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ABSTRACT
The 14-3-3 (YWHA or Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation
proteins) are a family of highly conserved, homologous proteins critical to diverse cellular events
including cell cycle, signal transduction and embryonic development. Various species-specific isoforms
of 14-3-3 exist, encoded by separate genes. They are expressed in a wide variety of organisms ranging
from plants to animals, including the fruit fly or Drosophila melanogaster. Drosophila is one of the most
universally accepted model systems to study complex cellular mechanisms of signalling and
development. However, regulation of these processes in fruit flies by the 14-3-3 proteins have not
been entirely understood. This mini review encapsulates the expression, distribution, interactions and
regulatory roles of the 14-3-3 proteins in Drosophila. The analysis would help to elucidate some of the
molecular bases of key cell-signalling mechanisms and development.
Keywords: 14-3-3, YHWA, Drosophila, signalling, development.

1

Introduction

The 14-3-3 proteins (YWHA or Tyrosine 3Monooxygenase/Tryptophan 5-Monooxygenase
Activation proteins) are a conserved, homologous
family of acidic proteins expressed abundantly and
ubiquitously in diverse eukaryotic cells and
organisms ranging from plants to mammals [1].
They were first identified during a systematic
classification of brain proteins. The name ‘14-33’ was used to denote the elution fraction
comprising these proteins after DEAE-cellulose
chromatography and their migration position after
subsequent starch gel electrophoresis. These
proteins are known regulators in important
physiological and cellular events including
metabolism, transcription, signal transduction, cell
cycle control, apoptosis, protein trafficking, stress
responses, malignant transformation and
embryonic development. Over 200 proteins that
may interact with 14-3-3 have been detected by
proteomic and biochemical methods [2-5].

Protein 14-3-3 exists mainly as homo- or heterodimers with a monomeric molecular mass of
approximately 30 kDa [2]. Different 14-3-3
isoforms can interact with the same ligand and so
are somewhat interchangeable; however, although
isoforms of 14-3-3 often bind the same protein,
there are some indications that homodimers of
different types or even heterodimers of 14-3-3
may have different roles in the regulation or
sequestering of proteins [6, 7]. Dimerization of
14-3-3s is important, because point mutations that
disrupt 14-3-3 dimers can impair the regulatory
functions of 14-3-3s [8, 9].
The 14-3-3 proteins bind to a multitude of
signalling molecules by phosphorylationdependent mechanisms. They complement or
supplement intracellular events involving
phosphorylation-dependent switching or proteinprotein interaction [4, 10]. The 14-3-3s interact
with proteins containing phosphoserine and
phospho-threonine residues with RSXpSXP and
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X(Y/F)XpSXP motifs [11, 12]. Most of the
binding partners of 14-3-3 are phosphorylated,
however, phosphorylation-dependent sites that
differ significantly from these motifs have been
reported, and some interactions of 14-3-3 do exist
independent of phosphorylation [6]. The effect of
14-3-3 binding has diverse cellular effect(s)
depending on the nature of the ligand. Changes
in phosphorylation status of the 14-3-3 binding
motif on target proteins may result in changes in
binding
patterns.
For
instance,
dephosphorylation of certain serine residues on
target proteins may release the interaction with 143-3; likewise, serine phosphorylation on certain
target proteins may lead to 14-3-3-target
interactions. Proteomic analysis of interphase and
mitotic HeLa cells detected a plethora of 14-3-3binding proteins involved in cell cycle regulation,
signalling, metabolism, protein synthesis, nucleic
acid binding, chromatin structure, protein folding,
proteolysis, nucleolar function, and nuclear
transport as well as several other cellular processes
[5].
The fruit fly or Drosophila is an easily available, cost
effective model organism with rapid generation
time and offering excellent genetic tools. It is one
of the most commonly used model organisms to
study signalling and development [13, 14]. On the
other hand, the 14-3-3 proteins are known to
control mitosis in mammalian cells and meiosis in
amphibians. Recent works place 14-3-3s as critical
molecular controllers in Drosophila [14-19].
However, as a major challenge to animal
physiological studies, the significance of the 14-33 proteins in fruit fly development and signalling
has not been entirely reviewed. Therefore, this
paper aims at presenting a comprehensive minireview of relevant research findings focused on
the expression, distribution, binding partners and
functional roles of the 14-3-3 proteins in the
regulation of molecular mechanisms associated
with cellular signalling and development in
Drosophila.
2

Evolution of 14-3-3 proteins in
Drosophila

The evolutionary history of 14-3-3 protein
apparently is characterized by a distinct divergence
of animal and plant isoforms from a common

ancestral sequence [20]. Large domains of the
protein isoforms remain conserved in plant as well
as animal lineages despite their independent
evolutionary pathways since the ancestral split.
In the course of research investigating proteins
co-expressed
with
the
prohormone,
proopiomelanocortin in the melanotrope cells of
Xenopus intermediate pituitary gland, alignment of
a Xenopus 14-3-3 protein encoded by a pituitary
complementary DNA (cDNA) with known 14-33 polypeptide of Drosophila, plants and mammals
and with a mammalian protein kinase C indicated
marked conservation (60-88%) of the neuronspecific 14-3-3-related proteins throughout the
evolutionary tree of eukaryotes [21].
In mammals, to date, seven isoforms of 14-3-3
have been discovered that are encoded by separate
genes, with isoform-specific roles in development
across several species of animals [22-31]. The
phosphorylated forms of 14-3-3β and 14-3-3γ
were initially described as 14-3-3α and 14-3-3δ,
respectively [32]. However, Drosophila contains
only two 14-3-3 genes: leonardo, an ortholog of
the mammalian 14-3-3ζ (88% identity), and D143-3ε, an ortholog of 14-3-3ε [33]. The two fly
genes belong to two different 14-3-3 conservation
groups [20, 33].
3

The 14-3-3 proteins in Drosophila
development and signalling

The 14-3-3 proteins appear to regulate the
interaction between translationally controlled
tumour protein (Tctp) and Ras homolog enriched
in brain (Rheb) GTPase proteins for organ growth
in Drosophila [18]. During transcription elongation
in Drosophila, histone phosphorylation and
acetylation are linked through crosstalk mediated
by the 14-3-3 proteins which interact with the
acetyltransferase elongator protein 3 (Elp3) [34].
Moreover, it has been shown that in Drosophila, 143-3-binding
sites
are
produced
upon
phosphorylation of various proteins by
partitioning defective proteins (PAR-1), kinases
that are known to be necessary for anteriorposterior (A-P) axis determination [35]. Thus,
interaction of 14-3-3 protein with its substrates
mediates the activity of PAR-1. Complementary
cortical domains in polarized cells have been
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reported to be established by Drosophila PAR-1
and 14-3-3 that inhibit Bazooka/PAR-3 [36].
During oogenesis in Drosophila, 14-3-3 has been
shown to translate a spatial cue provided by
Aurora B kinase to target non-claret disjunctional
(Ncd) kinesin-like protein (necessary for female
meiotic chromosomal segregation) selectively to
the meiotic spindle of oocytes [15, 16]. This
demonstrates a novel mechanism by which
chromosomes regulate acentrosomal spindle
assembly via a series of phosphorylation events.
Recent genetic and biochemical experiments show
that 14-3-3 proteins influence planar cell division
by acting together with the neoplastic tumor
suppressor proteins, Scribbled (Scrib) and Discs
large (Dlg) as well as the spindle pole-associated
factor, mushroom body defect (Mud) during
planar cell division [19]. This work indicated 143-3s as Dlg-interacting proteins, loss of which
leads to disorientation of spindle along with
disrupted epithelial architecture due to basal cell
delamination and apoptosis.
4

Isoform-specific expression and roles of
14-3-3 in Drosophila development and
signalling

Alternative splicing of the primary transcript of
leonardo has been indicated to produce two nearly
identical protein isoforms, LEO I and LEO II [37,
38], despite the existence of some tissue specificity
[38]. In contrast, a single protein is encoded by
D14-3-3ε [39], which appears to be expressed in
all developmental stages and tissues of the fly with
little over-abundance in the adult brain [38, 40].
D14-3-3ε seems necessary for embryonic
hatching; however, loss of D14-3-3ε can be
functionally compensated by excess of a particular
LEO isoform in a cellular context-specific
manner; thus, functional differences among
Drosophila 14-3-3 proteins as well as between the
two isoforms of LEO in vivo likely govern
differential dimer affinities toward 14-3-3 targets
[41]. Protein 14-3-3ε has been noticed to be
crucial to cellular metabolism by means of
molecular crosstalk with ecdysone receptor (EcR)
or through direct interaction with metabolic
binding partners [17].
The 14-3-3ε isoform is essential for germ cell
migration in Drosophila [42]. In addition, this

isoform of 14-3-3 antagonizes the transcription
factor FoxO to control growth, apoptosis and
longevity
in Drosophila
[43].
Besides,
differentiation in the eye and embryo of the adult
fly have been known to be regulated by Rat
Sarcoma/ Mitogen-Activated Protein Kinase
(RAS/MAPK) signalling pathways where D14-33ε and leonardo have been found important, as
outlined below.
It was reported in 2011 that signalling mediated by
the small GTPase, Ras in Drosophila is upregulated
by 14-3-3ε [39]. The authors demonstrated
through a loss-of-function mutation that 14-3-3ε
acts to increase the efficiency of RAS1 signalling.
Mutations in the gene encoding a Drosophila 14-33ε were isolated as suppressors of the rough eye
phenotype resulting from ectopic expression of
Ras1v12, an activated allele of Ras1. It appears that
the 14-3-3ε protein is engaged in multiple receptor
tyrosine kinase (RTK) pathways. This indicates
14-3-3ε to be a putative general component of the
RAS1 signalling cascade. Two regions of 14-3-3ε
taking part in RAS1 signalling have been revealed
by sequence analysis of three dominant-negative
alleles.
Further evidence suggests partial
redundance of the two members of the Drosophila
14-3-3 protein family, 14-3-3ε and 14-3-3ζ, for
RAS1 signalling in animal viability and generation
of photoreceptors. Protein 14-3-3ε is thought to
act parallel to or downstream of Rapidly
Accelerated Fibrosarcoma (RAF) kinase, but
upstream of nuclear factors in signalling mediated
by RAS1. Protein 14-3-3ε has been shown to be
essential for Rab11-positive vesicle function,
thereby helping antimicrobial peptide secretion
during an innate immune response [44]. Infection
with Gram-positive or Gram-negative bacteria
leads to reduced survival in D14-3-3ε mutants,
suggesting a role for D14-3-3ε in innate immunity.
On the other hand, D14-3-3ζ or leonardo has
been demonstrated as an essential component of
the Raf/Ras signalling pathway, is important for
the differentiation of photoreceptors, and acts
upstream of Raf and downstream of Ras [37]. It
has been observed that binding of Raf to the
Drosophila 14-3-3 protein leonardo is required for
the activation of Raf and that, overexpressed
leonardo needs Ras1 to activate D-Raf [45]. The
Drosophila 14-3-3ζ protein or leonardo has been
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suggested to play a role in regulating synaptic
vesicle dynamics, thereby controlling the
properties of synaptic modulation to promote the
process of learning [46].
Mutant analyses of 14-3-3ε and 14-3-3ζ suggested
that 14-3-3ε is essential for timing of mitosis in
undisturbed post-blastoderm cell cycles and to
delay mitosis after irradiation, while 14-3-3ζ is
necessary for normal chromosome separation
during syncytial mitoses [47]. The study proposed
a model where, in the undisturbed cell cycle, 14-33 proteins serve to prepare a threshold for entry
into mitosis by inhibiting Cdk1 activity, to
suppress mitosis following radiation damage and
to augment accurate exit from mitosis. In
undisturbed post-blastoderm cell cycles, the
timing of mitosis has been noted to be controlled
by D14-3-3ε, and in order to delay mitosis upon
irradiation, 14-3-3ζ has been reported to be
essential during syncytial mitoses for normal
chromosome segregation.
5

Discussion

The 14-3-3 proteins are highly conserved in
evolution across a wide range of species, and
exhibit species-specific, developmental stagespecific and tissue-specific similarities and
variations in function. Recent studies show 14-33s as critical molecular regulators in Drosophila [1419]. Specific isoforms of these proteins are
expressed and distributed differentially as putative
molecular controllers in particular types of cells
and organs in a gamut of other species as well such
as bull, hamster, Xenopus, horseshoe crab, monkey,
rat, turkey and mouse [28, 31, 48]. Proteomic
studies of bovine sperm 14-3-3-interactors have
identified proteins involved in signalling and
metabolism [49].
Furthermore, affinity
purification experiments have revealed many of
the binding partners of 14-3-3 as key players in cell
signalling, transcription, translation, splicing,
metabolism and protein trafficking [50].
The broad repertoire of the 14-3-3 interactome
suggests the centrality of this class of proteins as a
general biochemical regulator. These are key
controlling or adapter proteins that may alter the
activity of their binding partners, change the
associations or interactions of the bound proteins
with
other
proteins,
protect
protein

phosphorylation, promote protein stability and/or
alter the intracellular localization or destination of
the bound protein. Thus, the 14-3-3 proteins
could play a crucial role in coordinating molecular
crosstalk among numerous interlinked pathways
of cell signalling and development.
6

Conclusion

The paper, for the first time, provides a
comprehensive short review of research studies
analysing the 14-3-3 (YWHA) family of proteins
underlying the complex mechanisms of cellular
signalling and development in the fruit fly or
Drosophila. It is one of the most universally
accepted model systems to examine cellular
signalling and development at the molecular level;
however, regulation of such processes in fruit flies
by the 14-3-3 proteins have not been completely
elucidated. As a limitation of the study, not much
is yet known about the effects of homo- and
hetero-dimerization of 14-3-3 isoforms on
development or signalling in Drosophila. Further
work is recommended to address this question,
especially since in several other species the 14-3-3
isoforms have been noted to be interchangeable
by interacting with the same ligand. Reports of
the isoform-specific, developmental stage-specific
and tissue-specific expression, distribution,
interactions and functional roles of the 14-3-3
proteins could help unravel the molecular bases of
novel cell cycle-regulatory pathways in the fruit fly.
Owing to the remarkable evolutionary conserved
nature and ubiquitous expression of these
homologous
proteins
across
species,
implementation of the knowledge about these
proteins in Drosophila could form a foundation for
future
investigation
towards
a
better
understanding of the importance of 14-3-3 in
regulating development and signalling across a
wide range of organisms, including humans.
7
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