR, 14-3-3e interacts with VDAC1 at the
mitochondria and buffers cholesterol import into this organelle. Abbreviations: AKT(PKB), protein kinase B; BAD, Bcl-2-associated dead promoter; Bcr-Abl,

breakpoint cluster region protein-Abelson murine leukemia vial oncogene homolog; CDK, cyclin-dependent kinase; ERK, extracellular signal-regulated kinase;

FOXO, forkhead; GPCR, G-protein-coupled receptor; GSK3, glycogen synthase kinase 3; HDAC, histone deacetylase; IMM, inner mitochondrial membrane; IRS-1,

insulin receptor substrate 1; MDMX, mouse double minute X homolog; MEKK, map kinase kinase kinase protein; MITO, mitochondria; OMM, outer mitochondrial
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The regulation of apoptosis by 14-3-3 proteins is a complex

process. 14-3-3 proteins exert both pro- and antiapoptotic effects

and, in both pathways, the main targets of 14-3-3 proteins are Bcl-2

and P53. The balance between the pro- versus antiapoptotic action

of 14-3-3 isoforms was not clear until a study in 2007 provided a

link between BAD and P53 regulatory loops. P53 is a tumor

suppressor that is activated by cellular threats, such as DNA

damage and hypoxia, and induces cell cycle arrest at G1

[16,17]. 14-3-3g regulates P53 by blocking its inhibitors and inter-

acting with its regulatory proteins, such as mouse double minute X

homolog (MDMX) [18]. Interactions between 14-3-3g and MDMX

also block binding between MDMX and P21 (a protein required for

G1 cell cycle arrest), protecting P21 from proteasomal turnover

[19] (Fig. 2a).

Studies in human cell carcinoma cell lines indicate that, once

the DNA damage is too extensive for repair and, therefore, G1

arrest is futile, apoptosis is triggered. P53 localizes to the nucleus

and induces the transcription of genes, such as BAD and that

encoding Bcl-2 associated X promoter (Bax), to begin apoptosis

[20]. The BAD protein localizes to the mitochondria to induce the

release of cytochrome C. 14-3-3g, z, e, b, and u bind to phosphory-

lated BAD and block its entry into the mitochondria [21]. A direct

interaction between 14-3-3g and Bax is also seen in cerebral

cortical neurons [22]. Through a negative feedback loop, high

levels of BAD bind to P53 in the cytosol, which blocks the nuclear

import of P53 and stops the transcription of BAD and Bax genes

[20]. Given that such cytosolic interactions occur with nonpho-

sphorylated BAD, a balance is maintained between 14-3-3 and P53

interactions with BAD. That is, 14-3-3 proteins are antiapoptotic

when they block BAD activation but pro-apoptotic when they

activate P53. This dual role is likely to be carried out by different

14-3-3 isoforms, and dimerization favors one pathway over anoth-

er. 14-3-3g and e regulate cell division mainly through their

interactions with proteins at cellular checkpoints, such as cell

division cycle 25 homolog A, B and C (Cdc25A,B,C) [23].

To add another layer of complexity, 14-3-3 proteins regulate

autophagy. When cells receive proper nutrition, 14-3-3 proteins

interact with tuberous sclerosis 2 (TSC2), a member of the mam-

malian target of rapamycin (mTOR) energy sensor protein family

[24]. Under starvation conditions, 14-3-3 proteins dissociate from

TSC2 and interact with downstream proteins, such as Raptor and

Unc51-like kinase 1 (ULK1). These processes initiate autophagy by

allowing the formation of autophagosomes, which are double-

membrane vesicles that degrade cellular organelles [25]. A further

report also suggests a role for 14-3-3b and its phosphorylated form,

14-3-3a, in autophagy [26].

Intracellular protein trafficking
14-3-3 proteins contain a nuclear localization sequence (NLS)

through which they can shuttle target proteins to the nucleus.

An in-depth review by Muslin et al. [27] discussed such functions

and therefore we discuss herein the chaperone-like activity exhib-

ited by 14-3-3 proteins.

Part of the pathogenesis of neurodegenerative diseases is pro-

tein misfolding and subsequent aggregation; thus, 14-3-3 pro-

teins might have a role in such disease states. Given their

chaperone-like  activities, some 14-3-3 isoforms can inhibit the

formation of, or unravel, protein aggregates. 14-3-3 dimers and

heat shock protein (Hsp)-70 anchor chaperone-associated mu-

tant huntingtin protein aggregates to dynein, and dynein med-

iates the transportation of aggregates to the aggresomes [28],

where proteins are degraded by autophagy. Partnerships between

14-3-3z and Hsp27 [29] and 14-3-3g and Hsp20 [30] have also

been reported. The pathogenesis of Parkinson’s disease involves

the formation of Lewy bodies, which are aggregates of b sheet-

rich proteins in neurons. Co-immunoprecipitation studies

identified that 14-3-3h binds a-synuclein, which is a protein

abundant in Lewy bodies, and interactions between these two

proteins can rescue neurons from a-synuclein aggregation and

subsequent toxicity [28].

Tissue-specific functions of 14-3-3e and g

14-3-3e, also known as mitochondrial import-stimulation factor

(MSF) L subunit, is encoded by the YWHAE gene on chromosome

17 in humans. 14-3-3 phylogenetic tree analysis indicates that 14-

3-3e is the most ancient isoform of the 14-3-3 protein family, and is

expressed in Plantae, Fungi, and Animalia [3]; it also has the

highest degree of homology within and across species compared

with other family members. 14-3-3g is referred to as polypeptide

and protein kinase C (PKC) inhibitor protein-1 (KCIP-1), if N-

terminally processed. In humans, the YWHAG gene encoding

14-3-3g is located on chromosome 7. 14-3-3g and e are highly

expressed in mammalian brain and have a high affinity for hetero-

dimerization with one another [31]; therefore, several unique

interactions between the two proteins are found in the regulation

of tissue-specific pathways.

Mitochondrial protein import
The heterodimer of 14-3-3e with g or z was previously named

mitochondrial import stimulating factor (MSF) [32]. Studies in rat

liver extracts indicated that MSF is a unique chaperone that

recognizes the N-terminal mitochondria sequences on matrix-

targeted proteins in the cytosol. MSF maintains the unfolded,

import-competent state of preproteins, and unfolds misfolded

preproteins. High concentrations of ADP at the mitochondrial

membrane can cause MSF–target dissociation. An example of

MSF-mediated protein import has been shown for the mitochon-

drial matrix protein preadrenodoxin, a part of the preprotein

assembly and machinery (PAM) complex that assists in the assem-

bly of cytochrome P450 side-chain cleavage (CYP11A1) in the

inner mitochondrial membrane [33]. MSF forms a transient bond

with translocase of outer mitochondria (Tom) isoforms 70 and 37

(Tom70–Tom37), which are the analogs of sorting and assembly

machinery (SAM) protein complexes in yeast. SAM complexes

mediate the import of b-barrel proteins to the mitochondrial

matrix [34] (Fig. 2b).
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Interactions with cellular compartments
14-3-3g and e are the only isoforms that bind to phospholipid

aggregates in vesicles and membrane proteins [35]. Studies using

surface plasma resonance identified His158 and 195 (located in the

amphipathic helices at the N-terminal dimerization region of the

14-3-3g isoform) as the optimal residues for interaction with

membranes [36]. In humans, Trp60 on 14-3-3g binds to negatively

charged membranes [37], and 14-3-3g interacts with cytoskeletal

actin filaments and contributes to the regulation of apoptosis [38].

14-3-3g also interacts with organelle membrane of lysosomes,

mitochondria, and Golgi. In a groundbreaking study, Mityamoto

et al. showed that 14-3-3g is enriched at the mitochondria during

lysosomal accumulation. Loss of this isoform inhibited the elimi-

nation of oxidized mitochondrial proteins, suggesting that it has a

role in mitochondrial quality control [39]. At the Golgi apparatus,

14-3-3g interacts with large pleomorphic carriers that travel from

the Golgi complex to the plasma membrane and undergo fission.

Disrupting such interactions inhibits carrier budding and fission

processes [40].

Steroidogenesis regulation
Cholesterol import into the mitochondria is the rate-limiting step

in steroidogenesis. It is hormone dependent and mediated

through a protein complex called the transduceosome. This com-

plex contains proteins such as steroidogenic acute regulatory

protein (STAR), translocator protein (TSPO), and voltage-depen-

dent anion channel 1 (VDAC1) [41]. 14-3-3e and g interact with

STAR, TSPO, and VDAC1, and control the rate of cholesterol

import [42,43]. Two distinct but complementary mechanisms of

action have been identified for 14-3-3g and e. Hormone treatment

increases the levels of 14-3-3g and alters its post-translational

modifications (PTMs), leading to the disruption of 14-3-3g homo-

dimers [44]. Consequently, 14-3-3g monomers interact with STAR

on Ser194 within the 14-3-3 binding motif, which physically

blocks the accessibility of this residue for protein kinase A (PKA)

phosphorylation. This phosphorylation is required for the twofold

induction of STAR activity and maximal steroidogenesis [44]. 14-3-

3g–STAR interactions are short-lived and delay the initiation of

steroidogenesis because 14-3-3g quickly dissociates from STAR due

to PTM-driven homodimerization. This delay in steroidogenesis

might be required to prepare the steroidogenic machinery and

make sufficient cholesterol substrate available, but the details

remain unknown.

14-3-3e regulates long-term steroidogenesis. Cytosolic STAR and

mitochondrial VDAC1 compete for binding with 14-3-3e. 14-3-3g–

STAR interactions assist in recruiting 14-3-3e to the proximal 14-3-

3 binding motif of STAR that contains Ser187. Consequently, 14-3-

3e–VDAC1 interactions at the mitochondria are decreased. Upon

the release of 14-3-3g from STAR, VDAC1 can compete with STAR

for binding with 14-3-3e, meaning that the interactions between

VDAC1 and 14-3-3e are not only restored, but also significantly

increased [43]. 14-3-3e interacts with VDAC1 on the Ser167 residue

of the channel. This binding results in multiple downstream

effects, including localization of 14-3-3e to the mitochondria,

negative regulation of steroidogenesis by buffering cholesterol

import through intercalation between TSPO and VDAC1, and

regulation of cholesterol and ligand binding to TSPO. The negative

regulation of 14-3-3e in testosterone production has been shown in

vivo in adult rats, and the interactions with VDAC1 were confirmed

in testes sections [43] (Fig. 2c).

14-3-3 proteins in disease and treatment
Neurological disorders and neurodegeneration
14-3-3 proteins exert neuroprotective properties and are known

markers of several neural diseases. Here, we discuss some of the

studies of the relevance of 14-3-3 proteins in neurological diseases.

14-3-3e targets NudE Neurodevelopment Protein 1-Like 1

(Ndel1) and lissencephaly-1 (Lis1), thus regulating neural migra-

tion by recruiting microtubules and assisting their movement [5].

14-3-3e heterozygous K/O mice display alterations in hippocampal

and cortical structures and exhibit behavioral phenotypes, such as

memory loss [5]. These K/O animals are used as schizophrenia-

related models (Table 1). In 2003, Toyo-oka et al. showed that

heterozygous deletion of 17p13.3 genes, including 14-3-3e, causes

Miller–Dieker syndrome, a form of lissencephaly (or ‘smooth

brain’ disease) caused by a lack of neural migration. Microdeletions

in the 14-3-3e gene manifest in patients as autistic characteristics,

facial dysmorphic features, and postnatal overgrowth [45]. The

correlations between lack of 14-3-3g, z, and e with memory acqui-

sition impairment, astrocyte apoptosis, schizophrenic-type behav-

ior, Parkinson’s disease, Alzheimer disease, and bipolar disorder

are reviewed thoroughly by Foote et al. [5]. The importance of 14-3-

3 isoform-specific functions in the brain is well studied in 14-3-3

isoform-specific K/O mouse models, as summarized in Table 1.

In a series of interesting studies, ubiquitin-derived proteasomal

degradation produced functional oligopeptides that could target

proteins and regulate cell signaling [46]. Two of these peptides

isolated from mouse [47] or rat brain targeted recombinant 14-3-3e
and blocked its interactions with target proteins, such as calmod-

ulin kinase (CaM kinase). As a consequence, the Ca2+ levels in the

cell increased, serving as a second messenger for a variety of signal

transduction pathways. Some researchers suggest that these

oligopeptides endogenously bind to proteins and block their

protein-binding domains. These interactions can be ablated by

REVIEWS Drug Discovery Today �Volume 21, Number 2 � February 2016

TABLE 1

Summary of 14-3-3 isoform-specific K/O phenotypes in mice

K/O isoform Tissue studied Phenotype Refs

14-3-3g Brain No phenotype [2]

14-3-3e Brain Schizophrenic behavior, impaired memory [65]

14-3-3z Brain Schizophrenic behavior, impaired learning and memory, reduced prepulse inhibition,

locomotor hyperactivity

[66,67]

14-3-3e and z Brain Defects in proliferation and differentiation of neural progenitor cells in the cortex,
neuronal migration defects, and seizures

[68]
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phosphorylation, which suggests that 14-3-3e is regulated by these

endogenously produced natural peptides. It might prove benefi-

cial to utilize these peptides as drug substitutes to target 14-3-3e in

neurodegenerative diseases. Such studies provide a novel thera-

peutic area in 14-3-3 drug development.

Cancer
14-3-3 proteins target oncogenic proteins, as previously discussed.

High expression of 14-3-3z is associated with lung, breast, prostate,

myeloma, glioma, esophageal, head and neck, oral, pancreatic,

ovarian, and skin cancers. These elevated expression levels corre-

late with poor prognosis and chemoresistance for some, but not

all, of these cancer types [48]. Small interfering RNA (siRNA)

knockdown (K/D) of 14-3-3z inhibits cancer cell growth progres-

sion [48], highlighting the potential of 14-3-3z as a pharmaceutical

drug target. 14-3-3g and e are novel markers of hepatocellular

carcinoma [48], low levels of 14-3-3g and u are markers of breast

cancer [23,49], and high levels of 14-3-3b serve as a marker for

gastric cancer [50]. siRNA K/D of 14-3-3b arrests tumorigenesis and

astrocytoma progression, making this protein a potential thera-

peutic candidate.

By contrast, the more distant family member 14-3-3s is a

prominent tumor suppressor. Low levels of 14-3-3s are used to

determine the prognosis of cancer in tissues with mesenchymal

origin [51]. More thorough studies indicate that low levels of 14-3-

3s result from either ubiquitin-derived proteasomal degradation

or hypermethylation of the 14-3-3s promoter, which leads to gene

silencing and results in breast cancer progression. Therefore, 14-3-

3s methylation can be used as a diagnostic marker [51].

With the acknowledgement of 14-3-3 proteins as potential

therapeutic targets, there is an increased effort to pharmacologi-

cally target these proteins in cancer.

In a recent study, a prodrug peptidomimetic called compound

19 (C19) was identified in a small-molecule microassay. This

compound was synthesized and modified to improve its char-

acteristics, creating compound 15 (C15). Treatment of DG75

leukemia cells with C15 showed that this compound drives

apoptosis in a dose-sensitive manner by activating FOXO3A-

derived proapoptotic gene transcription. Further investigations

showed that, once inside the cell, C15 is converted to C19a, a

phosphoserine mimetic prodrug. Active C19a can interact with

14-3-3 proteins, such as 14-3-3u, with an IC50 of 5 mM, and block

their interactions with FOXO3A. As previously noted, 14-3-3

proteins target phosphorylated FOXO3A downstream of the

Akt pathway and thereby block nuclear localization and subse-

quent gene transcription. Thus, C19a drives apoptosis by block-

ing these interactions and allowing FOXO3A to enter the

nucleus. C19a has been proposed as a candidate for cancer

treatment; however, because this phosphoserine mimetic pro-

durg is not pathway specific, it could block the interaction of 14-

3-3 proteins with other targets. Given that 14-3-3 proteins exert

global functions in most mammalian tissues, the cancer tissue

specificity of the compound could be questioned and limit its

potential clinical use [52] (Fig. 3a).

Another 14-3-3 targeting compound is the synthetic peptide

PHCVPRDLSWLDLEANMCLP, named R18, identified from a

phage display library. The core amino acids WLDLE occupy the

amphipathic groove of 14-3-3 proteins, and the R18 sequences are

not phosphorylated. Electron density maps calculated for recom-

binant 14-3-3z crystals in complex with Raf-1 kinase to R18 indi-

cate that the two peptides bind to different sites with similar

affinity. Moreover, both peptides interact with 20 residues in

the 14-3-3 amphipathic groove, some of which overlap (e.g.

Lys49 and Arg56). This explains the mechanism by which R18

Drug Discovery Today � Volume 21, Number 2 � February 2016 REVIEWS

TABLE 2

Summary of compounds that can be used as potential therapeutics through targeting 14-3-3 proteins

Name Compound Function Proposed

application

Host cell Refs

Compound 19 Peptidomimetic Induces nuclear

localization of FOXO3A

Cancer therapy Human DG-75 lymphoma

cells

[53]

Difopein (R18 dimer) Synthetic peptide Displaces 14-3-3–BAD
interactions

Cancer therapy Mouse embryonic
fibroblast (NIH 3T3)

[21]

FC Diterpene glucoside Blocks ERa dimerization Cancer therapy Human ovarian, lung,

prostate, and colon

carcinoma cells

[55]

FC-THF Diterpene glucoside Blocks ER retention Cancer therapy Xenopus oocytes [57]

Cotylenin A Peptide Stabilizes 14-3-3c-RAF
interactions

Cancer therapy Epidermoid and rectal
carcinoma

[58]

Molecular tweezers Norbornadiene and

benzene rings

Displaces 14-3-3-ph.C–

Raf and 14-3-3–Exo S

Cancer therapy – [59]

FOBISIN 101 Pyridoxal-phosphate
moiety linked to p-

amino-benzoate

Displaces 14-3-3–Raf-1
interactions

Cancer therapy Human lung cancer cells [60]

UTKO1 Moverastin A

derivative

Displaces 14-3-3–Raf-1

interactions

Cancer therapy Human epidermoid

carcinoma cells

[62]

TVS167 Peptide Displaces 14-3-3e–
VDAC1 interactions

Hypogonadism Mouse MA-10 Leydig cells;
rat Leydig cells; in vivo in

Sprague-Dawley rats

[43]
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FIGURE 3

Drug compounds that block 14-3-3-target interactions. (a) Compound 19a (yellow star) is a phospho-peptidomimetic prodrug that targets the 14-3-3 amphipathic

groove. Under normal conditions, 14-3-3 proteins interact with phosphorylated FOXO3A and retain this transcription factor in the cytosol. Compound 19a blocks 14-3-3-

FOXO3a interactions, causing FOXO3A localization to the nucleus and the subsequent transcription of pro-apoptotic genes. (b) Difopein (orange star) is a dimer of R18, a
14-3-3-targeting short peptide. Treating cells with an R18 dimer displaces 14-3-3 proteins from BAD by occupying the 14-3-3 target-binding pocket. BAD then localizes

to the mitochondria and induces the release of cytochrome C, causing apoptosis. (c) FOBISIN 101 (red star) targets 14-3-3 proteins and blocks the interactions between

14-3-3 and Raf-1, a kinase downstream of the EGF signaling pathway, therefore blocking Raf-1-induction of cell proliferation. (d) UTKO1 (purple star) is a moverastin
derivative that binds to 14-3-3 proteins cells and blocks 14-3-3 interactions with its targets, for example, Rac-1. Rac-1 is activated when bridged to Tiam by 14-3-3

proteins. In the presence of UTKO1, 14-3-3 proteins can no longer adapt Tiam–Rac-1 interactions and, therefore, cell migration is blocked. Abbreviations: BAD, Bcl-2-

associated dead promoter; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; FOXO, forkhead; GF, growth factor; GPCR, G-protein-coupled receptor;

Rac-1, Ras-related C3 botulinum toxin substrate 1; Raf-1, rapidly accelerated fibro sarcoma 1; Tiam, T-lymphoma invasion and metastasis-inducing protein.
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binding blocks Raf-1 kinase interactions with 14-3-3z. In this

study, the physiological outcome was not evaluated [53]. A dimer-

ic 14-3-3 peptide inhibitor (Difopein) was developed that com-

prised two R18 sequences attached by a linker sequence. This

peptide inhibitor binds with high affinity to 14-3-3z, displaces

14-3-3–BAD interactions (Kd = 80 nM) in NIH 3T3 cells and, thus,

results in apoptosis [21] (Fig. 3b).

Some of the identified 14-3-3 targeting compounds are found in

nature. The diterpene glucoside fusicoccin (FC), isolated from the

fungus Phomopsis amygdali, a liverwort, plants, and insects [54],

was shown to induce apoptosis in several human cancer cell lines,

including ovarian, lung, prostate, and colon carcinoma cells [55].

FC was found to stabilize the interactions between 14-3-3 proteins

and estrogen receptor a (ERa) in breast cancer cells. These inter-

actions mask the dimerization domain of ERa, which is required

for chromatin interactions and downstream gene expression.

Thus, by stabilizing the 14-3-3–ERa interactions, FC blocks breast

cancer cell proliferation. Co-crystallization of the ERa in complex

with 14-3-3 proteins and FC indicated that the 14-3-3–ERa inter-

actions occur with high affinity upon phosphorylation of Thr594

on ERa and inhibit the estrogen-driven dimerization of the recep-

tor [54].

A semisynthetic FC derivative, FC-THF, was found to stabilize

the interactions between 14-3-3 proteins and the plasma mem-

brane K+ channels TWIK-related acid-sensitive K+ channels 1 and 3

(TASK-1 and TASK-3). Studies in Xenopus laevis oocytes indicated

that this interaction results from the presence of 14-3-3 mode 3

motif on TASK1/3 proteins, through which 14-3-3 proteins block

the endoplasmic reticulum retention sequences, thus favoring the

localization of TASK1/3 to the plasma membrane [56]. TASK

proteins are upregulated in breast, lung, colon, and metastatic

prostate cancers, and enhancement of the K+ current is directly

involved in apoptosis and oncogenesis [57], highlighting the

potential of FC-THF in cancer treatment.

A similar mechanism of action to FC was reported for Cotylenin

A, a bioactive fungal metabolite that shows anticancer properties

in some human cancers. Cotylenin A exhibits antitumor activity

in A431 and Difi cancer cells through targeting 14-3-3 proteins and

stabilizing their interactions with oncogenic targets, such as C-RAF

[58]. 14-3-3 proteins interact with the phosphorylated Ser233 and

Ser259 on C-RAF with an EC50 of 65.44 mM. C-RAF mutations are

common in human cancers and Cotylenin A was found to be

inactive in cancer lines expressing mutated C-RAF [58]. Moreover,

water-soluble molecular tweezers were recently identified to block

the interactions between 14-3-3s and C-RAF phosphorylated on

S259 [59].

A covalent 14-3-3 inhibitor called FOBISIN 101 was recently

identified from the Library of Pharmacologically Active Com-

pounds (LOPAC). This compound is a pyridoxal-phosphate moi-

ety linked by a nitrogen double bound to p-amino-benzoate.

FOBISIN 101 is a pan-14-3-3 inhibitor that binds to the 14-3-3-

conserved Lys120 residue in the proximity of the amphipathic

groove with an IC50 of 2.6 mM in lung cancer cells and thereby

inhibits the binding of phosphorylated targets [e.g. Raf-1 and

proline-rich Akt substrate of 40 kDa (PRAS40)] and nonpho-

sphorylated targets (e.g. ExoS) in a dose-dependent manner

[60]. The hypothesized downstream cellular consequence of

using FOBISIN 101 is presented in Fig. 3c.

Previous research demonstrated that a member of the cylindrol

family of microbial origin, called moverastin, blocks cancer me-

tastasis by inhibiting cell migration. In vitro, moverastin targets

farnesyl transferases (FTases) and blocks their function, which is

followed by membrane localization of H-Ras, downstream of the

PI3K/Akt pathway in human esophageal tumor cells [61]. Interest-

ingly, a chemically synthesized moverastin derivative called

UTKO1 was more potent than moverastin but did not show any

correlation with FTases [62]. Further studies indicate that epider-

mal growth factor (EGF) signaling activates Rac-1, which is in-

volved in cell migration, by triggering the formation of the ternary

complex of Ras-related C3 botulinum toxin substrate 1 (Rac-1)/14-

3-3z/T-lymphoma invasion and metastasis-inducing protein
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FIGURE 4

TVS167 blocks 14-3-3e-VDAC1 interactions in Leydig cells and thereby
induces testosterone production. Testosterone production is triggered when

LH is produced by the pituitary gland in response to GnRH. LH interacts with

its receptor on Leydig cells of the testis and triggers the movement of

cholesterol from the cytosol to the mitochondria through interactions with
VDAC1 and TSPO. To tightly regulate this import rate, 14-3-3e intercalates

between these two proteins and blocks efficient interactions. TVS167 is a

short peptide containing VDAC1 Ser167 in a 14-3-3 motif that competes with

VDAC1 to interact with 14-3-3e. This blockade induces the flow of cholesterol
to the mitochondria and testosterone production. If LH signaling is blocked

using cetrorelix, the GnRH antagonist TVS167 can be utilized to drive

testosterone production. Abbreviations: GnRH, gonadotropin-releasing

hormone; LH, luteinizing hormone; OMM, outer mitochondrial membrane;
TSPO, translocator protein; VDAC1, voltage-dependent anion channel 1.
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(Tiam). Co-immunoprecipitation studies using UKTO1-coated

beads in human epidermoid carcinoma cells showed that this

compound targets 14-3-3z, blocking its interactions with Rac-1,

with an IC50 of 1.98 mM, thereby inhibiting protein activation and

subsequent cancer cell migration [63] (Fig. 3d).

Taken together, these data indicate that 14-3-3 proteins are

potential drug targets for cancer treatment. However, the com-

pounds identified (Table 2) are not specific and could also affect

14-3-3 interactions with other targets. Therefore, these com-

pounds are not currently viewed as selective for a particular

pathway.

Hypogonadism
Reduced serum testosterone occurs commonly in 20–50% of aging

men more than 60 years old and in subfertile or infertile young

men. Low levels of testosterone are linked to several diseases,

including infertility, cardiovascular diseases, adrenal or testicular

hyperplasia, neurodegeneration, altered mood, fatigue, decreased

lean body mass and bone mineral density, increased visceral fat,

metabolic syndrome, and decreased libido and sexual function.

Therefore, clinical methods, such as testosterone replacement

therapy (TRT), have been developed to address such symptoms

[64].

Given that adverse effects of TRT render this treatment unsuit-

able for many patients [64], alternate mechanisms to elevate

testosterone levels are desirable. 14-3-3e, a negative regulator of

testosterone production, was successfully targeted in rat models to

induce endogenous testosterone production in Leydig cells of

testes. A peptide, called TVS167, was created that competes with

VDAC1 for binding to 14-3-3e, thus removing the negative regu-

lation of 14-3-3e on VDAC1 in rat testes, leading to increased

testosterone levels in intratesticular fluid and serum in a dose-

dependent manner. Moreover, blocking these interactions in-

creased testosterone production in a hypogonadal rat model

[43], indicating that this use is applicable for patients with limited

luteinizing hormone (LH) production or signaling defects (Fig. 4).

Further studies indicate that the capacity of the testes to regulate

intratesticular testosterone release was not jeopardized by TVS167,

suggesting that this compound offers a promising alternative to

TRT. Moreover, this peptide is specific for testes rather than for

other steroidogenic tissues, such as adrenals. Given the high

sequence homology and similar tertiary structures between

VDAC1 and 14-3-3e in rat and human species, TVS167 might be

a promising tool for the treatment of hypogonadal patients.

Noteworthy, unlike the 14-3-3-targeting drugs discussed in cancer

treatment, TVS167 specifically blocks VDAC1 interactions while

allowing 14-3-3e to function in other cellular processes (Table 2).

Therefore, TVS167 does not compromise cell viability.

Concluding remarks
14-3-3 family members regulate the cell cycle and apoptosis glob-

ally in mammalian tissues by targeting proteins, such as P53 and

BAD, and regulating processes, such as autophagy [18,19]. There-

fore, their value in pharmaceutical drug development has been

long recognized. The lack of 14-3-3 isoform, tissue, and target

specificity for currently available compounds raises concerns be-

cause induction of apoptosis might occur in healthy tissues as an

adverse effect. 14-3-3 family members also assist in protein traf-

ficking by altering target protein localization and chaperone-like

activity. Hence, unregulated 14-3-3 expression levels, mutations,

epigenetic factors, and targeted interactions might lead to a range

of neurodegenerative diseases. Recent studies have introduced

natural peptides that target 14-3-3e in the brain and that could

be used as potential treatments for early disease states [47]. Other

studies have shed light on novel peptides as drug candidates that

abrogate 14-3-3e–target interactions with tissue and target speci-

ficity in the testis, promising therapies for restoring testosterone

production in hypogonadal men [43]. Thus, the availability of

more specific biologics targeting 14-3-3 protein interactions could

open the door for the use of these molecular targets in cancer,

neurodegeneration, and reproductive disease treatments.
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