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Diversity is one of the most significant features of life. The
current assessment of biodiversity on Earth reaches several
millions of living species, and an unimaginable number of
species that have gone extinct. Further more, diversity is
ingrained in all aspects of life, namely, genetics, metabolic
needs, cell complexity, body plans and organismal morphol-
ogy, developmental programs, behavioral patterns, and the
occupancy of ecological niches. A deep understanding of all
levels of organismal diversity is necessary to obtain a pro-
found understanding of life. For this reason, the main goal of
this special issue on translational control across eukaryotes
is to acknowledge and discuss recent research showing that
molecular and functional diversification also exists in the
translation apparatus of eukaryotes. “Translation,” that is,
the process of decoding a messenger RNA to synthesize a
protein by the ribosome, is a fundamental process for all
forms of life.

The basic components and the global process of trans-
lation in eukaryotes have been largely established upon the
study of traditional, so-called model organisms. However,
this long-established overemphasis on model organisms has
limited our knowledge of this process to few species. In
recent years, the use of modern whole-genome sequencing
and high-throughput technologies to study many nonmodel
eukaryotes from disparate taxa has shown that the gene
diversity in nature is far more expansive than we have
ever imagined. These studies have uncovered a surprising
diversity in the configuration of the translation apparatus
across eukaryotes. This special issue acknowledges the diver-
sity of translation factors in different lineages, the diversity
found in key elements of mRNAs and RNA-binding proteins,
and the diversity found in key RNA metabolism processes
coupled to translational control, such as the RNA transport
and the storage and degradation of mRNAs in cytoplasmic

bodies. The first tutorial article, written by the editors of
this installment, introduces the global topic as well as the
spirit of the issue. Firstly, it introduces the general process of
translation in eukaryotes and, secondly, it reviews the current
knowledge on the many components of the translation
machinery that have undergone diversification across phyla.

Diversification of initiation factors is perhaps the most
remarkable feature of the evolution of the translation appara-
tus. The papers by R. Jagus’s group (University of Maryland,
Baltimore, USA) and by A. Zinoviev and M. Shapira (Ben-
Gurion University of the Negev, Beer Sheva, Israel) review
this topic in protists, the most diverse but less studied group
of eukaryotes. The paper by R. M. Patrick and K. S. Browning
(University of Texas at Austin, USA) covers the role of
the key initiation factors eIF4F and eIFiso4F in plants. It
also traces the evolutionary history of these two complexes
across the kingdom of plants. A. Muñoz and M. M.
Castellano (Polytechnic University of Madrid, Spain) analyze
the different mechanisms regulating translation initiation
in plants in response to abiotic stresses. They describe the
mechanisms that plants share with other eukaryotes as well as
the plant-specific ones. G. Hernández (National Institute for
Cancer, Mexico City), in collaboration with P. Lasko and N.
Sonenberg (McGill University, Montreal, Canada) investigate
the evolutionary pattern that eIF4E has undergone in the
class Insecta. Insects comprise the majority of extant animal
species described and are the most diverse animal group on
the planet. They have a huge impact on the biosphere as well
as in all aspects of human life and economy.

In the last years, the role of the 5′-untranslated region
of mRNA in translation regulation has been extensively
studied. E. Martı́nez-Salas et al. (Autonomous University of
Madrid, Spain) goes through internal ribosome entry sites
(IRESs) as major elements regulating translation, specially
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under stress conditions, in many phyla. L. O. F. Penalva’s
group (University of Texas, San Antonio, USA) explores
the different, non-IRES, regulatory elements present at this
region of the mRNA.

L. Wurth (Centre for Genomic Regulation, Barcelona,
Spain) reviews the role and the conservation in different
eukaryotes of key RNA-binding proteins (RBPs), which
regulate translation to adjust cell proteome to different
environmental conditions. As discussed by Wurth and by G.
Grech and M. Lindern (University of Malta, Malta), some
RBP are emerging as major players in the development
of different tumors. C. Gamberi and P. Lasko (McGill
University, Montreal, Canada) discuss the importance and
evolutionary conservation of another RBP that plays crucial
roles in development as well as in other cellular processes,
that is, the Bic-C family of proteins and some of their protein
partners.

Translational control in eukaryotes is tightly coupled to
several components and processes of cell metabolism. One
of them is the RNA transport, which establishes cellular
asymmetries of protein synthesis to ensure different cell
process or developmental programs to occur. The RNA
transport machineries have also diverged in different phyla
and, together with them, some components of the translation
apparatus also diverged. This topic is reviewed by P. Vazquez-
Pianzola and B. Suter (University of Bern, Switzerland), who
analyze the conservation and divergence across eukaryotes
of two major RNA transport machineries in unicellular and
multicellular eukaryotes, namely, the yeast “Locasome” and
the Drosphila Bic-D/Egl/Dyn complex, respectively. Another
fundamental aspect of the translational control coupled to
RNA metabolism is the storage and degradation of mRNAs
in different cytoplasmic bodies, such as processing bodies
and stress granules, which are collections of ribonucleo-
protein complexes containing translation factors. Current
research on the diversity of these foci in different phyla is
analyzed by C. Layana, P. Ferreo and R. Rivera-Pomar from
the National University of La Plata (Argentina).

The studies and reviews presented in this issue com-
plement research published in other journals. Collectively,
these studies show that after eukaryotes emerged, both
components and regulatory mechanisms of the translation
apparatus continued evolving during eukaryotes diversifica-
tion. This supports the idea that this apparatus is far from
being evolutionarily static.

Greco Hernández
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Trypanosomatids are ancient eukaryotic parasites that migrate between insect vectors and mammalian hosts, causing a range
of diseases in humans and domestic animals. Trypanosomatids feature a multitude of unusual molecular features, including
polycistronic transcription and subsequent processing by trans-splicing and polyadenylation. Regulation of protein coding genes is
posttranscriptional and thus, translation regulation is fundamental for activating the developmental program of gene expression.
The spliced-leader RNA is attached to all mRNAs. It contains an unusual hypermethylated cap-4 structure in its 5′ end. The cap-
binding complex, eIF4F, has gone through evolutionary changes in accordance with the requirement to bind cap-4. The eIF4F
components in trypanosomatids are highly diverged from their orthologs in higher eukaryotes, and their potential functions are
discussed. The cap-binding activity in all eukaryotes is a target for regulation and plays a similar role in trypanosomatids. Recent
studies revealed a novel eIF4E-interacting protein, involved in directing stage-specific and stress-induced translation pathways.
Translation regulation during stress also follows unusual regulatory cues, as the increased translation of Hsp83 following heat
stress is driven by a defined element in the 3′ UTR, unlike higher eukaryotes. Overall, the environmental switches experienced by
trypanosomatids during their life cycle seem to affect their translational machinery in unique ways.

1. Translation Initiation in Eukaryotes

Translation is a complex process that is controlled by a large
number of proteins and factors, allowing the cell to generate a
rapid response to external and internal signals. The initiation
step of protein synthesis is predominantly viewed as the
limiting step of this process, thus serving as a target for a
multitude of regulatory cues.

During cap-dependent translation initiation, a preassem-
bled 43S preinitiation complex (PIC) is targeted to the 5′

end of the mRNA through the cap-binding complex, eIF4F.
The PIC subunits are comprised of the Met-tRNA along
with eIF1, eIF1A, eIF2, and the multisubunit eIF3, which
is responsible for recruiting the small ribosomal subunit
(reviewed in [1, 2]). The eIF4F complex consists of the
cap-binding protein, eIF4E, an RNA helicase, eIF4A, and
the scaffold protein, eIF4G. The mammalian eIF4G holds
together the eIF4F subunits and links them to the 43S PIC
by interacting with eIF4E, eIF4A, and eIF3 [3, 4]; it is also

responsible for the transient circularization of translating
mRNAs, by interacting with the poly(A) binding protein
(PABP) that is bound at their 3′ ends (reviewed in [5, 6]).
The initiation complex scans the 5′ untranslated region (5′

UTR) until it reaches the initiator AUG codon, where the 60S
ribosomal subunit joins to form the mature 80S ribosome.
Two factors, eIF5B [7] and eIF6 [8], participate in this step,
releasing most of the initiation factors. The scanning process
is assisted by helicases which are associated with the initiation
complex, with eIF4A serving as the main candidate, although
it is not necessarily the only factor involved in this process
[9, 10]. The activity of eIF4A is enhanced by an additional
factor, eIF4B, which was shown to be essential for the
helicase activity [11]. Once the ribosome advances along the
mRNA and vacates the AUG start codon, a new initiation
complex can be formed on the 5′ cap, leading to the for-
mation of a polyribosome. Actively translating mRNAs are
usually associated with the polysomal fraction of disrupted
cells.
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Exposure to a variety of environmental, nutritional, or
virus induced stresses, causes a global inhibition of cap-
dependent translation. However, certain mRNAs continue
to be translated in a cap-independent manner, by which
the small ribosomal subunit is targeted to a position that is
adjacent to the initiator AUG, with the aid of a highly struc-
tured RNA element in the 5′ UTR. This element is denoted
the internal ribosome entry site (IRES) [12]. The IRES
assigns a functional secondary structure, usually with the
aid of trans-activating factors, such as the poly-pyrimidine-
tract-binding (PTB) protein, ITAF45 or the La antigen [13].
IRES elements were also reported for endogenous mRNAs
[12, 14–16], however, they do not account for all cases
of cap-independent translation, and other, less understood
pathways, are probably also used by eukaryotic cells [17, 18].

Translation initiation is controlled by complex signaling
networks, which integrate the internal and external condi-
tions of living cells. It was reported that the arrest in cap-
dependent translation observed under stress conditions is
coordinated with the dephosphorylation and activation of
the 4E-binding protein (4E-BP) The latter competes with
eIF4G on binding to eIF4E, thus excluding assembly of the
cap-binding complex [19–21]. The phosphorylation status
of 4E-BP is mediated by the TOR-based complexes [22] that
link between metabolism, protein synthesis and cell cycle [23,
24], which are controlled by a variety of cellular pathways
[25]. While in most cases, blocking the dephosphorylation
of 4E-BP led to inhibition of protein synthesis, exceptional
cases have been reported where protein synthesis was not
interrupted despite the dephosphorylation of 4E-BP, which
was induced by specific mTOR inhibitors [26].

Another way by which translation can be globally
stopped is through phosphorylation of eIF2α, which forms
a ternary complex with Met-tRNA-GTP. Following the
hydrolysis of GTP, activity of eIF2α is regenerated by the
eIF2B-mediated exchange of GDP with GTP. It is commonly
observed that phosphorylation of eIF2α at Ser 51 blocks this
exchange, resulting in a global translational arrest [27].

Translation can be regulated also at a gene-specific level,
without affecting the overall translation capacity of the cell.
In many cases, a regulatory protein that is recruited by
elements in the 3′ UTR binds eIF4E, in a manner that
blocks the access to eIF4G and prevents assembly of the
eIF4F complex. Such a pattern of regulation is observed
during the development of Drosophila embryos, in which
specific proteins and mRNAs are distributed unevenly along
the body axis. For example, Maskin interacts with the eIF4E
only on RNAs that contain a cytoplasmic polyadenylation
element (CPE); disruption of the eIF4E-eIF4G complex by
this protein is therefore specific to mRNAs that contain a CPE
in their 3′ UTR (reviewed in [21]).

Exposure to extreme conditions such as temperature and
pH alterations, osmotic switches, UV irradiation, nutrient
starvation and oxidative stress is hazardous to all living cells,
and is combatted by activation of a complex chaperone
network. Extreme temperatures cause cellular damage at
multiple levels, accompanied by a global arrest in synthesis
of most cellular proteins, except for heat shock proteins

(HSPs). In cases where the cell cannot overcome the inflicted
damage, apoptosis may be induced [16]. The increased
translation of HSPs in higher eukaryotes is controlled by the
5′ UTR, as shown for both HSP70 [28, 29] and HSP90 [30].
HSP90 and some variants of HSP70 are expressed at ambient
temperatures, but their translation increases dramatically
during heat shock. Despite extensive efforts, no functional
motifs that could drive preferential translation at elevated
temperatures were yet identified. It was also suggested that
under normal temperatures, translation of Hsp90 occurs
by a typical cap-dependent scanning mechanism, whereas
during heat shock, translation shifts to a cap-independent
mode.

2. Trypanosomatid Organisms

Trypanosomatids are unicellular, diploid protists from the
Kinetoplastidæ order, which migrate between insect vectors
and mammalian hosts, causing a variety of parasitic dis-
eases in humans and their domestic animals. Leishmania
parasites reside in the alimentary tract of female sandflies
as extracellular flagellated promastigotes [31, 32]. Upon
transmission to mammalian hosts, they differentiate into
obligatory intracellular amastigotes within macrophages and
dendritic cells [33, 34], causing a range of symptoms, that
depend on the infecting species. Trypanosoma cruzi is the
causative agent of Chagas disease in South America, and T.
brucei spp. cause the African sleeping sickness. Altogether,
trypanosomatid-borne diseases cause a great health threat
and economical drawbacks for native populations living
in endemic countries, as well as being a major problem
for travelers visiting these regions. The divergence of most
trypanosomatid species occurred very early in evolution,
before the emergence of both vectors and hosts [35]. Thus,
unique molecular properties are common in this family as
compared to higher eukaryotes.

Protein coding genes in trypanosomatids are arranged
as large, unidirectional transcription units, which are
transcribed polycistronically. The resulting pre-mRNAs are
matured by trans-splicing and polyadenylation into mono-
cistronic mRNAs (reviewed in [37, 38]). Conventional RNA
polymerase II promoters were not identified to date, and
there is yet no evidence for the occurrence of regulated
transcription activation processes for protein coding genes.
Thus, mRNA processing, stability and translation serve as
key mechanisms that direct differential program of gene
expression throughout the pirasite life cycle (reviewed in
[39]). During trans-splicing, a conserved mini-exon of 39
nucleotides is donated by the spliced leader RNA (SL RNA)
to the 5′ end of all mRNAs. This mini-exon provides
the 5′ cap structure, which in trypanosomatids is heavily
methylated on the first four nucleotides and is thus denoted
cap-4 [40]. In addition to the consensus m7GTP, cap-
4 consists of 2′-O ribose methylations on the first four
nucleotides of the SL RNA and two base methylations on
the first adenosine and fourth uridine (Figure 1). These base
methylations are unique to trypanosomatids, and are not
known in any other group of eukaryotes [36]. Substitutions
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Figure 1: Trypanosomatid cap-4 structure, based on Bangs et al., 1992 [36].

of individual nucleotides in the cap-4 structure diminished
the ability of the mutated SL RNA to be utilized in trans-
splicing reactions [41] and thus it was not possible to evaluate
the exact role of ribose methylation in translation. The
enzymes that promote the 2′-O-methylations on the ribose
moieties of the cap-4 nucleotides were identified [42, 43],
and the effect of their elimination was tested. Single and
double knock-out mutants of genes encoding one or two
of the enzymes responsible for ribose 2′-O-methylation at
position 1 (TbMTr1), 2 (TbMTr2), 3 and 4 (TbMTr3) were
examined. Preventing the ribose methylations at positions 3
and 4, but not at position 1, reduced the translation rates;
a further exacerbation was observed by additional loss of
the methylation at position 2. Knock-out of TbMTr1 alone
did not cause an inhibitory effect on translation, however,
depletion of TbMTr2 or TbMTr3 on TbMTr1−/− background
did not yield viable parasites [44, 45]. Therefore, it was
proposed that only a minimal level of mRNA cap ribose
methylation is essential for trypanosome viability. The role
of cap-1 modification was shown to be related to the SL
RNA biogenesis, as formerly shown for Leptomonas collosoma
mutants [38].

3. eIF4E Isoforms of Trypanosomatids

Trypanosomatid genome annotation combined with a func-
tional analysis approach, paved the way for studies of
the translation apparatus in these organisms. Some of
the factors were subject to a thorough biochemical and
cellular analysis, whereas others were only identified based

on sequence homology. Homology modeling of the four
LeishIF4E paralogs suggested that the structure of the cap-
binding pocket was conserved and maintained the basic
features observed for the yeast and mammalian eIF4E [46].
It is of interest to note that the association constants for
complexes of LeishIF4E homologues with m7GTP as well as
with cap-4 were two orders of magnitude lower than those
of the mouse protein [46]. This could be related to the
evolutionary changes that occurred in the parasite proteins
to promote their interaction with cap-4. However, this has
yet to be proven.

eIF4E is the eukaryote 5′ cap-binding translation initi-
ation factor; its association with eIF4G is fundamental to
the assembly of the cap-binding complex. The 3D structure
of eIF4E from several organisms was formerly deciphered
[3, 47–50]. Its N-terminal part is flexible and not conserved,
while the C-terminus adopts a conserved structural signa-
ture. eIF4E acquires the shape of a baseball glove with a
dedicated pocket for binding of the methylated guanine,
which contains a sandwich of three Trp residues (W56, 102
and 166, according to the murine numbering). In addition,
the basic residues Arg112, 157 and 162 interact with the
negatively charged phosphate moieties of the cap structure.
eIF4E binds eIF4G and several translation repressors, such
as 4E-BP, through several conserved residues in its C-
terminus. The high degree of structural conservation among
orthologs of eIF4E enables homologs from different species
to functionally replace each other in a yeast-based genetic
complementation assay [51].

The trypanosomatid cap-4 binding proteins have gone
through structural adaptations during their evolution to
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adjust to binding of the highly modified cap-4 structure.
Their genomes encode four isoforms of eIF4E [46, 52].
Although homology modeling of the four proteins supports
a structural conservation of the cap-binding pocket, none of
the four paralogs could complement the missing function of
the yeast eIF4E, indicating high functional divergence from
their higher eukaryotic orthologs [46]. Thus, deciphering
the roles of the different isoforms is complex, especially
since efficient cell-free systems for in vitro reconstitution
of translation initiation using parasite mRNAs are not
available for trypanosomatids. Biophysical assays using a
chemically synthesized cap-4 and intermediate cap analogues
[53], showed that the four eIF4E, denoted LeishIF4E-1
through LeishIF4E-4, vary in their cap-binding specificities.
Trp fluorescence assays indicated that LeishIF4E-1 and
LeishIF4E-4 bound m7GTP and cap-4 with comparable
affinities, LeishIF4E-3 bound mainly to m7GTP and hardly
to cap-4, whereas LeishIF4E-2 showed a great preference
to cap-4, as compared to m7GTP [46]. In agreement, the
endogenous LeishIF4E-1 and LeishIF4E-4 were eluted from
m7GTP-Sepharose column [46, 54]. Despite the ability of
LeishIF4E-3 to bind m7GTP in the fluorescence titration
assays, the recombinant and endogenous proteins showed
very weak binding to m7GTP-Sepharose column, for reasons
not fully understood yet [46].

The subunits of the Leishmania eIF4F complex were
examined by pulldown analysis and by monitoring their
migration profile on sucrose gradients. These analyses led to
the conclusion that LeishIF4E-4 is the most probable can-
didate to serve as the conventional eIF4E in promastigotes,
and is part of the parasite LeishIF4F cap-4 binding complex.
LeishIF4E-4 was shown to interact with LeishIF4G-3, a
protein that contains a “middle of eIF4G” (MIF4G) domain
[54, 55], which is responsible for recruiting LeishIF4A-
1. A parallel interaction was shown for the Trypanosoma
brucei ortholog [54]. The three eIF4F subunits comigrate on
sucrose density gradients and are found in fractions that are
expected to contain the pre-initiation complex [55].

Silencing experiments by RNAi were performed on the
four T. brucei isoforms [54] in an attempt to reveal their
function. Downregulation of TbIF4E-4 inhibited the growth
of bloodstream form, but not procyclic cells. This result does
not coincide with data obtained for the Leishmania paralog,
since LeishIF4E-4 binds m7GTP and LeishIF4G-3 mainly
in promastigotes, and fails to perform these activities upon
exposure to mammalian-like temperatures and in axenic
amastigotes [56]. Furthermore, the migration pattern of
LeishIF4E-4 in sucrose gradients shows that in heat-shocked
cells this protein no longer forms large complexes. Alto-
gether, the activity of LeishIF4E-4 is dramatically reduced at
prolonged elevated temperatures [55], through a mechanism
which is yet to be resolved. The differences observed between
the stage-specific function of the LeishIF4E-4 and TbIF4E-4
described above could originate from a variable experimental
setup, or alternatively, from differences between the species.
It is also possible that after the final differentiation to the
mammalian amastigote life-form, LeishlF4E-4 resumes its
activity.

The dual silencing of TbIF4E-4 and TbIF4E-1 led to a
growth arrest of procyclic parasites, suggesting that the two
proteins may have a partially redundant function. Individual
silencing of TbIF4E-4 or TbIF4E-1 was harmful only to
the bloodstream life form. LeishIF4E-1, the Leishmania
ortholog of TbIF4E-1, is the only eIF4E isoform that
maintains its expression at elevated temperatures and in
axenic amastigotes of Leishmania. The other three orthologs
were downregulated under these conditions, excluding that
they have a role in translation during heat shock [46, 56].
It is, therefore, possible that LeishIF4E-1 is associated with
translation under stress and in amastigotes. TbIF4E-1, as
well as its Leishmania ortholog LeishIF4E-1, do not interact
efficiently with TbIF4G-3 or LeishIF4G-3, respectively [54,
56], suggesting that this isoform does not participate in
building an eIF4F complex and therefore, could promote
alternative pathways of translation, possibly in an eIF4G-
independent manner. LeishIF4E-1 could either have an active
role in translation which has not yet been resolved, or
alternatively, it could passively protect the cap structure, if
cap-independent mechanisms are practiced.

Elimination of TbIF4E-2, had no effect on T. brucei
growth in both life forms [54]. The Leishmana, LeishIF4E-
2, ortholog comigrated with heavy polysomes in sucrose
gradients [46], unlike typical translation initiation factors
that are found in lighter fractions [57, 58]. The RNAi
experiments in T. brucei indicated that among the four
paralogs, only TbIF4E-3 was essential for growth of both
procyclic and bloodstream life forms. Its silencing caused
a reduction in incorporation of a radiolabeled amino acid
into newly synthesized polypeptides, and it was, therefore,
suggested that TbIF4E-3 serves as a translation initiation
factor [54]. However, the reduced translation rates occurred
only after 72 hours, while the silencing was observed already
after 24 hours. It could therefore be a downstream effect of
other processes that inhibit cell growth in the absence of
TbIF4E-3. TbIF4E-3 was reported to be part of RNA granules
in T. brucei [59, 60] and could, therefore, be associated with
trafficking of mRNAs either to storage bodies or to actively
translating polysomes. The low affinity of the Leishmania
ortholog LeishIF4E-3 to cap-4 contradicts its definition as a
typical translation initiation factor. Thus, although TbIF4E-
3 interacts with a MIF4G domain protein, TbIF4G-4, its
precise role remains elusive.

4. eIF4E Binding Proteins of Trypanosomatids

Trypanosomatids encode several eIF4G candidates that con-
tain the MIF4G domain. This element consists of several
HEAT repeats [61], typical of all eIF4G proteins in higher
eukaryotes [62]; it is responsible for binding to eIF4A as well
as to RNA. The C-terminus of the human eIF4G contains
a second site for interaction with eIF4A and its N-terminus
carries binding sites for eIF4E and PABP. A consensus peptide
motif, YXXXXLΦ, in eIF4G and in 4E-BP is responsible for
binding to eIF4E. Substitution of the conserved Y or LΦ
residues in the motif abrogates the eIF4E-eIF4G interaction
[63].
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The identity of the Leishmania eIF4G ortholog was de-
duced by its co-purification and interaction with LeishIF4E-
4. This binding was monitored in yeast two-hybrid assays
and pulldown experiments [52, 54–56]. LeishIF4G-3 and
TbIF4G-3 contain a typical MIF4G domain [52, 55], but
they vary from their mammalian counterpart in other parts
of the protein. For example, the N-terminus of LeishIF4G-
3 is short (50 amino acids) and contains the LeishIF4E-
4 binding-peptide, but it cannot interact with PABP in a
yeast two-hybrid assay. This peptide motif is only partially
conserved with the YXXXXLΦ consensus, and binding to
LeishIF4E-4 requires the presence of a Phe residue at position
4 [63], in addition to Tyr and Leu at positions 1 and 6 of
the peptide. A partial requirement was observed for the Gly
and Glu residues at positions 3 and 8 [55]. Altogether, this
indicates a certain degree of variability from the eukaryote
consensus sequence.

Other regions of the parasite eIF4G are also a source for
variability, as compared to its human counterpart. eIF4G
is a scaffold protein that links the 5′ and 3′ ends by
interacting with both eIF4E and PABP. However, unlike in
higher eukaryotes, mRNA circularization occurs through
an interaction between the N-terminus of LeishIF4E-4 and
LeishPABP-1. Elimination of this LeishIF4E-4 domain pre-
vents its binding to LeishPABP-1 [56]. Therefore, LeishIF4E-
4 along with LeishIF4G-3 and LeishIF4A-1, comprise a
typical eIF4F complex in promastigotes [64], see Figure 2.
The binding between LeishIF4G-3 and LeishIF4E-4 is elim-
inated at elevated temperatures and in axenic amastigotes,
supporting that under these conditions translation may
proceed through alternative pathways, possibly involving
LeishIF4E-1.

An additional eIF4E-eIF4G pairing was reported for
TbIF4E-3 and TbIF4G-4 [54]. The authors of this study
propose that TbIF4E-3 is involved in translation initiation.
This assumption is not supported by studies in Leishmania
that excluded the copurification of these two proteins over
a m7GTP affinity column [54]. Furthermore, LeishIF4E-3
failed to bind cap-4 in fluorescence titration assays, thus
making it an unlikely candidate to serve as a conventional
translation initiation factor [46].

Another well-known eIF4E binding protein is 4E-BP
of higher eukaryotes. It is a highly conserved protein that
is expressed in most eukaryotes, except for C. elegans. The
trypanosomatid genome database also does not contain
any ortholog of the consensus 4E-BP (∼10 kDa). However,
affinity co-purification assays identified a novel LeishIF4E-
interacting protein, denoted Leish4E-IP (∼80 kDa) [56].
Leish4E-IP and the eukaryotic 4E-BP show no sequence
homology, but share a predicted unstructured nature.
Leish4E-IP binds mainly to LeishIF4E-1 with a tight
requirement for the consensus YXXXXLΦ peptide [63].
Furthermore, although Leish4E-IP is expressed at all life
stages, its binding to LeishIF4E-1 is observed only in
promastigotes, suggesting that it participates in framing a
stage-specific program of gene expression, via a mechanism
that is yet to be resolved. Posttranslational modifications,
such as phosphorylations, are likely to be involved. Data
mining in the Leishmania genome revealed three orthologs

of the TOR kinase. TOR 1 and 2 are essential, as null mutants
could not be generated, whereas TOR3 could be eliminated.
However, null mutants of TOR3 were nonvirulent and were
impaired in their ability to survive within macrophages [65].

5. eIF4A Isoforms of Trypanosomatids

eIF4A is a member of the DEAD-box RNA helicases [66].
It promotes scanning of the 5′ UTR by the 43S PIC, via
unwinding of the secondary RNA structures, until it arrives
at the initiator AUG codon. DEAD-box proteins participate
in a multitude of processes related to transcription, RNA
processing, export and translation. The genome of most
eukaryotes encodes for more than a single eIF4A isoform. In
addition to the translation initiation factor eIF4A, another
paralog was reported to be part of the exon junction complex
(EJC) [67]. The genome of T. brucei encodes two isoforms
of eIF4A. TbIF4AI and its Leishmania homolog, LeishIF4A-
1, are part of the eIF4F cap-binding complex. Tb4AI is
cytoplasmic and, as expected, interacts with TbIF4G-3 [52,
56]. Its downregulation caused a dramatic decrease in
protein synthesis. TbIF4AIII is predominantly nuclear. It is
essential, but its silencing hardly affects protein synthesis,
and the resulting lethal effects are delayed, as compared to
TbIF4AI. Thus TbIF4AI is the translation initiation factor
that comprises the cap-4 binding complex, while the role of
TbIF4AIII is not yet understood, although it may assign a
similar role as in higher eukaryotes [64].

6. Poly(A) Binding Proteins of Trypanosomatids

Yeast encode a single PABP, whereas metazoans express
several paralogs, with a tissue, or embryonic-specific pattern
of expression [68]. The typical PABP are closely related, and
consist of four conserved RRM domains. Their C-terminus
promotes protein-protein interactions with their binding
partners [69].

Elongated poly(A) tails are crucial for translation, but are
also involved in a variety of processes related to RNA process-
ing, export and stabilization. The mammalian PABP asso-
ciates with eIF4G, resulting in transient circularization of the
mRNA during translation initiation [70]. This interaction
stabilizes the initiation complex and enhances translation. It
is therefore targeted by endogenous regulators, such as the
PABP-binding proteins PAIP1 and PAIP2, which can enhance
or repress the activity of PABP, respectively [71]. PABP is also
targeted by viral proteases, as part of their strategy to take
over the cellular translational machinery [72].

T. brucei and T. cruzi genomes contain two PABP
paralogs [73, 74]. Both are essential, indicating that they have
different cellular functions. The leishmanias encode another
unique isoform, PABP3 [73]. PABP1 was associated with
components of the cap-binding complex [56, 73], suggesting
that it is the cap-dependent translation initiation factor.
To date, it is the only isoform that was shown to bind
directly to a translation initiation factor. However, unlike in
higher eukaryotes, it interacts with eIF4E instead of eIF4G.
The higher eukaryote PABP shuttles between the nucleus
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Figure 2: Interacting partners of cap-binding proteins in Leishmania. The typical eIF4F complex of higher eukaryotes (a) and Leishmania
promastigotes (b) are shown. A table summarizing the known interacting partners of the Leishmania eIF4F complex are shown
in Table 1. Accession numbers of the described proteins are: LeishIF4E-1—LmjF27.1620, LeishIF4E-3—LmjF28.2500, LeishIF4E-4—
LmjF30.0450, LeishIF4G-3—LmjF16.1600, LeishIF4G-4—LmjF36.6060, LeishIF4A-1—LmjF01.0780 and LmjF01.0770, LeishPABP-1—
LmjF35.5040, Leish4E-IP—LmjF35.3980.

Table 1

Protein Interacts with Source

LeishIF4E-1 Leish4E-IP Zinoviev et al., 2011 [56]

LeishIF4E-3 LeishIF4G-4 Freire et al., 2011 [54]

LeishIF4E-4 LeishIF4G-3 Yoffe et al., 2009 [55]

LeishIF4A-1 LeishIF4G-3 Zinoviev et al., 2011 [56]

LeishPABP-1 LeishIF4G-3 Zinoviev et al., 2011 [56]

and the cytoplasm, but it is mostly cytoplasmic. All three
Leishmania isoforms are indeed cytoplasmic, but inhibition
of transcription causes PABP2 and PABP3 to accumulate in
the nucleus. Their role is yet to be identified.

7. Translation under Stress
Conditions in Trypanosomatids

The untranslated regions of trypanosomatid mRNAs, mostly
those located downstream to the coding sequences, play a
key role in differential expression of genes during the life
cycle. This was established by the use of reporter systems
for Hsp70 [75, 76] and Hsp83 [77, 78] of Leishmania. It
was also established, that despite the key role of mRNA
stability, elements that affected translation of Hsp83 alone
could be identified. Large mutations that destabilized the
Hsp83 mRNA at elevated temperatures did not interfere
with its preferential translation, as long as the regulatory
element for translation was included in the 3′ UTR [77].
Fine deletions finally identified a regulatory element of 30
nucleotides (positions 312–341), containing a stretch of
polypyrimidines. This region was shown to be part of an
RNA structure that was predicted with high probability
[79], using the UNAfold algorithm [80]. A biophysical
evaluation of the mRNA melting curves was performed to
examine the role of secondary structures in the regulatory
region. Incubation of the corresponding wild-type mRNA
fragment (1–472) led to its melting at elevated temperatures
(35◦C). The mutant element, that did not induce preferential
translation, failed to show a similar pattern. It was, therefore,
assumed that preferential translation of Leishmania HSP83
during stress was promoted by melting of the regulatory
region in the mRNA [79]. It is interesting to note that

the element is not conserved throughout trypanosomatids,
emphasizing the role of RNA structure in this mode of
regulation.

An additional RNA element that confers stage-specific
translation was identified in the the Leishmania Amastin
genes. It was first mapped as an element of 450 nucleotides
within their 3′ UTRs. Additional experiments narrowed this
region down to 150 nucleotides that enhance translation of
the harboring transcript in the amastigote life stage. The
Amastin element was found in other amastigote-specific
genes of Leishmania, such as Hsp100 [81, 82]. However, it
bears no conservation to that of Hsp83. Furthermore, no
defined secondary structure was reported for the Amastin
RNA regulatory sequence. Therefore, the preferential trans-
lation conferred by the two elements is functionally distinct.

Trypanosomatids experience a broad range of environ-
mental stresses during their complex life cycle. In addition
to the switch between vector and host, they can also suffer
from a shortage in sugars within the insect vector, due
to its nutritional diet. Under these conditions, a transient
arrest of translation is required until the stress is relieved.
One common way to arrest global translation in higher
eukaryotes is through inactivation of eIF2α, which can be
achieved by phosphorylation of its conserved Ser51 residue.
Indeed, phosphorylation of the T. brucei paralog occurs
on the corresponding Thr169 [83] and on Thr 166 in the
Leishmania eIF2α [84]. Since the trypanosomatid ortholog
has a long non-conserved N-terminal extension, it shifts the
position of the phosphorylated Thr. This phosphorylation of
the Leishmania eIF2α is associated with stage transformation
[84]. However, a mutant of T. brucei strain that encodes
for a mutated eIF2α (T169A/−) and therefore cannot
undergo phosphorylation, showed no effect on translation
or on the ability to form heat-shock stress granules [59].
Thus, phosphorylation of Thr169 alone is most probably
not sufficient to inhibit translation. Three potential eIF2α
kinases (TbeIF2K1 to -3) were identified in the genome
of T. brucei [83]. TbeIF2K2 was extensively studied, and
shown to localize in the membrane of the flagellar pocket,
a site that is known to promote exo- and endocytosis. This
kinase phosphorylates the trypanosomatid eIF2α, as well
as its mammalian counterpart. However, TbeIF2α is not a
substrate for the mammalian GCN2 or PKR.
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A second conserved mechanism for global translational
arrest in higher eukaryotes involves the dephosphorylation
of 4E-BP, although recent reports show numerous exceptions
[26], indicating that this pathway is much more complex
[23]. In most cases, the dephosphorylated 4E-BP binds to
eIF4E and prevents assembly of the cap-dependent transla-
tion initiation complex. Trypanosomatid genomes lack the
consensus 4E-BP and this pathway to achieve translational
arrest is not functional as well. Thus, the mechanisms that
confer a global decrease in translation in trypanosomatids
remain unclear.

Differentiation of trypanosomatids from the insect-
specific to the mammalian life-form is induced by extreme
environmental switches. This raises the question of how these
parasites deal with the damaging effects of the prolonged
stresses, which would be deadly to other eukaryotes. In
the absence of conventional mechanisms for transcriptional
activation of protein coding genes [37], their differential
pattern of expression along the life cycle is induced by
post-transcriptional regulatory mechanisms [39], including
splicing and mRNA stability, as well as translation [76, 77,
85]. Transcriptome [86, 87] and proteome [88] screens per-
formed with Leishmania parasites during their axenic differ-
entiation were published and are publicly available. In total,
they reveal that differential gene expression occurs due to
changes in mRNA levels at the early stages of differentiation.
However, at later stages, translation and posttranslational
regulation mechanisms are more influential [84]. It was also
noted by the Zilberstein group that during the initial period
at which signaling for differentiation takes place, translation
decreased dramatically. Expression of ribosomal proteins was
downregulated, eIF2α was phosphorylated and a general
decrease in the amount of polysomes was observed. These
effects were mainly transient, and translation resumed upon
completion of the differentiation process [88].

8. What Is Next?

The research of trypanosomatids is rapidly advancing, and
new tools are constantly being developed. The use of
RNAi, which currently is restricted to T. brucei, is about
to be developed for Leishmania braziliensis [88], the only
Leishmania species that encodes all the components of this
pathway. It should be interesting to see if silencing of the
various factors described in this review confers similar effects
in Leishmania as compared to Trypanosoma.

Another interesting point refers to the elegant strategy
developed by Leishmania parasites to overtake their host
cells. It was recently shown that the GP63 protease, which is
secreted by the parasites into the infected macrophage, causes
an efficient shutdown of the host protein synthesis. This
is achieved by cleavage of mTOR, causing the constitutive
dephosphorylation and activation of 4E-BP [89]. However,
other targets of mTOR could presumably be affected, result-
ing in inhibitory effects on the macrophage metabolism.

Several recent publications describe the translational
machinery of trypanosomatids and highlight its evolutionary
variability, as compared to higher eukaryotes. The reported

diversifications provide an exciting target for novel therapeu-
tic approaches [90]. Potential drug targets that could be pur-
sued include protein-RNA and protein-protein interactions
that promote assembly of the translation initiation complex.
For example, interactions between the cap-binding proteins
and the unique cap-4 structure are of interest, as well as the
binding between LeishIF4E-4 and LeishIF4G-3. TbIF4E-3,
the ortholog of LeishIF4E-3, is also an interesting drug target,
as it was shown to be essential in the blood stream form of T.
brucei.
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The greatest diversity of eukaryotic species is within the microbial eukaryotes, the protists, with plants and fungi/metazoa
representing just two of the estimated seventy five lineages of eukaryotes. Protists are a diverse group characterized by unusual
genome features and a wide range of genome sizes from 8.2 Mb in the apicomplexan parasite Babesia bovis to 112,000-220,050 Mb
in the dinoflagellate Prorocentrum micans. Protists possess numerous cellular, molecular and biochemical traits not observed
in “text-book” model organisms. These features challenge some of the concepts and assumptions about the regulation of gene
expression in eukaryotes. Like multicellular eukaryotes, many protists encode multiple eIF4Es, but few functional studies have
been undertaken except in parasitic species. An earlier phylogenetic analysis of protist eIF4Es indicated that they cannot be grouped
within the three classes that describe eIF4E family members from multicellular organisms. Many more protist sequences are now
available from which three clades can be recognized that are distinct from the plant/fungi/metazoan classes. Understanding of
the protist eIF4Es will be facilitated as more sequences become available particularly for the under-represented opisthokonts and
amoebozoa. Similarly, a better understanding of eIF4Es within each clade will develop as more functional studies of protist eIF4Es
are completed.

1. Eukaryogenesis and Protein Synthesis

Protein synthesis is an ancient, conserved, complex mul-
tienzyme system, involving the participation of hundreds of
macromolecules in which the mRNA template is decoded
into a protein sequence on the ribosome. The ribosome, a
complex and dynamic nucleoprotein machine, provides the
platform for amino acid polymerization in all organisms
[1, 2]. This process utilizes mRNAs, aminoacyl tRNAs, and
a range of protein factors, as well as the inherent peptidyl-
transferase activity of the ribosome itself. The common
origin of protein synthesis in all domains of life is evident
in the conservation of tRNA and ribosome structure, as
well as some of the additional protein factors. Although the
basic molecular mechanisms are conserved across the three
domains of life, the Bacteria (eubacteria), Archaea (archae-
bacteria), and Eukarya (eukaryotes), important divergences

have taken place as eukaryotic species have evolved. The
origin of the eukaryotic cell is enigmatic. Eukaryotes are
thought to have evolved from a fusion of a euryarchaeon with
a deep-rooted Gram-positive proteobacteria, the phylum
from which mitochondria are derived [3]. It is currently
unclear whether the eubacterial fusion partner was distinct
from the ancestor of mitochondria or identical to it. This
view of the origins of eukaryotes is consistent with the
observation that informational genes such as those involved
in transcription, translation, and other related processes are
most closely related to archaeal genes, whereas operational
genes such as those involved in cellular metabolic processes
including amino acid biosynthesis, cell envelope, and lipid
synthesis are most closely related to eubacterial genes [4].
Such an origin is also consistent with the eukaryotic rooting
implied by the presence of an insert within the elongation
factor EF-1A that is found in all known eukaryotic and
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eocytic (crenarchaeal) EF-1A sequences, but lacking in all
paralogous EF-G sequences [3].

The mechanisms underlying protein synthesis in all
organisms share common features and can be divided into
three stages: initiation, elongation, and termination. During
initiation, the ribosome is assembled at the initiation codon
in the mRNA with a methionyl initiator tRNA bound in
the peptidyl (P) site. During elongation, aminoacyl tRNAs
enter the acceptor (A) site and the ribosome catalyzes the
formation of a peptide bond. After the tRNAs and mRNA
are translocated bringing the next codon into the A-site,
the elongation process is repeated until a stop codon is
encountered. During termination, the completed polypep-
tide is released from the ribosome, after which the ribosomal
subunits are dissociated and the mRNA released for reuse.
Different sets of protein accessory factors, the translation
factors, assist the ribosome at each of these stages. These
are referred to as initiation factors, elongation factors, and
termination factors, respectively, to reflect the stage at which
they are involved. The elongation process and machinery is
well conserved from bacteria to eukaryotes, as is termination.
However, the mechanisms of the initiation process, including
recognition of the correct reading frame, differ, as do the
mechanisms by which mRNA is recruited by the ribosome.
Genomewide sequencing projects now allow us to assess the
components of translational initiation in a wide range of
organisms [5, 6].

Our view of protein synthesis is based mainly on
information derived from S. cerevisiae, Drosophila, plant, and
mammalian systems, with the translation components iden-
tified through sequencing projects. However, these are only
narrow windows on the full diversity of extant eukaryotes.
The greatest diversity of eukaryotic species is to be found
within the protists, with plants and metazoans representing
just two of the estimated 75 lineages of eukaryotes [7, 8].
We are only just beginning to uncover the vast diversity of
bacterial-sized (pico- and nano-) eukaryotes, first discovered
in clone libraries derived by PCR amplification of pooled
“environmental” DNAs (culture-independent PCR) [9–11].
Microbial eukaryotes are a diverse group of organisms char-
acterized by many unusual genome features. These features
challenge some of the concepts and assumptions about
regulation of gene expression in eukaryotes. In this paper,
we will focus on a comparison of our current knowledge
of the translation initiation factor eIF4E and its family
members from protists. We will compare eIF4E in a range of
protists and look at translational components in a simplified
translation system found in an algal endosymbiont.

The control of gene expression is a complex process.
Even after mRNA is transcribed from DNA, mRNAs can
undergo many processing and regulatory steps that influence
their expression [12]. Gene regulation at the translational
level is widespread and significant. The extent of gene
regulation at the translational level has been demonstrated
during early Drosophila embryogenesis on a genomewide
basis that was investigated by determining ribosomal den-
sity and ribosomal occupancy of over 10,000 transcripts
during the first ten hours after egg laying in Drosophila.
The diversity of the translation profiles indicates multiple

mechanisms modulating transcript-specific translation with
cluster analyses suggesting that the genes involved in some
biological processes are coregulated at the translational level
at certain developmental stages [13]. Similarly, protists have
been shown to regulate translation over wide range of
conditions and physiological changes, with groups like the
dinoflagellates showing regulation of translation to be the
predominant form of regulation of gene expression.

2. Origin of Eukaryotes

Eubacteria and Archaea show tremendous diversity in their
metabolic capabilities but have limited morphological and
behavioral diversity; conversely, eukaryotes share similar
metabolic machinery but have tremendous morphological
and behavioral diversity. Eukaryotes are thought to have
evolved from the endosymbiosis of an α-proteobacteria and a
phagotropic euryarchaeon approximately 2 billion years ago.
The transition from prokaryotes to eukaryotes was the most
radical change in cell organization since life began, with a
burst of gene transfer, duplication, and the appearance of
novel cell structures and processes such as the nucleus, the
endomembrane system, actin-based cytoskeleton [14, 15],
the spliceosome and splicing, nonsense-mediated decay of
mRNA (NMD), and ubiquitin signaling [16, 17]. Although
the deep phylogeny of eukaryotes currently should be
considered unresolved, Koonin and his colleagues have
postulated that the mitochondrial endosymbiont spawned
an intron invasion which contributed to the emergence
of these principal features of the eukaryotic cell [18–20].
Phagocytosis is thought to be central to the origin of the
eukaryotic cell for the acquisition of the bacterial endosym-
biont that became the ancestor of the mitochondrion.
Findings suggest a hypothetical scenario of eukaryogenesis
under which the archaeal ancestor of eukaryotes had no cell
wall (like modern Thermoplasma) but had an actin-based
cytoskeleton that allowed the euryarcheon to produce actin-
supported membrane protrusions. These protrusions would
enable accidental, occasional engulfment of bacteria, one
of which would eventually became the mitochondrion. The
acquisition of the endosymbiont triggered eukaryogenesis.
From a fused cell with two independent prokaryotic gene
expression systems, coordination of cell division developed
and gene transfer took place through occasional membrane
lysis. Some of eubacterial genes recombined into host
chromosomes including group II introns [18]. Group II
introns can be found among free-living α-proteobacteria,
the ancestors of mitochondria [21]. They evolved specif-
ically from group II introns that invaded the ancestrally
intronless eukaryotic genome through the mitochondrial
endosymbiont, thereby generating the prediction that group
II introns should be found among free-living-proteobacteria,
the ancestors of mitochondria [21]. This prediction was
borne out supporting the idea that introns could originate
from the mitochondrial endosymbiont. The mobility of
group II introns in contemporary eubacteria [22] and their
prevalence in α-proteobacteria [23] are consistent with such
a view. The rapid, coincidental spread of introns following
the origin of mitochondria is posited as the selective pressure
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that forged nucleus-cytosol compartmentalization [18, 20].
The function of the nuclear envelope was to allow mRNA
splicing, which is slow, to go to completion so that transla-
tion, which is fast, would occur only on mRNA with intact
reading frames. The evolutionary relationships of proteins
specific to the nuclear envelope and nuclear pore complex
reveal that this protein set is a mix of proteins and domains
of archaebacterial and eubacterial origins, along with some
eukaryotic innovations, suggesting that the nucleus arose in
a cell that already contained a mitochondrial endosymbiont
[24].

3. Evolution of Translational Initiation
and Eukaryogenesis

Eukaryotes inherited from their archaeal ancestor a core
of translation initiation factors, which includes eukaryotic
initiation factor (eIF)1, eIF1A, eIF2 (all three subunits),
eIF2B (α, β, and δ subunits only) subunits), eIF4A, eIF5B,
and eIF6 [25–27]. The establishment of the nuclear mem-
brane resulted in the physical separation of transcription and
translation and presented early eukaryotes with a different
challenge; how to shuttle RNA from the nucleus to the
site of protein synthesis in the cytoplasm. In prokaryotes,
mRNA is translated as it is being synthesized, whereas in
eukaryotes, mRNA is synthesized, and processed in the
nucleus, and it is then exported to the cytoplasm. There is
also a transition from uncapped and polycistronic mRNAs
recognized by the ribosome through the Shine-Dalgarno
sequence in the 5′-UTR to capped, polyadenylated, and, in
most cases, monocistronic mRNAs and the evolution of the
scanning process. The evolution of protein synthesis in the
context of eukaryogenesis has been discussed previously by
Hernández who proposed that recruitment of mRNAs in
early eukaryotes was likely to have been through internal
ribosome entry sites (IRESs) based on the functional similar-
ity between IRESs and introns [28]. Although not universal,
IRES transacting factors (ITAFs) are required for the proper
functioning of most viral and cellular IRESs [29, 30]. ITAFs
are predominantly nuclear proteins that also play key roles in
pre-mRNA splicing and mRNA transport to the cytoplasm
[31, 32]. Furthermore, polypyrimidine tracts, a hallmark of
introns, are a common feature of cellular and some viral
IRESs [33–35]. Hernández considers that the cellular IRESs
are descendants of spliceosomal introns and that some of the
ITAFs that existed as components of the splicing machinery
(such as the ancestral PTB and hnRNPCs) were later incor-
porated into the nascent eukaryotic translational process.
During this period, 5′-UTRs lacking Shine-Dalgarno motifs
that were able to passively recruit the 40S ribosomal subunit
would have been positively selected and could, therefore,
have become the first examples of an IRES [28].

It also seems possible that capped spliced leader (SL)
trans-spliced mRNAs may have arisen with eukaryogenesis
and represent an early form of 5′ blocked mRNAs. In
trans-splicing, a short SL exon is spliced from a capped
small nuclear RNA and is transferred to pre-mRNA, thereby
becoming the 5′-terminal end. The fully functional spliceo-
some is likely to have existed in the last eukaryote common

ancestor, leading to splicing components and pre-mRNA
signals that are found throughout eukaryotes and are similar
among different eukaryotic lineages. It seems certain that SL
trans-splicing arose through evolution from cis-splicing or
vice versa. Trans-splicing shares the splicing signals and most
of the components with cis-splicing, indicating a common
relationship (reviewed [36]). Considering the similarities
between the SL snRNP and the spliceosomal snRNPs,
specialized trans-splicing SL RNAs could have arisen from
a splicing U snRNP in ancestral cis-splicing early eukaryote
and thus may be an ancient form of 5′-end blocking for
emerging eukaryotes. SL trans-splicing is now found sporad-
ically across the eukaryotic tree of life in a set of distantly
related animal groups including urochordates, nematodes,
flatworms, and hydra, as well as in the protist Euglenozoa
and dinoflagellates, stimulating the argument that a common
evolutionary origin seems unlikely. However, an attractive
hypothesis to explain multiple evolutionary origins for the
SL genes is that they have derived repeatedly from U-rich
small nuclear RNAs (snRNAs) of the Sm-class involved in
the nuclear spliceosome machinery [37]. In support of this,
phylogenomic studies from Hydra indicate that SL genes can
evolve rapidly in any organism because constraint on SL exon
sequence evolution is low [38]. Furthermore, it has been
reported that mammalian cells, which do not have SL trans-
splicing, can SL trans-splice when supplied with the SL RNA
of either nematodes or trypanosomes [39]. Duplications of
the U1 snRNA gene followed by just a few mutations would
be sufficient to lead to the acquisition of trans-splicing [39]
suggesting that it could have happened in the emerging
eukaryote as well as in more recent eukaryotic lines.

The separation of the nucleus from the cytoplasm led
to the need for mechanisms to shuttle the transcripts into
the cytoplasm and to provide for their protection against
degradation. With the exception of eIF5, all the eukaryotic-
specific initiation factors that evolved, eIF4E, eIF4G, eIF4B,
eIF4H, and eIF3, are involved in the 5′-cap-binding and
scanning processes. The 5′-cap structure provides stability
from 5′ exonucleases and in extant eukaryotes is recognized
by the small ribosomal subunit through the novel eukaryotic
initiation factor eIF4E. eIF4E, a translational initiation factor
found only in eukaryotes, has a unique alpha/beta fold that is
considered to have no homologues outside the eukaryotes, as
determined by sequence comparison or structural analyses
[25]. Although in extant eukaryotes the main role of eIF4E
is in translational initiation through cap recognition, it is
possible that the cap structure and eIF4E emerged among
the primary adaptive responses to the intron invasion and
the need for nucleocytoplasmic RNA export, but initially
had no role in translation [40]. For instance, it could have
appeared in early eukaryotes either as a mediator of nuclear
export of mRNAs, thus enhancing mRNA stability during
nuclear export, or as a mediator of cytoplasmic storage of
mRNAs. Consistent with this, one of the eIF4E proteins from
the primitive eukaryote species Giardia lamblia binds only
to nuclear noncoding small RNAs and has no function in
translation [41]. eIF4E is found within different cytoplasmic
bodies involved in such processes as mRNP remodeling,
mRNA decay or storage [42–44]. In addition, a fraction of
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this protein resides in the nucleus where it mediates the
export of specific mRNAs to the cytoplasm [44, 45]. Since
eIF4E has no ability to interact directly with the ribosome
itself, the recruitment of eIF4E-bound mRNAs in emerging
eukaryotes was likely to have been IRES-dependent.

4. Diversity of eIF4E Family Members

In eukaryotes, eIF4E is a central component in the initiation
and regulation of translation in eukaryotic cells [46–49].
Through its interaction with the 5′-cap structure of mRNA
and its translation partner, eIF4G, eIF4E functions to recruit
mRNAs to the ribosome [46]. The interaction of eIF4E
and eIF4G can be competed out by a family of 4E-
binding proteins, the 4E-BPs, which are capable of repressing
translation [46]. Three-dimensional structures of eIF4Es
bound to cap-analogues resemble “cupped-hands” in which
the cap-structure is sandwiched between two conserved
Trp residues (W56 and W102 of H. sapiens eIF4E) [50–
52]. A third conserved Trp residue (W166 of H. sapiens
eIF4E) recognizes the 7-methyl moiety of the cap-structure.
Aromatic residues Trp, Phe, and His show a distinctive
pattern across from N- to C-terminus of the conserved
core, containing eight similarly spaced tryptophans sum-
marized by W(x2)W(x8–12)W(x17–20)W(x29–31)W(x9–
12)W(x17)W(x32–36)W [6]. Multiple eIF4E family mem-
bers have been identified in a wide range of organisms that
includes plants, flies, mammals, frogs, birds, nematodes,
fish, and various protists [53–55]. Evolutionarily, it seems
that a single early eIF4E gene underwent a series of gene
duplications, generating multiple structural classes and in
some cases subclasses. Today, eIF4E and its relatives comprise
a family of structurally related proteins within a given
organism, although not all function as prototypical initiation
factors. Sequence similarity is highest in a core region of
160 to 170 amino acid residues identified by evolutionary
conservation and functional analyses [6]. Prototypical eIF4E
is considered to be eIF4E-1 of mammals, eIF4E and eIF
(iso)4E of plants, and eIF4E of Saccharomyces cerevisiae. With
the exception of eIF4Es from protists, all eIF4Es can be
grouped into one of three classes [6].

Class I members from Viridiplantae, Metazoa, and Fungi
carry Trp residues equivalent to W43, W46, W56, W73,
W102, W113, W130, and W166 of H. sapiens eIF4E-1 [6].
Prototypical eIF4Es bind the cap and eIF4G through the
motif S/TVE/DE/DFW in which the Trp is W73. Substitution
of a nonaromatic amino acid for W73 has been shown
to disrupt the ability of eIF4E to interact with eIF4G and
4E-BPs [56, 57]. Substitution of a Gly residue in place
of V69 creates an eIF4E variant that still binds 4E-BP1
but has a reduced capacity to interact with both eIF4G
and 4E-BP2 [56]. A serine at residue equivalent to S209
in H. sapiens eIF4E-1 is the site of phosphorylation. Only
Class I eIF4Es are known to function as translation factors.
Genes, and cDNAs encoding members of Class I can be
identified in species from plants/metazoans/fungi. As judged
from completed genomes, many protists also encode Class
I-like family members although these have proven hard to
characterize and can show extension or compaction relative

to prototypical eIF4E family members [6]. Evidence for gene
duplication of Class I eIF4E family members can be found
in certain plant species, as well as in nematodes, insects,
chordates, and some fungi [53–55]. Class I members include
the prototypical initiation factor but may also include eIF4Es
that recognize alternative cap structures such as IFE-1, -2,
and -5 of Caenorhabditis elegans [58, 59], or eIF4Es that
fulfill regulatory functions such as the vertebrate eIF4E-1Bs
[55, 60–62].

Class II members possess W→Y/F/L and W→Y/F
substitutions relative to W43 and W56 of H. sapiens eIF4E.
These substitions are absent from the model ascomycetes
S. cerevisiae and Schizosaccharomyces pombe. Mammalian
eIF4E-2 (Class II) binds only to cap and 4E-BPs [54]. They
have been shown to regulate specific mRNA recruitment in
Drosophila [63] and C. elegans [64].

Class III members possess a Trp residue equivalent to
W43 of H. sapiens eIF4E but carry a W→C/Y substitution
relative to H. sapiens W56. They have been identified primar-
ily in chordates with rare examples in other Coelomata and
in Cnidaria [6, 54]. Their biological function has not yet been
determined, although mouse eIF4E-3 has been shown to
bind both cap and eIF4G [54]. The protist eIF4Es do not fall
into any of these three classes and by plant/metazoan/fungal
standards appear to be compacted or possess extended
sequences between the conserved tryptophans [6].

5. Diversity of Protists and Evolution of
Eukaryotic Lineages

The greatest diversity of eukaryotic species is to be found
within the protists. Eukaryotes appear to be monophyletic;
all extant eukaryotes appear to postdate the acquisition
of mitochondria. However, their phylogeny is currently
not widely agreed upon. Molecular phylogenetics has the
potential to resolve the systematics of eukaryotes. Sequence
data continues to accumulate, but with few protists and fewer
protist taxa and a distinct bias towards parasites infecting
humans (and crop plants). There is increasing availability of
multigene data from diverse lineages, although it seems likely
that eukaryotic taxonomy will be further complicated by the
discovery of ultrasmall eukaryotes. These are scattered across
the eukaryotic tree and may include major new supergroups
[9, 65]. The root of the eukaryotes remains open to debate,
but recent analysis places the eukaryotic root between the
monophyletic “unikonts” and “bikonts” [66].

The protists are defined loosely as unicellular eukaryotic
organisms that are not plants, animals, or fungi. Eukaryotic
features evolved within the protists that thrived for up
to a billion years before they gave rise independently to
multicellular eukaryotes, the familiar plants, animals, and
fungi [67]. Extreme examples of genome sizes, both large
and small, can be found among microbial eukaryotes from
8.2 Mb in the apicomplexan Babesia bovis to >200,000 Mb
in certain dinoflagellates. Roughly forty sequenced genomes
are available (depending on classification), some of which
are multiple representatives of the same genus, for exam-
ple, Plasmodium, Leishmania, and Trypanosoma. The last
common ancestor of all eukaryotes is believed to have been
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Figure 1: Relationships among major lineages of eukaryotes. Summary tree of eukaryotic relationships based on multigene analyses as
outlined by Parfrey et al. [8].

a phagotrophic protist with a nucleus, at least one centriole
and cilium, facultatively aerobic mitochondria, sex (meiosis
and syngamy) and a dormant cyst with a cell wall of chitin
and/or cellulose, and peroxisomes (based on a root along
the lineage leading to Euglenozoa). Endosymbiosis led to the
spread of plastids. Analyses of multigene genealogies have
led to the conclusion that the acquisition of photosynthesis
in eukaryotes arose from a primary endosymbiosis between
a cyanobacterium and a eukaryotic host. This gave rise to
glaucocystophytes (white lineage), red algae (red lineage),
and green algae (green lineage, including plants) [7, 68–
70]. Plastids spread by secondary endosymbiosis. Other
photosynthetic eukaryotes such as cryptomonads, hapto-
phytes, chlorarachniophytes (amoeboflagellate cercozoans),
dinoflagellates, diatoms, brown algae, and euglenids are the
result of secondary endosymbiosis, tertiary endosymbiosis,
and, perhaps, even quaternary endosymbiosis in which a
nonphotosynthetic eukaryotic ancestor engulfed a photo-
synthetic eukaryote [68, 71, 72]. Endosymbiosis resulted
in the transfer of hundreds of genes to the host nucleus.
Multiple gains and multiple losses of plastids are likely to
have occurred, with plastids possibly lost in ciliates and
remaining in relict form in apicomplexans [73] and Perkinsus
[74]. Dinoflagellates have substituted the ancestral plastid

several times by tertiary symbioses involving a diverse array
of eukaryotes [71, 72].

There is no real consensus on eukaryotic phylogeny
currently; part of the problem is that we are still very much in
the discovery phase, and another is that some of the divisions
are quite ancient. In recent years, eukaryotic taxonomy
has shifted towards a new system of six supergroups that
aims to portray evolutionary relationships between microbial
and macrobial lineages [8, 75–77]. The six supergroups
posited are the Amoebozoa, Opisthokonta, Apusozoa, the
Archaeplastida/Plantae, SAR (Stramenopiles, Alveolates, and
Rhizaria), and the Excavata (Table 1). These break down into
two larger groups, those with a single flagellum (unikonts),
which may or may not be retained, and those with two
flagella (bikonts) (Table 1). A summary tree of eukaryotic
relationships based on multigene analyses as outlined by
Parfrey et al. [8] is shown in Figure 1.

The Amoebozoa includes a diversity of predominantly
amoeboid members such as the tubulinid amoeba, Amoeba
spp., Dictyostelium discoideum (cellular slime mold), and
Entamoeba spp., which are secondarily amitochondri-
ate. Opisthokonts include the metazoans, fungi, and the
choanoflagellates such as Monosiga brevicollis that are the
sister to the metazoans [78]. This is the best supported



6 Comparative and Functional Genomics

Table 1: Eukaryotic groups and genera used for analysis of eIF4E family members. The six hypothesized supergroups of eukaryotes after
Parfrey et al. [8]. Groups (pink) and genera (yellow) from which eIF4E sequences have been used to examine the relationship of protist eIF4E
family members are highlighted.
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supergroup. The Apusozoa is a supergroup comprising
flagellate protozoa, the apusomonads, and ancyromonads.
On molecular trees, these two group together, but their
relationship to other eukaryotes is uncertain [8]. The
supergroup Archaeplastida/Plantae was posited to unite the
three lineages with primary plastids: green algae (including
land plants), rhodophytes, and glaucophytes with two other
lineages, the cryptophytes and haptophytes, both of which
have secondary plastids [79]. There is strong support for
the SAR supergroup consisting of stramenopiles, alveolates,
and plus rhizarians [8]. Within the SAR clade, each of
the three members forms distinct lineages [68, 70]. For
example, the Rhizaria emerged from molecular data to unite
a heterogeneous group of flagellates and amoebae including
cercomonads, foraminifera, diverse testate amoebae, and
former members of the radiolaria [80] and represents an
expansion of the Cercozoa to include foraminifera [81].

The Cercozoa was also recognized from molecular data
[82]. Cercozoa and foraminifera appear to share a unique
insertion in ubiquitin [83], although there is a paucity
of nonmolecular characters uniting the members of this
supergroup [8]. Within the alveolates, the Apicomplexa is
a large monophyletic group many of which are parasites,
including Plasmodium, the parasite responsible for malaria.
The last supergroup is the Excavata, a supergroup composed
predominately of heterotrophic flagellates, and includes
many important parasites such as the trypanosomes, Giardia,
and trichomonads. Within this supergroup, the “eugleno-
zoa,” the combination of eugleniids and trypanosomes is a
grouping with good support.

6. Unusual Features of Protist eIF4Es

A previous phylogenetic analysis of eIF4E family members
from protists indicated that they cannot be grouped with
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Figure 2: Relationship of selected eIF4E-family members from multiple protist species. Maximum likelihood phylogeny of eIF4E amino
acid sequences aligned with T-coffee and trimmed to include only the core region of 453 aligned positions (corresponding to positions 30
to 203 of the human sequence). The tree was constructed using RAxML with the Jones Taylor Thornton gamma distributed model with 100
rapid bootstrap replicates. Bootstrap values above 50% are shown.

the three main classes that describe eIF4E family members
from multicellular organisms [6]. At the time of the earlier
analysis, very few sequences were available for protists.
Many more are now available, though not all in publically
available databases. Figure 2 shows a tree describing the
overall relationships of selected eIF4E-family members from
multiple protists species rooted with H. sapiens eIF4E-1. The
tree shows maximum likelihood phylogeny of eIF4E amino
acid sequences aligned with T-coffee and trimmed to include
only the core regions corresponding to amino acids 30 to
203 of the human sequence). The tree was constructed using
RAxML with the Jones Taylor Thornton gamma distributed
model with 100 rapid bootstrap replicates. Bootstrap values
above 50% are shown. Sequences derive predominantly
from representatives of SAR mainly heterokonts, ciliates,

apicomplexans, dinoflagellates, Perkinsus, along with Exca-
vata representatives from Diplomonads (Giardia), Eugleno-
zoa (Trypanosoma), and Parabasalids (Trichomonas).

Three clades stand out and are bracketed with solid lines.
All three solid bracketed clades include eIF4Es from dinoflag-
ellates and Perkinsus suggesting the possibility of three differ-
ent classes. The bottom bracket shows a large clade (Clade 1)
including eIF4Es from the ciliate, Tetrahymena thermophila;
Perkinsus marinus eIF4E-5, -6, and -7; eIF4E-2a–d sequences
from the dinoflagellate, Karlodinium veneficum, along with
eIF4Es from the dinoflagellates Amphidinium carterae and
Amoebophrya. This clade also includes eIF4Es from the
closely related apicomplexans and is the only strong clade
with apicomplexans in this tree. Clade 1 also includes “dotted
line” clade eIF4E family members from the euglenozoan
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Table 2: Summary of protist eIF4E family member characteristics. A selection of Clade 1 and Clade 2 protist eIF4E family members is
shown, looking at the residue at positions equivalent to W46, W56, W73, W113 in human eIF4E-1; presence or absence of a Ser residue at
the position equivalent to S209 in human eIF4E-1; presence or absence of insertions; the sequence of the sequence of the eIF4G-binding
domain. Shading indicates Amoebozoa (Pale yellow); nucleomorph (Gray); haptophyte (Aqua); alveolate, apicomplexan (Yellow); alveolate
dinoflagellate/Perkinsus (Pink); excavate (Aquamarine) eIF4Es.

Spp/form Clade W46 W56 W73 W113 S209 eIF4GBD

Plant/metazoan/fungi
consensus

N/A W W W W Y N N N N S/TVxxFW

H. sapiens eIF4E-1 N/A W W W W Y N N N N TVEDFW

A. thaliana N/A W W W W Y N N N N TVEDFW

E. histolytica, 180000 1 W Y W W Y N N N N TVENFW

D. discoideum, 2 W W W W Y N N N N SVEDFW

A. castellani eIF4E-1 2 W W W W Y N N N U TVEDFW

G. theta nucleomorph 2 W W L W N N N N N NLEDFL

H. andersonii
nucleomorph

2 W W W W N N N N N SIDNFW

C. paramecium
nucleomorph

2 W W L W N N N N N DVENFL

E. huxleyi, unk1 1 W Y W W Y Ys Y N N TVEEFW

P. falciparum, unk1 1 W Y W F Y N Y N Ys SVQKFW

N. caninum 1 W Y W F Y N Y N Ys TVQKFW

E. tenella, unk1 1 W Y W F Y N Y N Ys TVQTFW

T. gondii 1 W Y W F Y N Y N N TVQKFW

B. bovis, 548495 1 W Y W F Y Ys N N N SVQSFW

A. tamarense, unc 1 1 W Y W F Y Y Y N Y SVEQFW

K. veneficum 2a 1 W Y W F Y N Y N Y TVQEFW

K. veneficum 2b 1 W Y W F Y N Y N Y TVQEFW

K. veneficum 2c 1 W Y W F N N Y N Y TVQEFW

K. veneficum 2d 1 W Y W F N N Y N Y TVKGFW

P. marinus 5 1 W W W L N N Y N Y TVGEFW

P. marinus 6 1 W W W L N N Y N Y TVGEFW

P. marinus 7 1 W W W L N N Y N Y TVGEFW

L. major, EF4E3 1 Y F W S Y N N Ys N DVESFW

T. brucei, EIF4E3 1 Y Y F T Y N N Ys N DVECFW

N. gruberii, 8859902 1 W Y F W N N N N N DVETFW

G. lamblia eIF4E2 U F F F K N Ys N N N SLKAFF

W46–
W56

W73–
W102

W113–
W130

W130–
W166

excavates, Leishmania and Trypanosoma, EIF4E3 and 4.
The next bracketed clade (Clade 2) includes eIF4E family
members from K. veneficum (eIF4E-1), A. carterae 18399, P.
marinus eIF4E-8, Amoebophrya and the ciliate T. thermophila
and “dotted line” clade that includes trypanosome sequences
Leishmania EIF1 and 2. Characteristics of some Clade 1 and
Clade 2 eIF4E family members are summarized in Table 2.
The top bracketed clade (Clade 3) contains eIF4E family
members from P. marinus, eIF4E-2, -3, -4, -11, K. veneficum
eIF4E-1, and A. carterae 33977. eIF4Es from ciliates are
absent from this top clade, and there is an “orphaned” clade
of ciliate sequences. These results suggest gene duplication
into three groups prior to divergence of the alveolates with
the loss of one copy in Amoebophrya and the loss of two
copies in apicomplexans. An alternate explanation could

be that these copies are not apparent because they are so
diverged, or, in the case of Amoebophrya, because of poor
coverage.

7. eIF4E Family Members in Giardia lamblia

Giardia lamblia is an amitochondriate flagellated protozoan
parasite that belongs to the diplomonad group (Excavata)
that includes both parasitic and free living species [84]. Its
genome is compact in structure and content (∼11.7 Mb),
contains few introns or mitochondrial relics, and has
simplified machinery for DNA replication, transcription,
RNA processing, and most metabolic pathways [85]. mRNA
recruitment in these organisms is unusual in that their
transcripts have exceedingly short 5′ untranslated regions
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(5′-UTRs), ranging from 0 to 14 nucleotides, and similarly
short 3′-UTRs of 10 to 30 nucleotides [86]. Extremely short
5′-UTRs are a highly conserved trait of transcripts from
Trichomonas, Entamoeba, as well as Giardia. The precise cap
structure in Giardia RNAs has not yet been determined,
although native Giardia mRNAs have blocked 5′-ends and
the genome encodes a yeast-like capping apparatus [87].
Furthermore, m7GpppN-capped mRNA introduced into
the cells is expressed well [87, 88]. Eight m2,2,7GpppN-
capped snRNA species have been identified in Giardia [89].
Experimentally, mRNA recruitment occurs efficiently in
mRNAs that are capped and in which the first initiation
codon is located only 1 nucleotide downstream from the
m7GpppN-cap structure. Recruitment can be decreased
when the 5′-UTR between the cap and the initiation codon
is lengthened beyond 9 nucleotides [88]. There are two eIF4E
family members in Giardia, termed eIF4E1 and eIF4E2,
which have distinct properties [41]. Of the two, eIF4E2 has
been shown to be essential and binds to m7GTP-Sepharose,
suggesting that it functions in protein synthesis. The other,
eIF4E1, is not essential and binds only to m2,2,7GpppN-
Sepharose. eIF4E1 is found concentrated and colocalized
with the m2,2,7GpppN cap, 16S-like rRNA, and fibrillarin
in the nucleolus-like structure in the nucleus [41]. Of the
eight conserved tryptophan residues typical of eIF4E Class
I sequences, both forms have a Phe residue at the position
equivalent to human W56. eIF4E1 has Leu at the position
equivalent to human W73, and eIF4E2 has a Phe residue
(Table 2). Both forms have poor consensus at the eIF4G
binding site with substitutions of W113/Y and W113/I for
eIF4E1 and eIF4E2, respectively (numbering as in human
eIF4E), eIF4E1 has an insertion between residues 130–166.

8. eIF4E Family Members in Trypanosomatids

Trypanosomatids are a group of kinetoplast protozoa (Exca-
vata/Euglenozoa) distinguished by having only a single
flagellum. The haploid genome size in Leishmania major
is ∼36 Mb (haploid). mRNA maturation in trypanosomes
differs from the process in most eukaryotes mainly because
protein-coding genes are transcribed into polycistronic
RNAs in this organism [36, 37, 90]. Transcription of
protein coding genes occurs polycistronically, and processing
to monocistronic mRNAs occurs through coupled splice
leader (SL) trans-splicing and polyadenylation (reviewed
[36]). The SL trans-splicing mechanism was once con-
sidered an anomaly of the kinetoplastids, but subsequent
identification of trans-splicing in dinoflagellates, Perkinsus,
euglenozoans, and several major invertebrate phyla suggests
that this particular form of RNA processing may represent
an evolutionarily important aspect of gene expression [36,
37, 91]. There are similarities, particularly in genomic
arrangement of SL RNAs, between phyla known to exhibit
trans-splicing and their mRNAs; however, there is little
sequence similarity between the SLs of different organisms.
In this RNA-mediated form of trans-splicing, a short SL
exon is spliced from a capped small nuclear RNA and is
transferred to pre-mRNA, thereby becoming the 5′-terminal
end and providing an unusual cap structure to mature

mRNAs. In Euglena (Excavata/Euglenozoa), the SL contri-
bution results in trimethylguanosine, a so-called trimethyl
cap, m2,2,7GpppG (TMG), in which there are additional
methylations to the prototypical monomethyl (m7GpppN)
cap structure found on most eukaryotic mRNAs [92]. In
metazoans such as nematodes, where only a percentage of
mRNAs are trans-spliced, the SL contribution results in a
trimethyl cap [93]. In kinetoplastids, all of the mRNAs are
trans-spliced and the SL contribution results in a highly
unique cap structure where additional methylations are
apparent. Whereas no more than three modified nucleotides
have been described in any metazoan cap structure, the
kinetoplastid cap has four consecutive modifiednucleotides
(and thus by convention is referred to as a cap-4 structure)
[94, 95]. This has been the most highly modified eukaryotic
mRNA cap known to date. In trypanosomatids, mRNAs
have a common 39-nt long spliced leader sequence at
the distal end of the 5′-UTR, which is identical for all
mRNAs of a given species. Regulation of gene expression in
trypanosomatids is accomplished mainly through posttran-
scriptional mechanisms such as control of mRNA stability
and translation [96–98].

Four eIF4E family members have been characterized
from the trypanosomatids Leishmania major and Try-
panosoma brucei, termed EIF4E1, 2, 3, and 4 [99, 100]. All
four are expressed in both procyclic and bloodstream forms
of the parasites. These four can be broadly classified into two
groups (Figure 2). Sequence analysis has identified features
that distinguish EIF4E1 and 2 from EIF4E3 and 4 in both
T. brucei and L. major. Similarly, separation of the four
eIF4Es into two distinct groups can be made on the basis
of localization and function [100]. In T. brucei, EIF4E1 and
2 (Group 1, expanded Clade 2) localize both to the nucleus
and the cytoplasm and do not seem to be directly involved in
translation based on knockdown experiments, although they
do perform functions essential for cellular viability [100].
The second group (Group 2, Clade 1) formed by EIF4E3 and
4 is more abundant, is strictly cytoplasmic, is required for
translation, and interacts with T. brucei eIF4Gs [100].

Group 1 comprises the EIF4E1 and 2 sequences
(expanded Clade 2), which are more similar in size to the
human and yeast sequences, but show extensions between
W102–W113. The function of this extension in Clade 2
eIF4Es in euglenozoans is not known, but the prolines
suggest it is solvent exposed and thus could be involved
in protein-protein interaction. eIF4E family members from
Group 2 (expanded Clade 1), EIF4E3 and 4, share a few
unusual features absent from the Group 1 members and dis-
tinct from plant, fungi, and metazoan eIF4Es. These include
a long N-terminus of more than 150 amino acids which
share extensive homology between different orthologues in
the EIF4E3 sequences and also contain short segments of
limited homology which seem to be conserved between the
EIF4E3 and EIF4E4 sequences [100]. Of the eight conserved
tryptophan residues typical of eIF4E Class I sequences,
most are either conserved in the various trypanosomatid
homologues or are replaced by other aromatic residues such
as W56Y/F in the Group 2 eIF4Es (human eIF4E numbering)
(Table 2) [100]. The only exception is W113, present in
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the EIF4E1 and EIF4E2 sequences but which is replaced by
nonaromatic hydrophilic residues in EIF4E3 and 4. Other
substitutions in the trypanosomatid sequences are D104,
next to the universally conserved W102/E103, involved in cap
binding [50] which is replaced by a histidine in EIF4E2 and
3; V69/E70, part of the eIF4G-binding domain [101], which
is missing in EIF42 and EIF4E4 [100].

EIF4E3, the most abundant Trypanosoma and Leishma-
nia eIF4E family member, is the only confirmed essential
homologue in procyclic and bloodstream T. brucei. The
similarities observed between T. brucei EIF4E3 and 4 at
the sequence level, their similar subcellular localization,
abundance, and their ability to bind to eIF4G partners are
consistent with both performing related-roles in transla-
tional initiation. Interestingly, T. brucei EIF4E1, 2, and 4,
but not T. brucei EIF4E3, can efficiently bind the m7G
cap. Nevertheless, when compared with EIF4E4 in L. major,
it binds less efficiently to the trypanosomatid cap4 [99].
Although T. brucei EIF4E2 binds to the m7G Sepharose
in a similar manner to T. brucei EIF4E1 and 4, L. major
EIF4E2 does not bind this cap [102], but rather, preferentially
binds the methylated cap4 [99]. This difference, plus the
existence of unusual insertions in the L. major EIF4E2
between W113–W130 that are missing from the T. brucei
or T. cruzi orthologues, implies a divergence in function
unique to the L. major protein. The earlier prediction [99]
that this insertion might be related to the ability of L. major
eIF4E to bind to the larger cap-4 seems therefore not to be a
compelling argument.

9. eIF4E Family Members in Dinoflagellates

Dinoflagellates are alveolate unicellular protists and a sister
group to the parasitic apicomplexans such as Toxoplasma
gondii and Plasmodium falciparum. Dinoflagellates are a
diversified group that exhibit a wide diversity in size, form,
and lifestyle. They also show a wide spread of genome size,
from 1500 to 4700 Mb in Symbiodinium sp to 112,000 to
220,050 Mb in Prorocentrum micans [103]. Ninety percent of
all dinoflagellates are marine plankton with the remaining
species being benthic, freshwater, or parasitic.

The free-living species are major primary producers, and
several are known to produce harmful algal blooms that
result in massive fish kills, human and marine mammal
intoxications, as well as economic losses in fisheries and
tourism. However, scientific interest with dinoflagellates
extends beyond their ecological and economic importance.
They possess numerous cellular, molecular, and biochemical
traits not observed in “text-book” model organisms. It
appears that the organization and regulation of genes in
dinoflagellates is different from that of typical eukaryotes.
DNA is in permanently condensed chromosomes not pack-
aged in nucleosomes and DNA content ranging from 3 to
250 pg per cell (up to almost 60-fold larger than humans)
[104]. Within the dinoflagellate genome, there appears
to be a high degree of DNA redundancy, with multiple
tandem copies (>20 in many cases) of protein coding genes
to give complex gene families [103, 105] that are highly
and coordinately expressed. Unlike trypanosomes, in which

polycistronic mRNAs contain a series of different genes,
the examples studied in dinoflagellates consist of tandemly
arrayed copies of the same gene [105].

Recent studies find a predominance of posttranscrip-
tional control of gene expression in dinoflagellate gene
expression, including circadian controlled processes such as
bioluminescence [106], carbohydrate metabolism [107], and
the cell cycle [108], as well as a range of stressors [109–114].
The Van Dolah lab, at the NOAA Center for Coastal Environ-
mental Health and Biomolecular Research, has developed an
oligonucleotide microarray from 11,937 unique ESTs from
the dinoflagellate Karenia brevis [115]. Following validation
of the microarray, large-scale transcript profiling studies
were performed examining diurnally regulated genes and
genes involved in the acute stress response. These studies
represent the largest transcript profiling experiments in
a dinoflagellate species to date and showed only a small
percentage of transcripts changing. None of the anticipated
genes, under transcriptional control in other eukaryotes
(e.g., cell cycle genes, heat shock, etc.), showed changes in
mRNA abundance. Consistent with this, a massively parallel
signature sequencing (MPSS) analysis of the transcriptome
of the dinoflagellate Alexandrium tamarense has shown that
of a total of 40,029, only 18, 2, and 12 signatures were
found exclusively in the nutrient-replete, nitrogen-depleted,
and phosphate-depleted cultures, respectively. The presence
of bacteria had the most significant impact on the tran-
scriptome, although the changes represented only ∼1.0% of
the total number of transcribed genes and a total of only
∼1.3% signatures were transcriptionally regulated under any
condition [116]. Since the levels of many proteins have been
well documented to change in a variety of dinoflagellates,
these large-scale studies point to translational regulation as
a likely regulatory point in dinoflagellate gene expression.
Currently, almost nothing is known about translational
initiation or its regulation in these organisms.

Dinoflagellates have mRNAs with unique spliced leaders
and cap structures: through analysis of sequences repre-
senting all major orders of dinoflagellates, nuclear mRNAs
from fifteen species were recently found to be trans-spliced
with the addition of a 22-nt conserved SL [117, 118].
SL trans-splicing has not been identified in a ciliate or
apicomplexan to date; however, preliminary analysis using
the 22-nt dinoflagellate SL revealed the usage of trans-
splicing in Perkinsus marinus and P. chesapeaki, phylogenetic
intermediates between apicomplexans and dinoflagellates
[118]. Recently, SL trans-splicing has been identified in
Amoebophrya sp, a member of the Syndinales, a dinoflagellate
parasite of dinoflagellates, which represents a basal root of
the dinoflagellates [119]. This suggests the SL machinery was
present in an early ancestor of dinoflagellates. It is unclear
whether all or only a subset of dinoflagellate genes are subject
to SL trans-splicing, but, given the diversity of the cDNAs
found in the full length libraries, a conservative estimate
would be that greater than 90% of mRNAs are trans-spliced.

The 22-nt sequence found in dinoflagellate SL-RNA is
5′A(T)CCGTAGCCATTTTGGCTCAAG-3′ [118]. The iden-
tity of the cap structure for the SL-RNA needs to be verified,
but preliminary analysis indicates only a monomethylated
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5′ m7G is present on mRNAs. Based on the SL-RNA
sequence and LC-MS analysis, Place has proposed the
following novel cap-4 structure for dinoflagellate mRNAs:
m7GpppA(U)pm2′Cpm2′CpG with modifications to A (U)
and G still needing to be established (unpublished results).
There is no evidence for a trimethylguanosine or 2′O-methyl
adenosine.

Dinoflagellates encode unusual eIF4E-family members.
Two distinct eIF4E orthologues, eIF4E-1 and -2 have been
partially characterized in K. veneficum (Jagus and Place,
m/s in preparation) (Figure 3). To facilitate comparison of
the sequences, the residues conserved in Class I eIF4Es
in multicellular organisms are indicated and numbered as
in human eIF4E-1: W43, W46, W56, W73, W102, W113,
W130, W166 and S209. eIF4E-2 is represented by four
distinct but closely related subtypes (eIF4E-2a–d) (Figure 3).
Seven contigs encoding eIF4E-1 and 31 contigs encoding
eIF4E-2 (approximately equivalent representation by the
a–d subtypes) have been identified indicating the eIF4E-
2 group is more highly expressed and may represent the
dominant isoforms in the cell. A neighbor-joining tree
predicts that the dinoflagellate eIF4E-2 is related to eIF4Es
from the kinetoplasts Leishmania and Trypanosoma with
51% bootstrap support. RT-qPCR analysis for eIF4E tran-
script abundance is consistent with this assertion (Jagus
and Place, m/s in preparation). The K. veneficum eIF4E
sequences are aligned in Figure 3 with prototypical eIF4E-1
from human. Also included are the sequences for additional,
as yet uncharacterized eIF4E family members. Additional
sequences were uncovered after this paper was initiated and
are shown as kv20926 and kv31228 in Figure 2; however,
their sequences are not included in Figure 3. Kv20926 groups
with K. veneficum Clade 1 eIF4E-2 subtypes and kv31228
with K. veneficum Clade 2 eIF4E-1. K. veneficum eIF4Es show
a clear separation into two subclasses, based on an insert
of 11 amino acids between W73 and W102 (numbering
equivalent to human eIF4E-1) and distribute between three
clades. K. veneficum eIF4E-1 and eIF4E 2a–d have a Tyr
substitution at the position equivalent to human W56, one
of the tryptophans involved in cap binding. This is also
observed in eIF4Es from the dinoflagellate Alexandrium
tamarense, but not from Amphidinium carterae. In addition,
eIF4E-1 has glutamine instead of D/E in the eIFG/4E-
BP-binding domain. The eIF4E-2 family members contain
extended amino acid stretches between the structural units
of the core, between residues equivalent to human W73 to
W102, and W130 to W166. In addition, eIF4Es from several
alveolate species have a Trp to Phe substitution at W113
[6], a characteristic shared by K. veneficum eIF4E-1. It is of
interest that the different subtypes of K. veneficum eIF4E-
2s show marked heterogeneity between W102–W113. The
conserved phosphorylation site of eIF4E is only observed
in eIF4E-2a and -2b of K. veneficum. eIF4E-2a and -2b
share the TKS motif at the putative phosphorylation site in
which the Lys residue is a sumoylation site in human eIF4E
[120, 121]. The sumoylation site at the equivalent of human
Lys35 is shared by eIF4E-2b, -2b, -2c, and -2d. eIF4E-1
contains the sumoylation site equivalent to human Lys210.
eIF4E-2a, but not eIF4E-1, binds to m7GTP-Sepharose

in vitro, although neither interact with TMG. It is not
known whether either form interacts with the unique cap-
4 of dinoflagellates (Jagus/Place, m/s in preparation). These
results are consistent with eIF4E-2a being a functional
initiation factor, but not definitive. The K. veneficum eIF4E-
2s fall into Clade 1 raising the possibility that other eIF4Es
of Clade 1 bind to m7GTP. The eIF4E-1s fall into Clade 2.
Unlike K. veneficum eIF4E-1, some of the extended Clade
2 members like the L. major and T. bruceii eIF4E1 and 2
are known to bind m7GTP but appear not to participate in
protein synthesis [100], making it hard to predict function
of the K. veneficum eIF4E-1s. Three of the K. veneficum
eIF4Es fall into Clade 3. As with the K. veneficum Clade 2
representatives, these do not have the insert between W73
and W102.

10. eIF4E Family Members in
Perkinsus marinus

Perkinsus marinus is an alveolate with a genome of 86 Mb
and is closely related to the dinoflagellates [122]. Like
the dinoflagellates, it also exhibits trans-splicing. Five dif-
ferent SLs of 21-22 nucleotides (nt) in length have been
reported from P. marinus [123–125]. Variability at positions
1 and 2 between the different SLs suggests variability of
cap structures. Overall these data suggest a complex gene
regulatory system both at the level of mRNA generation
and of translational control consistent with its complex life
style. The P. marinus genome encodes eight eIF4E family
members along with two very large (>600 amino acid) forms
that contain only some of the typical eIF4E signatures. P.
marinus eIF4E-5, -6, and -7 form a group that aligns most
closely with the K. veneficum eIF4E-2s in Clade 1, suggesting
they will bind m7GTP caps (Figures 1 and 4 and Table 2).
These share the insertions between W73 to W102 and
W113 to W133. This group also has TVGEFW at the eIF4G
binding domain. In addition, they each have a Trp to Leu
substitution at W113. The L. major and T. bruceii also show
a consistent substitution at this position, but to a hydrophilic
amino acid. P. marinus eIF4E-2, -3, and -4 also form a
group in Clade 3 with eIF4Es with two of the K. veneficum
eIF4Es (Figure 2, Table 2). P. marinus eIF4E-8 groups with
K. veneficum eIF4E-1.

11. Cryptomonads, Guillardia theta,
and Nucleomorphs

Cryptomonads (Chromalveolata/Cryptophyta) are chimeras
of two different eukaryotic cells; a flagellate host and a
photosynthetic endosymbiont. These organisms are thought
to have arisen by secondary symbiogenesis shortly after the
origin of the common ancestor of green plants, red, and
glaucophyte algae [126–128]. In the cryptomonad Guillardia
theta, the flagellate host acquired a chloroplast by engulfing
and retaining a red alga. In doing so, the host was able to
convert from obligate heterotrophy to an autotrophic way
of life [129–131]. In addition to the red algal chloroplast,
cryptomonads have retained a vestigial red algal nuclear
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Figure 3: Comparison of the sequences of selected eIF4E-family members from Karlodinium veneficum and other dinoflagellates. Alignment
of the amino acid sequences of selected established eIF4E-family members from K. veneficum and other dinoflagellates. Amino acid sequences
were aligned with T-coffee using the BLOSUM62MT scoring matrix in CLC Main Workbench. To facilitate comparison of the sequences, the
residues conserved in Class I eIF4Es in multicellular organisms are indicated and numbered as in human eIF4E-1: W43, W46, W56, W73,
W102, W113, W130, W166, and S209.
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Figure 4: Comparison of the sequences of selected eIF4E-family members from Perkinsus marinus with related species from K. veneficum
and trypanosome species. Alignment of the amino acid sequences of selected established eIF4E-family members from P. marinus with
related species from K. veneficum. Amino acid sequences were aligned with T-coffee using the BLOSUM62MT scoring matrix in CLC Main
Workbench. To facilitate comparison of the sequences, the residues conserved in Class I eIF4Es in multicellular organisms are indicated and
numbered as in human eIF4E-1: W43, W46, W56, W73, W102, W113, W130, W166, and S209.

genome as a minute nucleomorph with three chromosomes
[132–134]. The nucleomorph resides in a cell compartment,
the periplastid space, that also contains the chloroplast. The
cellular organization of Guillardia theta is shown in Figure 5.

In the cartoon, former chloroplast genes now inserted
in nucleomorph or nuclear chromosomes are indicated in
green, and former red algal genes now in the host nucleus
are indicated in red. The nucleomorph genome has been
sequenced and shown to be 551 kbp with a gene density of 1
gene per 977 bp, encoding 464 putative protein coding genes
[133]. This compact genome has infrequent overlapping
genes, and short inverted repeats containing rRNA cistrons at
its chromosome ends [132, 133, 135]. There is almost a total
absence of spliceosomal introns which has facilitated gene
annotation. Marked evolutionary compaction [126–128] has

eliminated almost all the nucleomorph genes for metabolic
functions, but left a few hundred housekeeping genes, and
30 genes encoding chloroplast-located proteins [133]. The
housekeeping genes are limited to nuclear maintenance and
transport, translation, protein degradation and folding, and
microtubule/centrosome functions [133, 135]. More than
20% of the housekeeping genes encode components of the
translational machinery. The nucleomorph and its periplas-
tid space can be viewed as providing a minimum eukaryotic
expression system for a small number of nucleomorph-
encoded chloroplast proteins. The endosymbiont has been
reduced to an organelle, equivalent to a “complex plastid.”
The relict, enslaved red alga is referred to here as the
endosymbiont for convenience, although strictly speaking it
should be considered an organelle.
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Figure 5: Cellular organization of Guillardia theta. Former chloro-
plast genes now inserted in nucleomorph or nuclear chromosomes
are indicated in green, and former red algal genes now in the host
nucleus are indicated in red. The four endosymbiont membranes
are clearly represented.

12. The Translation Machinery of
the Guillardia theta Nucleomorph

The endosymbiont encodes its own rRNA and 65 ribosomal
proteins [133]. Functioning endosymbiont ribosomes have
been demonstrated in the endosymbiont cytoplasm [136].
The endosymbiont has its own mRNAs with 5′-caps and
poly(A) tails, elongation, and release factors, but only a
subset of translational initiation factors. The nucleomorph
encodes eIF1, eIF1A, eIF4A, eIF2 (all subunits, although
the alpha subunit is truncated), eIF4E (truncated), eIF5B,
eIF6, and poly(A) binding protein. It does not appear to
encode any of the subunits of eIF2B, the factor that promotes
guanine nucleotide exchange on eIF2. Furthermore, several
initiation factors thought to be essential for eukaryotic
initiation have not been identified; the nucleomorph does
not encode eIF4B, eIF5, or the scaffold proteins eIF3 (any
subunit) or eIF4G. All of these initiation factors have
been shown to be essential in yeast (reviewed [137]). The
nucleomorph is also without the eIF4E regulatory proteins,
the 4E-BPs. Since the genome of the G. theta nucleomorph
has been so severely compacted, it is hypothesized that
the genes encoding complex cellular functions, such as
protein synthesis, are limited to the minimal set needed
to accomplish the function. Beyond the reduction in the
number of initiation factors, several of the translational
initiation factors encoded are truncated compared to their
counterparts in nonprotist eukaryotes. This system can be
considered to represent a natural experiment in deletion
analysis and may tell us much about structure/function
relationships in initiation factors, in addition to deepening
our knowledge of this branch of the eukaryotic Tree of Life.

The factors eIF1, eIF1A, eIF2, eIF2B, eIF3, eIF4A, eIF4E,
eIF4G, and eIF5 are all essential in yeast. eIF5B is not
essential, although its deletion produces a severe slow growth
phenotype [138]. The possibility that the lack of eIF2B,
eIF3, eIF4G, and eIF5 in the G. theta endosymbiont reflects
a primitive condition is unlikely since the deeply rooted,

free-living red alga, Cyanidioschyzon merolae, encodes eIF4G,
eIF5, and all the subunits of eIF2B and eIF3 [139]. C.
merolae is considered to have the smallest genome of any
free-living photosynthetic organism and molecular analyses
support the primitiveness of this alga [140]. However, like
the Guillardia theta nucleomorph, C. merolae does not
appear to encode eIF4B, suggesting that eIF4B is a later
evolutionary development [139]. Consistent with this, eIF4B
is not essential in yeast, although its disruption results in
a slow growth and cold-sensitive phenotype [141]. The
endosymbiont has either evolved a minimal system of
initiation through compaction of the genome, has made
mechanistic adjustments to overcome factor deficiencies, or
uses host factors. Use of host factors would require transport
across the outer two membranes into the periplastidial
compartment PPC and across all four membranes into the
stroma [142].

The predicted eIF4E sequence of the G. theta nucleo-
morph is compacted, lacking extended amino-terminal and
carboxy-terminal domains relative to the core of prototypical
eIF4E (Figure 6) [6]. Although comparable forms from yeast,
produced from deletion mutants, are still able to support
life, they show considerably slower growth rates [143, 144].
This is likely to reflect a role of the N-terminal domain in
enhancing stability. Scrutiny of the alignment also shows
that the nucleomorph eIF4E has Leu at amino acid positions
equivalent to V69 and W73 in human eIF4E-1. In human
eIF4E-1, it is known that mutation to give a nonaromatic
amino acid at position W73 disrupts the interaction with
the adaptor protein, eIF4G, as does mutation of V69 to G
[56, 57]. It is therefore unclear whether the nucleomorph
eIF4E has the capacity to bind to eIF4G or indeed whether it
needs to. It is possible that the nucleomorph eIF4E interacts
with eIF4G imported from the host cytoplasm, although
the sequence of the eIF4G-binding domain makes this
unlikely. Alternatively, mRNA recruitment via an alternate
interaction may be occurring. Interestingly, eIF4E sequences
are available from additional nucleomorphs, those of another
cryptophyte Cryptomonas paramecium and the heterokont
Haplogloia andersonii. Both of these are truncated at the N-
terminus, and both show substitutions in essential amino
acids in the eIF4G binding domain.

13. Entamoeba and Mimivirus

Mimivirus is a double-stranded DNA virus isolated from
amoebae [145]. It was first isolated from the water of a
cooling tower in Bradford, England, during a study following
a pneumonia outbreak in 1992 [146, 147]. Its name is derived
from “mimicking microbe” because of the bacterium-like
appearance of the particle and its Gram+ staining. It has
a cycle of viral transmission and replication that is typical
of many dsDNA viruses. The study of mimivirus grown in
Acanthamoeba polyphaga reveals a mature particle with the
characteristic morphology of an icosahedral capsid with a
diameter of at least 400 nm. At the beginning of the life
cycle, the virus enters the amoeba and the viral genome is
released. After expression of viral proteins and replication of
the genome, the virus DNA is packaged into capsids and viral
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Figure 6: Comparison of the sequences of selected nucleomorph eIF4Es. Alignment of the amino acid sequences of the eIF4E from the
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particles are released from the amoeba [148]. Mimivirus has
the largest known viral genome, 1.18 megabase pairs, and
predicted to contain 1,262 genes, a very complex life cycle at
the molecular level [146]. It encodes an unprecedented num-
ber of components of the transcriptional, translational, and
replication machinery, many of which have not previously
been described in viruses.

Although the mimivirus genome has more components
resembling cellular genes than any other virus, it is still
dependent on its host cell for the synthesis of proteins.
Currently, the strategies by which mimivirus appropriates
the host translation machinery have not been uncovered.
Mimivirus exhibits many features that distinguish it from
other nucleocytoplasmic large DNA viruses (NCLDVs).
The most unexpected is the presence of numerous genes
encoding central protein-translation components, encod-
ing 10 proteins central to the translation apparatus: four
aminoacy tRNA synthetases, eIF4E, ORF L496, eIF1A, eIF4A,
eEF-1, and peptide chain release factor eRF1 [149, 150].
In addition, mimivirus encodes its own mRNA capping
enzyme, and its own RNA cap guanine-N2 methyltransferase
[151, 152]. Interestingly, mimivirus does not encode the
mimic of the α-subunit of eIF2, found in many NCLDVs,
that functions as a substrate to protect endogenous eIF2
from phosphorylation by an infection-activated kinase PKR.
Finding these components of the translation apparatus in

mimivirus calls into question the prevailing view that viruses
rely entirely on the host translation machinery for protein
synthesis [153]. Although the molecular mechanisms of
its replicative cycle are yet to be uncovered, the detailed
genome analysis has provided useful information on what
viral genes may be involved in DNA replication and DNA
repair, transcription, and protein folding, virion morpho-
genesis, and intracellular transport and suggests a complex
life cycle.

The atypical eIF4E-family member of mimivirus is
shown in Figure 7 aligned with the amino acid sequences
of eIF4E-family members from Acanthamoeba. Mimivirus
eIF4E has F49, W109, and E110, in positions equivalent to
W56, W102, and E103 of human eIF4E-1, predicting that it
should function in cap binding. However, mimivirus eIF4E,
like the many protist eIF4E-family members, has extended
stretches of amino acids between structural units of the core
tryptophans. The positions of these stretches in mimivirus
eIF4E resemble the extensions found in eIF4E-family mem-
bers from Alveolata and Stramenopiles. However, the stretch
of amino acids between residues equivalent to W102 and
W166 of mouse/human eIF4E-1 are considerably longer
in mimivirus eIF4E than those found in P. falciparum or
other known stramenopile/alveolate eIF4E family members.
Mimivirus eIF4E also differs from other eIF4E-family mem-
bers in that it lacks a Trp residue equivalent to W73 of mouse
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eIF4E-1 suggesting that the protein may not interact with
eIF4G or 4E-BPs.

The host A. castellanii expresses at least five eIF4E-family
members. None of the A. castellanii eIF4E family members
shows extended stretches of amino acids in positions sim-
ilar to those found in mimivirus eIF4E. Furthermore, A.
castellanii eIF4E-family members possess conserved residues
equivalent to V69 and W73 of human eIF4E-1 important
for interaction with eIF4G and 4E-BPs, unlike mimivirus
eIF4E. As a consequence of these differences in significant
residues, it seems unlikely that mimivirus eIF4E has been
acquired from the Acanthamoeba host. The sequence of
mimivirus eIF4E predicts that it is likely to bind to 5′-cap
structures but may not interact with eIF4G, suggesting that it
could function as an inhibitor of cap-dependent translation.
However, the mimivirus genome encodes genes for mRNA
capping enzymes [151, 152], as do related NCLD viruses,
suggesting that mimivirus mRNAs are capped and that the
virus requires cap-dependent translation of its mRNAs. Since
mimivirus can use both A. polyphaga and human as hosts, it

will be of use to consider the role of its eIF4E in the context
of mRNA recruitment in both environments.

14. Overview of Protist eIF4Es

Like multicellular eukaryotes, many protists encode multiple
eIF4E family members. However, these do not fall into
the eIF4E classes found in plants/metazoans/fungi. Of the
eight conserved tryptophan residues typical of eIF4E Class
I sequences, most are either conserved in protist eIF4E
family members or are replaced by other aromatic residues.
In many bikont protists, extensions are found between the
conserved aromatic amino acids which vary with clade and
phylogenetic grouping. Figure 2 shows the relationships of
the protist eIF4Es and suggests that they fall into three clades.
eIF4Es from dinoflagellates/Perkinsus and heterokonts can
be found in all three clades. eIF4Es from ciliates and the
parasitic dinoflagellate Amoebophrya are present in only two
clades. Unfortunately, at the current time, there are many
more eIF4E sequences available for alveolates and excavates
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than for other protist groups, particularly the opisthokonts
and amoebozoa. Furthermore, there is insufficient data
on the functional characteristics of the eIF4Es in each of
these clades to allow for any confident classification at this
stage. Nevertheless, it is known that the Leishmania and
Trypanosoma eIF4Es, EIF4E3 and 4 function as initiation
factors and that the dinoflagellate eIF4E-2s from K. venefi-
cum bind cap structures suggesting that this clade contains
eIF4E family members that function as initiation factors.
Table 2 shows the characteristics of some of the members
from “Clades 1” and “2.” As genome sequencing projects
are completed, it is expected that the number of protist
eIF4E family members available for scrutiny will increase
dramatically in the near future. A wider representation
of taxa will allow a more complete understanding of the
relationships between these eIF4Es, as will a much needed
expansion of functional studies particularly in the non-
parasitic representatives.
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Insects are part of the earliest faunas that invaded terrestrial environments and are the first organisms that evolved controlled
flight. Nowadays, insects are the most diverse animal group on the planet and comprise the majority of extant animal species
described. Moreover, they have a huge impact in the biosphere as well as in all aspects of human life and economy; therefore
understanding all aspects of insect biology is of great importance. In insects, as in all cells, translation is a fundamental process
for gene expression. However, translation in insects has been mostly studied only in the model organism Drosophila melanogaster.
We used all publicly available genomic sequences to investigate in insects the distribution of the genes encoding the cap-binding
protein eIF4E, a protein that plays a crucial role in eukaryotic translation. We found that there is a diversity of multiple ortholog
genes encoding eIF4E isoforms within the genus Drosophila. In striking contrast, insects outside this genus contain only a single
eIF4E gene, related to D. melanogaster eIF4E-1. We also found that all insect species here analyzed contain only one Class II gene,
termed 4E-HP. We discuss the possible evolutionary causes originating the multiplicity of eIF4E genes within the genus Drosophila.

1. Introduction

Insects are the most diverse animal group on Earth and
comprise over half of all extant described species, dominating
thus all terrestrial ecosystems [1–4]. Winged insects were
the first organisms that evolved controlled flight, some 120,
200, and 300 million years (Myr) before flying reptiles,
birds, and bats, respectively. Indeed, wings are believed to
have led largely to the spectacular diversification of insects
because they were able to explore and invade all terrestrial
ecosystems, escape predators, and exploit scattered resources
[2, 5]. Many studies show that insect diversity has been
also strongly shaped by other evolutionary and ecological
processes, including their relative ancient geological age, low
extinction rate, ecological niches occupancy, sexual selection,
and sexual conflict [1].

Insects originated 434–421 Myr ago during the Silurian
Period, and it is suggested that earliest terrestrial faunas
already included wingless insects [2, 5, 6]. Indeed, the

aquatic-terrestrial transition of insect ancestors is associated
with the earliest vascular land plants fossils. Thus, it is
thought that true insects evolved from an aquatic arthropod
that formed an ecological association with the earliest
vascular plants and subsequently both lineages coevolved
[2, 6]. By the Permian (299–251 Myr ago) nearly all extant
insect orders already have emerged, and later a second spec-
tacular radiation happened in the Jurassic. Insects have been
diverging ever since [2, 7, 8]. Winged insects, which account
for more than 98% of the class Insecta, emerged when early
arborescent plants evolved (pteridophytes, mostly ferns, and
horsetails) 380–354 Myr ago (during the Devonian). It is
hypothesized that insect flight arose as an adaptation to
the increasing height of trees, and that a number of highly
successful insect species coevolved with flowering plants
[2, 5, 6, 9].

Besides their crucial ecological importance in all terres-
trial ecosystems, insects have a huge direct impact in all
aspects of human life and economy. In agriculture, some
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species cause huge damage to crops (e.g., aphids and weevil
beetles), whilst others are of great benefit to flowering plants,
which depend on pollinating species (e.g., bees, wasp, and
butterflies). There are many species that can spread human
pathogens (e.g., mosquitoes, fleas, and bed bugs) as well
as key model organisms for basic research (Drosophila).
Furthermore, several species serve as research objects for
social behavior studies (e.g., bees and ants). Because of their
overall significance, for many years immense efforts have
been put forward to studying all aspects of insect biology.
However, many biological processes, including translation,
are still poorly studied at the molecular level. Therefore,
further characterization of insect translation is necessary.

Most eukaryotic mRNAs are translated by a cap-
dependent mechanism, whereby the mRNA is recruited to
the ribosome through recognition of the 5′ cap structure
(m7GpppN, where N is any nucleotide) by the cap-binding
protein eIF4E in complex with the scaffold protein eIF4G and
the RNA helicase eIF4A [10, 11]. Three-dimensional studies
demonstrated that eIF4E associated to cap-analogues resem-
bles “cupped-hands” in which the cap structure is stacked
between two highly conserved tryptophan residues (Trp-56
and Trp-102 of mouse eIF4E) through π bond interactions.
A third conserved tryptophan residue (Trp-166 of mouse
eIF4E) binds the N7-methyl moiety of the cap structure [12–
15]. Due to its pivotal role in translation, eIF4E activity is
tightly regulated. Perhaps the most prominent regulatory
mechanism is performed by eIF4E-binding proteins (4E-
BPs), which bind eIF4E via an eIF4E-binding motif that is
shared with eIF4G. 4E-BPs act as competitive inhibitors of
eIF4E-eIF4G interaction and therefore of translation [10,
16, 17]. Another mechanism regulating eIF4E activity in
some metazoans, including human, Drosophila, and Aplysia,
is by phosphorylation of Ser-209 (mouse protein numbering;
Ser251 in Drosophila eIF4E-1) [18–20].

Among insects, the unique translation initiation machin-
ery that has been studied thus far is that from D.
melanogaster. This species possesses seven genes encoding
eight eIF4E cognates, one of them being 4E-HP (eIF4E-
homolog protein) [19, 21–27]. All residues involved in 5′

cap structure binding are conserved in all eIF4Es [22–
26], and experimental evidence confirmed their ability to
bind this structure [21, 24, 26]. Likewise, most residues
involved in eIF4G and 4E-BP binding are conserved and
yeast two-hybrid experiments showed that all of them, except
for eIF4E-6 and 4E-HP, interact with both proteins [26].
A functional assay showed that D. melanogaster eIF4E-1,
eIF4E-2, eIF4E-4, eIF4E-5, and eIF4E-7, but not eIF4E-
3 and eIF4E-6, are able to phenotypically rescue a lethal
eIF4E-deficient yeast strain [26]. eIF4E-1 loss-of-function
mutations cause growth arrest, severe embryonic defects, and
lead to embryonic lethality [19, 28–30], and phosphorylation
of eIF4E-1 at Ser251 is necessary for growth of the whole
organisms [19]. Evidence supports the idea that there is
physiological specialization of eIF4E cognates. While global
translation is performed by eIF4E-1 [19, 28], eIF4E-3 is a
testis-specific factor promoting translation in this tissue [31],
eIF4E-5 might be involved in autophagy [32] and 4E-HP
is a translational repressor [27, 33, 34]. Moreover, other

activities have been reported for eIF4E-1, including a role
in neurogenesis [35, 36] and a nuclear role in splicing [37].
Interactions of eIF4E-1 with different proteins, including 4E-
BP [26, 38], Cup [39], Diap1 [40], and Ago2-Risc complex
[41], have been described. Additionally, 4E-HP was found to
interact with the RNA helicase Belle [42].

Recent advances in sequencing technology allow com-
parative analysis of multiple genomes across a wide range
of evolutionarily related species. Thus, gene and protein
annotation of twelve different Drosophila species [43] and
from other insect species [44, 45] are now available. Here
we investigated the distribution of the cap-binding proteins
eIF4E and 4E-HP across the class Insecta.

2. Material and Methods

We compared annotated protein sequences of insects eIF4E-
family members obtained from all publicly accessible
databases, that is, http://umbicc3-215.umbi.umd.edu/ [45]
and from several sequencing projects available in the
NCBI GenBank NR, http://flybase.org/ and in http://www
.butterflybase.org/ [44]. The genomes analyzed were from
12 Drosophila species [43], Aedes aegypti, Anopheles gambiae
(all Diptera), Camponotus floridanus, Harpegnathos saltator,
Apis mellifera, Nasonia vitripennis (all Hymenoptera), Tri-
bolium castaneum (Coleoptera), Manduca sexta, Spodoptera
frugiperda, Heliconius melpomene, Bombix mori, Papilio
xuthus (all Lepidoptera), and Acyrthosiphon pisum (Hemi-
ptera). Table 1 shows all annotated genes and the proteins
they encode that were analyzed in this study. Incomplete
sequences and sequences encoding partial putative proteins
were excluded. Amino acid sequences were aligned using
ClustalW [46, 47] with the Biology Workbench bioinfor-
matics package and improved by eye. Phylograms were
assembled by neighbor-joining using MEGA5 program [48].

Jagus and colleagues proposed a classification of eIF4Es
from 230 species into three classes according to variations in
the residues Trp-43 and Trp-56 (human eIF4E numbering)
[45, 49]. Class I members contain both Trp residues; Class II
members contain Tyr, Phe, or Leu at the first position and
Tyr or Phe at the second position; Class III proteins contain
Trp at the first position and Cys or Tyr at the second position
[45, 49]. In the present study we will follow this classification.
Since D. melanogaster is one of the most characterized
model organisms and thus the best-studied species of all
insects (whose entire genome is available for over a decade
now (http://flybase.org/ [50]), and because among insects
only eIF4Es and 4E-HP from D. melanogaster have been
characterized [19, 21–42], we chose D. melanogaster eIF4Es
sequences, numbering and nomenclature (http://flybase.org/
[25, 26]) as a reference. To avoid misunderstanding with
another nomenclature [45, 49], here we will keep the fly
database (http://flybase.org/) nomenclature, referring when
necessary, to the Class each eIF4E belongs to.

3. Results and Discussion
3.1. eIF4E Proteins across the Genus Drosophila. Gene dupli-
cation of eIF4E is particularly striking in D. melanogaster
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Table 1: Overview of annotated genes analyzed in this study.

eIF4E paralogs within D. melanogaster. Orthologs in other Drosophila species Orthologs in other insects

eIF4E-1/2 (CG4035)

D. simulans GD12928 A. aegypti AAEL001916

D. sechellia GM24878 A. gambiae AGAP007172

D. erecta GG14044 C. floridanus EFN73765

D. yakuba GE21247 H. saltator EFN83757

D. ananassae GF23736 A. mellifera XP 624290.2

D. willistoni GK20927 T. castaneum XP 973494

D. pseudoobscura GA28658 M. sexta MSP00767

D. persimilis GL12850 S. frugiperda AAK94897

D. virilis GJ13832 B. mori BGIBMGA012674

D. grimshawi GH16860 H. melpomene HMP00347

A. pisum ACYPI001956

eIF4E-3 (CG8023)

D. simulans GD14067

D. sechellia GM25034

D. erecta GG14292

D. yakuba GE20721

D. ananassae GF25106

D. willistoni GK17185

D. pseudoobscura GA24628

D. persimilis GL26506

D. virilis GJ12520

D. grimshawi GH15498

eIF4E-4 (CG10124)

D. simulans GD13118

D. sechellia GM13832

D. erecta GG15032

D. yakuba GE20475

D. ananassae GF10894

D. willistoni GK12583

D. pseudoobscura GA28599

D. persimilis GL13241

D. virilis GJ12668

D. grimshawi GH15637

D. mojavensis GI12684

eIF4E-5 (CG8277)

D. simulans GD14038

D. sechellia GM25004

D. erecta GG14453

D. yakuba GE21642

D. ananassae GF10327

D. willistoni GK17737

D. pseudoobscura GA28380

D. persimilis GL18042

D. virilis GJ13889

D. grimshawi GH14978

D. mojavensis GI13141

eIF4E-6 (CG1442)

D. simulans GD18002

D. sechellia GM12271

D. erecta GG12044

D. yakuba GE10483
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Table 1: Continued.

eIF4E paralogs within D. melanogaster. Orthologs in other Drosophila species Orthologs in other insects

eIF4E-7 (CG32859)

D. simulans GD16435

D. sechellia GM18997

D. erecta GG12718

D. yakuba GE16544

D. ananassae GF22031

D. willistoni GK16243

D. virilis GJ16331

D. mojavensis GI14982

4E-HP (CG33100)

D. simulans GD18325 A. aegypti AAEL005796

D. sechellia GM23515 A. gambiae AGAP002948

D. erecta GG12377 T. castaneum XP 970157

D. yakuba GE10831 B. mori NP 001091833

D. ananassae GF23230 P. xuthus BAG30778

D. willistoni GK11937 A. pisum ACYPI000423

D. pseudoobscura GA26519 C. floridanus EFN65857

D. persimilis GL24147 N. vitripennis XP 003426016

D. virilis GJ14537 A. mellifera XP 623570

D. grimshawi GH19097

D. mojavensis GI23433

67
56
60
43
45
32
100

79
68
66
51
54
32
200

130
119
116
101
104
82
300

230
219
216
201
204
182
400

259
248
244
229
232
199
429

D. melanogaster    eIF4E-1
D. melanogaster    eIF4E-2
D. melanogaster    eIF4E-3
D. melanogaster    eIF4E-4
D. melanogaster    eIF4E-5
D. melanogaster    eIF4E-6
D. melanogaster    eIF4E-7

D. melanogaster    eIF4E-1
D. melanogaster    eIF4E-2
D. melanogaster    eIF4E-3
D. melanogaster    eIF4E-4
D. melanogaster    eIF4E-5
D. melanogaster    eIF4E-6
D. melanogaster    eIF4E-7

D. melanogaster    eIF4E-1
D. melanogaster    eIF4E-2
D. melanogaster    eIF4E-3
D. melanogaster    eIF4E-4
D. melanogaster    eIF4E-5
D. melanogaster    eIF4E-6
D. melanogaster    eIF4E-7

D. melanogaster    eIF4E-1
D. melanogaster    eIF4E-2
D. melanogaster    eIF4E-3
D. melanogaster    eIF4E-4
D. melanogaster    eIF4E-5
D. melanogaster    eIF4E-6
D. melanogaster    eIF4E-7

D. melanogaster    eIF4E-1
D. melanogaster    eIF4E-2
D. melanogaster    eIF4E-3
D. melanogaster    eIF4E-4
D. melanogaster    eIF4E-5
D. melanogaster    eIF4E-6
D. melanogaster    eIF4E-7

Figure 1: Seven eIF4E cognates in D. melanogaster. (A) ClustalW alignment of amino acid sequences representing Class I eIF4E family
members from D. melanogaster. An extended version of eIF4E-6, not detected in previous studies, is included. Identical (blue) or conservative
(gray) amino acid residues in at least 70% of sequences are highlighted. Conservative substitutions groups are STA, or NEQK, or NHQK,
or NDEQ, or QHRK, or MILV, or MILF, or HY, or FYW, or GA. Residues essential for eIF4G- and 4E-BP binding are marked ∗; residues
involved in cap binding are marked lower case c; phosphorylatable Ser, as well as Lys described to form a salt bridge with P-Ser, are marked
lower case p.



Comparative and Functional Genomics 5

71
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81
62
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79
76
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87
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275
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eIF4E-1
eIF4E-1
eIF4E-1
eIF4E-1
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D. melanogaster
D. simulans
D. sechellia
D. erecta
D. yakuba
D. ananassae
D. willistoni
D. pseudoobscura
D. persimilis
D. virilis
D. grimshawi

D. melanogaster
D. melanogaster
D. simulans
D. sechellia
D. erecta
D. yakuba
D. ananassae
D. willistoni
D. pseudoobscura
D. persimilis
D. virilis
D. grimshawi

D. melanogaster
D. melanogaster
D. simulans
D. sechellia
D. erecta
D. yakuba
D. ananassae
D. willistoni
D. pseudoobscura
D. persimilis
D. virilis
D. grimshawi

Figure 2: ClustalW alignment of amino acid sequences of eIF4E-1 orthologs from species of the genus Drosophila.
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D. erecta
D. yakuba
D. ananassae
D. willistoni
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D. persimilis
D. virilis
D. grimshawi

eIF4E-3
eIF4E-3
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eIF4E-3
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eIF4E-3
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D. yakuba
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84
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185
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196
184

244
244
244
244
244
244
229
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219
240
228

Figure 3: ClustalW alignment of amino acid sequences of eIF4E-3 orthologs from species of the genus Drosophila.

with seven different cognates of Class I eIF4Es (eIF4E-1
trough eIF4E-7) and one Class II gene, termed 4E-HP [25,
26]. Although sequence comparisons of all D. melanogaster
eIF4Es are shown elsewhere [25, 26], a comparison of
these proteins including an extended version of eIF4E-6
(see below) is shown in Figure 1. Using BLAST searches, it
became evident that gene duplication of eIF4E also happened

across the entire genus Drosophila. Overall, 61 different Class
I eIF4E-family members were identified in this genus. We
found that D. simulans, D. sechellia, D. erecta, and D. yakuba
contain each six eIF4E genes (eIF4E-1, -3, -4, -5, -6, and -
7), D. ananassae, D. willistoni, and D. virilis contain each five
(eIF4E-1, -3, -4, -5, and -7), D. grimshawi, D. pseudoobscura,
and D. persimilis contain each four (eIF4E-1, -3, -4, and -5)
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Figure 4: ClustalW alignment of amino acid sequences of eIF4E-4 orthologs from species of the genus Drosophila.
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Figure 5: ClustalW alignment of amino acid sequences of eIF4E-5 orthologs from species of the genus Drosophila.

and D. mojavensis contains three cognates (eIF4E-4, -5, and
-7) (Table 1).

It has been shown that D. melanogaster eIF4E-1 and
eIF4E-2 arise by alternative splicing from the same gene
(eIF4E-1/2), both proteins differing only in amino acids in

the N-terminus. While eIF4E-1 contains the peptide
sequence MQSDFHRMKNFANPKSMF, eIF4E-2 contains
MVVLETE instead [23, 24] (Figure 1). BLAST searches
showed that the gene eIF4E-1/2 exists only in D.
melanogaster. In all other species this gene encodes only
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Figure 6: ClustalW alignment of amino acid sequences of eIF4E-6 orthologs from species of the genus Drosophila.
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Figure 7: ClustalW alignment of amino acid sequences of eIF4E-7 orthologs from species of the genus Drosophila.

one protein, either eIF4E-1 (D. ananassae, D. willistoni,
D. pseudoobscura, D. virilis, and D. grimshawi), eIF4E-
2 (D. erecta), or a protein with both N-termini fused
(D. simulans, D. sechellia, and D. yakuba). Interestingly,
D. persimilis encodes an eIF4E-1 with a very short and
divergent N-terminus (Figure 2). The high variability in
eIF4E-1 N-terminus among Drosophila species suggests that
this region of the protein has no biological relevance.

All residues involved in cap- and eIF4G/4E-BP-binding
as well as for phosphorylation are conserved in eIF4E-1

from across the genus Drosophila (Figure 2). In eIF4E-
3, residues involved in eIF4G/4E-BP binding are mutated
in two positions, namely, Trp103>Phe, and Leu160>His
(numbering according to D. melanogaster eIF4E-3; Figure 3).
This significant alteration may explain the weak binding to
eIF4G and 4E-BP shown in the yeast two-hybrid system
[26]. Both changes are strongly conserved in eIF4E-3 across
the genus Drosophila. Moreover, eIF4E-3 from all Drosophila
species lack the counterpart of the phosphorylatable Ser251
of D. melanogaster eIF4E-1, possessing a proline instead [31]
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Figure 8: Radial phylogram computed from sequence alignments of eIF4Es from Drosophila species.

(Figure 3). D. willistoni eIF4E-4 displays the nonconservative
amino acid exchange at position 160 Glu>Thr (numbering
according to D. melanogaster eIF4E-4; Figure 4). eIF4E-5
varies considerably in length, ranging from 204 amino acids
in D. persimilis to 271 amino acids in D. ananassae, and the
N-terminus of eIF4E-5 (amino acids 1–53) is highly variable.
However, eIF4E-5 is highly conserved from amino acid 54
on (Figure 5). D. persimilis eIF4E-5 also diverges from its
orthologs in at least ten functionally important amino acids
(Figure 5).

Recent experimental evidence supports an extended C-
terminus of eIF4E-6 (Tettweiler, Hernández, Sonenberg,
and Lasko, unpublished), not detected in previous studies
[25, 26]. This extended eIF4E-6 showed the highest sim-
ilarity to eIF4E-3 and has functionally important residues
diverged from eIF4E-1 (Figure 1). One of the differences
is a lack of phosphorylatable Ser251 (numbering of eIF4E-
1). Surprisingly, although extended eIF4E-6 possesses all
amino acids involved in eIF4G/4E-BP binding, experimental
evidence showed that it does not bind either of them (Tet-
tweiler, Hernández, Sonenberg, and Lasko, unpublished).

The extended eIF4E-6 could only be detected in five species,
all of which contain conserved residues important for cap
binding (Figure 6). In D. erecta, a conserved substitution
His>Arg is observed in position 33 (numbering according
to D. melanogaster eIF4E-6; Figure 6), a residue essential for
eIF4G/4E-BP binding. Similar to eIF4E-3, no eIF4E-6 from
any species has the counterpart of eIF4E-1 Ser251 (Figure 6).

eIF4E-7 is the longest protein from Class I family
members with 301 amino acids in D. virilis to 458 amino
acids in D. ananassae (Figure 7). The high degree of dis-
crepancy in length is attributed to the variability in the N-
terminal moiety of the protein (Figure 7). Although eIF4E-
7 orthologs are most similar to eIF4E-1, eIF4E-7 from all
Drosophila species cluster together in separate phylogram
branches (Figure 8). Several species are lacking functionally
important residues in the eIF4E-7 C-terminus. In particular,
in D. simulans eIF4E-7 the eIF4E-1 Ser251 counterpart is
substituted by a Gln, albeit it is conserved in other Drosophila
species (Figure 7).

Overall, our analyses indicate that the seven eIF4E-
cognates in the genus Drosophila form discrete clusters
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Figure 9: Orthologs of D. melanogaster eIF4E-1 in other insects. ClustalW alignment of amino acid sequences of eIF4E-1 orthologs from
diverse insect species.

(Figure 8), indicating that they evolved separately from each
other before the radiation of ancestral Drosophila into the
current species.

3.2. eIF4E Proteins in Other Insects. We analyzed protein
annotations from all insect genomes that are publicly
available. These include species representing non-Drosophila
Diptera, as well as Hymenoptera, Coleoptera, Lepidoptera,
and Hemiptera. Outside of the genus Drosophila, eleven
more Class I eIF4Es were identified in different insect species
(Figures 9 and 10). In contrast to Drosophila species, which
contain three to seven different Class I eIF4Es cognates, we
identified only a single Class I eIF4E gene in each insect
genome analyzed, all of them related to D. melanogaster
eIF4E-1 and with a highly variable N-terminus moiety
(Figure 9). All amino acids described to be involved in cap
and eIF4G/4E-BP binding are conserved in all insect eIF4Es
analyzed. The exception is Leu174 (numbering according to
D. melanogaster eIF4E-1), which is exchanged to Lys in A.
pisum eIF4E-1.

Several evolutionary forces could account for the mul-
tiplicity of eIF4E genes in Drosophila genus, as opposed to
the other insect lineages containing only one eIF4E gene.
Diptera experienced three episodes of explosive radiation,
one of them happened during the emergence of Schizophora

(close relatives of D. melanogaster) in the early Tertiary
Period (65 MYA). The Schizophora radiation originated
most of the family-level diversity in Diptera, accounting
for more than a third of extant fly diversity [2, 51–53].
Interestingly, the temporal pattern of fruit flies speciation
corresponds with the major periods of climate cooling and
habitat fragmentation during the Cenozoic Era, which could
be one of the causes for stimulating the rapid fruit flies
speciation [52]. The vigorous burst of diversification of
the Schizophora was also coincident with the emergence of
some developmental novelties, including the ptilinal sac, an
improved escape mechanism for the fly from its puparium
[53]. Since flies originated in wet environments, it has been
suggested that the emergence of an impervious pupation
to their surrounding allowed flies to adapt to almost all
substrates and to occupy a broad range of trophic niches
[53]. The explosive diversification of schizophoran could
have induced the repeated events of eIF4E duplication in
Drosophila species. It is conceivable that specific modes of
temporal and spatial regulation of protein synthesis driven
by different eIF4E isoforms conferred an adaptive advantage
to these environmental changes.

At the molecular level, genomic studies revealed that
repeated tandem gene duplication has generated ∼80% of
the nascent genes during the D. melanogaster subgroup
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Figure 10: Phylogram computed from sequence alignments of eIF4E-1 from diverse insect species.

evolution, and that retroposition has generated ∼10% of
the new genes in these species [54, 55]. Five to eleven new
functional genes per million years were originated during
evolution of this lineage [54, 55]. These findings may explain
that D. melanogaster eIF4E-1/2, eIF4E-3, eIF4E-4, and eIF4E-
5 genes lie within a narrow region of the chromosome
3L and share exon/intron genomic structure [23, 24, 26].
Thus, it is conceivable that these genes originated by tandem
duplication of an original eIF4E-1 gene. On the other
hand, eIF4E-6 and eIF4E-7 genes, which lie in different
chromosomes and contain no introns in the core region of
the genes [26], could have originated by retroposition events
from eIF4E-3 and eIF4E-1, respectively. Noteworthy, D.
mojavensis only encodes eIF4E-4, -5, and -7, but not eIF4E-
1. Since eIF4E-7 appears to be an extended eIF4E-1, we
speculate that eIF4E-7 functions for eIF4E-1 in this species,

which at a certain point of evolution lost the original eIF4E-
1 gene. When available in the near future, the chromosomic
location of D. mojavensis eIF4E-7 gene could corroborate this
hypothesis.

3.3. 4E-HP in the Genus Drosophila. We also analyzed Class
II eIF4E, namely, 4E-HP, in species of the genus Drosophila.
In a striking contrast to all eIF4Es, a single copy of the 4E-HP
gene was identified in each Drosophila species. Interestingly,
4E-HP displays an unusually strong conservation in the
N-terminal moiety of the protein and residues important
for eIF4G/4E-BP binding diverge considerably from eIF4E-
1 in all Drosophila species (Figure 11). This is the case
of Asn46, Gln82, Glu139, Asn140, and Met143 (positions
refer to D. melanogaster 4E-HP), which are His, Glu, Leu,
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Figure 12: Orthologs of D. melanogaster 4E-HP in diverse insect species. ClustalW alignment of amino acid sequences of 4E-HP orthologs
from diverse insect species.

Asp, and Leu residues in most D. melanogaster eIF4Es,
respectively. Accordingly, D. melanogaster 4E-HP does not
bind eIF4G [26] but it interacts with Bicoid (bcd) and Brain
Tumor (Brat) instead [27, 33]. Many residues critical for cap
binding underwent both conservative and nonconservative
mutations in 4E-HP from all Drosophila species analyzed.
Thus, Tyr68, Glu102, Gln124, Lys164, Pro166, and Ser169 are
Trp, Asp, Arg, Arg, Lys, and Lys in all D. melanogaster eIF4Es,

respectively. The counterpart of phosphorylatable Ser251 in
D. melanogaster eIF4E-1 is conserved in most species of the
genus Drosophila. Finally, D. ananassae and D. mojavensis
4E-HP is considerably shorter than 4E-HP in other species
(Figure 11).

3.4. 4E-HP in Other Insects. Further BLAST searches iden-
tified again single-copy 4E-HP genes in other insect species.
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Sequence comparison showed a strong conservation in the
core region of the protein, albeit N- and C-terminus are less
conserved (Figure 12). In contrast to 4E-HP from Drosophila
species, all residues important for eIF4G/4E-BP binding in
eIF4Es are conserved in 4E-HP from all analyzed insects
outside the genus Drosophila. This might suggest that 4E-
HP in non-Drosophila insects do bind eIF4G/4E-BP. Similar
to 4E-HP from all Drosophila species, most residues critical
for cap-binding also show conservative changes in 4E-HP
from Insecta species. The counterpart of phosphorylatable
Ser251 of eIF4E-1 is only conserved in 4E-HP from D.
melanogaster, T. castaneum, and A. pisum (Figure 12). A
phylogram showing the relationships among 4E-HPs from
all insects analyzed is shown in Figure 13.

Phylograms construction including all Drosophila 4E-
HP and eIF4E sequences showed that all 4E-HPs cluster
separately from all eIF4Es (not shown). Moreover, 4E-HP
is widespread across metazoa, plants, and some fungi [45],
and the D. melanogaster and human 4E-HP are able to
bind the 5′ cap structure of the mRNA but not eIF4G
[26, 56], thereby acting as a translational repressor of mRNAs

associated to 4E-HP [27, 33, 34]. This, together with the
findings that the A. thaliana [57] (termed nCBP) and the
C. elegans [58] (termed IFE-4) orthologs can compete with
reticulocyte eIF4E to reduce m7GTP binding and can be
found associated with small ribosomal subunits, respectively,
which is consistent with a regulatory function, led to the
suggestion that 4E-HP diverged from a widespread ancestral
Class I eIF4E into a translational repressor in mammals and
in Drosophila [59]. This is supported by the observation that
all residues important for eIF4G/4E-BP binding in eIF4Es
are highly conserved in 4E-HP from non-Drosophila insects,
but not in Drosophila species (Figure 12). Thus, 4E-HP from
insects outside the genus Drosophila should bind eIF4G
and promote translation. It is important to experimentally
analyze this controversial hypothesis.

3.5. Class III eIF4Es. Among insects, only two partial Class
III eIF4Es were identified, one in A. mellifera and one in H.
coagulata. Both are missing the start methionine and were
therefore not further analyzed.
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4. Concluding Remarks

Constant updating of genomic data and annotations as
well as improved search algorithms provided a more com-
prehensive overview of insect eIF4E cognates than previ-
ously possible. Here we presented an updated analysis of
eIF4Es and 4E-HP across Insecta. This analysis revealed an
interesting observation, that is, that eIF4E is a single-copy
gene in all insects analyzed, but in the genus Drosophila
this gene underwent a striking multiplication along with
the explosive radiation this lineage went through in the
early Tertiary. eIF4E diversification led to variability of
biochemical properties and physiological specialization, as
documented for some D. melanogaster eIF4Es. It would be
worthy to investigate whether this is also the case for other
species with several eIF4E cognates, as sequence alignments
showed how diverse this protein is in the genus Drosophila. It
also would be interesting to search for novel, so far unknown,
4E-BPs in other Drosophila species. Moreover, it is possible
that different eIF4Es could translate specific target mRNAs.

eIF4E from more insect species must be analyzed to
obtain a better picture of the evolution and diversity of eIF4E
in this group, and to see whether the rise of multiple eIF4E
genes is found in other insect lineages too. If so, correlating
eIF4E evolution with the natural history of those lineages
might lead us to find general, underlying forces driving the
translation apparatus evolution.
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Translation regulation plays important roles in both normal physiological conditions and diseases states. This regulation requires
cis-regulatory elements located mostly in 5′ and 3′ UTRs and trans-regulatory factors (e.g., RNA binding proteins (RBPs)) which
recognize specific RNA features and interact with the translation machinery to modulate its activity. In this paper, we discuss
important aspects of 5′ UTR-mediated regulation by providing an overview of the characteristics and the function of the main
elements present in this region, like uORF (upstream open reading frame), secondary structures, and RBPs binding motifs and
different mechanisms of translation regulation and the impact they have on gene expression and human health when deregulated.

1. Translation Regulation

Gene expression can be modulated at multiple levels from
chromatin modification to mRNA translation. Despite the
importance of transcriptional regulation, it is clear at this
point that mRNA levels cannot be used as a sole parameter
to justify the protein content of a cell. In fact, in a recent
study from our lab, we determined that a direct correlation
between mRNA and protein exists for less than a third
of analyzed genes in a human cell line. Moreover, our
analysis suggested that translation regulation contributes
considerably to the protein variation as several parameters
related to translation like 5′ UTR, 3′ UTR, coding sequence
length, presence of uORFs and amino acid composition,
and so forth showed good correlations with the obtained
mRNA/protein ratios [1]. Translation regulation functions as
an important switch when rapid changes in gene expression
are required in reponse to internal and external stimuli
(PDGF2, VEGF, TGFβ are examples of genes controlled in
such way). Translation regulation also plays a significant
role during development and cell differentiation by altering
the levels of expression of specific mRNA subsets during

a particular time window while the majority of transcripts
remain unchanged (reviewed in [2–4]).

In this paper, we will focus on the importance of 5′ UTR
mediated regulation and the different functional elements
present in this region with the exception of IRES which
is discussed in a different article of this issue. The main
regulatory elements in 5′ UTR are secondary structures
(including IRES), binding sites for RNA binding proteins,
uAUGs and uORFs (Figure 1).

2. 5′ UTR

The average length of 5′ UTRs is ∼100 to ∼220 nucleotides
across species [5]. In vertebrates, 5′ UTRs tend to be longer in
transcripts encoding transcription factors, protooncogenes,
growth factors and their receptors, and proteins that are
poorly translated under normal conditions [6]. High GC
content is also a conserved feature, with values surpassing
60% in the case of warm-blooded vertebrates. In the context
of hairpin structures, GC content can affect protein transla-
tion efficiency independent of hairpin thermal stability and
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Figure 1: Regulatory elements present in 5′ UTR.

hairpin position [7]. UTRs of eukaryotic mRNAs also display
a variety of repeats that include short and long interspersed
elements (SINEs and LINEs, resp.), simple sequence repeats
(SSRs), minisatellites, and macrosatellites [5].

Translation initiation in eukaryotes requires the recruit-
ment of ribosomal subunits at either the 5′ m7G cap
structure. The initiation codon is generally located far
downstream, requiring ribosomal movement to this site.
This movement appears to be nonlinear for some mRNAs
(i.e., ribosomal subunits appear to bypass (shunt) segments
of the 5′ UTR as they move in the direction of the AUG).
Shunting could allow mRNAs containing uAUGs or hairpin
structures to be translated efficiently. Important examples are
provided by the cauliflower mosaic virus [8] and adenovirus
[9] mRNAs. The mechanism of ribosomal shunting is rather
complex requiring mRNA-rRNA base pairing [10].

Genes presenting differences in the 5′ UTR of their
transcripts are relatively common. 10–18% of genes express
alternative 5′ UTR by using multiple promoters [11, 12]
while alternative splicing within UTRs is estimated to affect
13% of genes in the mammalian transcriptome [13]. These
variations in 5′ UTR can function as important switches
to regulate gene expression. Two important examples are
provided by the cancer-related genes BRCA1 (breast cancer
1) and TGF-β (transforming growth factor β). BRCA1 is a
tumor suppressor, frequently mutated in breast cancer with
functions in cell cycle, apoptosis, and DNA damage repair.
BRAC1 produces two different transcripts that derive from
two different promoters and therefore display differences in
their 5′ UTR. A shorter transcript is expressed in cancerous
as well as noncancerous breast tissue and efficiently trans-
lated, while a longer transcript is predominantly expressed
in breast cancers. The presence of several uAUGs and a
more complex structure dramatically affect the translation
of this longer transcript. This causes an overall decrease in
BRAC1 levels in tumor cells, leading to a relief in growth
inhibition [14]. TGF-β is implicated in a large number of
processes that include cell proliferation, migration, wound
repair, development, tumorigenesis and immunosuppres-
sion. There are three known isoforms: β1, β2, and β3. TGF-
β3 produces two alternative transcripts: a 3.5 kb transcript
with a very long 5′ UTR (1.1 kb) and a 2.6 kb transcript with
a shorter 5′ UTR (0.23 kb). The presence of 11 uORFs in the
longer transcript dramatically inhibits its translation while
the shorter transcript is efficiently translated [15, 16].

3. Regulation by Secondary Structure

Secondary structures can function as major regulatory tools
in 5′ UTRs. A correlation with gene function has been

suggested; secondary structures have been determined to be
particularly prevalent among mRNAs encoding transcription
factors, protooncogenes, growth factors, and their receptors
and proteins poorly translated under normal conditions.
>90% of transcripts in these classes have 5′ UTRs containing
stable secondary structures with average free energies less
than −50 kcal/mol. 60% of these stable secondary structures
are positioned very close to the cap structure [6]. These
structures are very effective in inhibiting translation. In fact,
a hairpin situated close to the cap with a free energy of
−30 kcal/mol would be sufficient to block the access of the
preinitiation complex to the mRNA. When located further
away in the 5′ UTR, hairpins require a free energy stronger
than −50 kcal/mol to be able to block translation [17, 18].
Stable secondary structure can resist the unwinding activity
of the helicase elF4A. This effect can be overcome partially
by the overexpression of elF4A in partnership with elF4B
[19]. mRNAs with a highly structured 5′ UTR like proto-
oncogenes and other growth factors use cap-dependent
translation initiation. Not surprisingly, the overexpression
of components of the translation initiation machinery
including elf4E has been linked to tumorigenesis (reviewed
in [18, 20]).

The gene TGF-β1 provides a good example of translation
inhibition mediated by secondary structure [21, 22]. An
evolutionary conserved motif in the 5′ UTR forms a stable
stem loop. However, this structure by itself is not sufficient to
block translation. Translation repression of TGF-β1 depends
on increased binding of the RNA binding protein YB-1 to
the TGF-β1 transcript [23]. It was then proposed that YB-
1 binds the 5′ UTR of TGF-β1 with high affinity thanks to
its GC content and cooperates with the stem loop to inhibit
TGF-β1 translation by facilitating duplex formation [24].

4. Regulation by RNA Binding Proteins

The human genome is predicted to encode circa 1,000 RNA
binding proteins (RBPs) with a large percentage of them
implicated in translation. They could be categorized into
two main groups: RBPs that are part of the basic translation
machinery and required for the translation of all expressed
mRNAs (examples: PABPI, elf4E) and RBPs that function
in a more selective way by controlling either positively or
negatively the levels of translation of specific target mRNAs
(examples: HuR, Musashi1). Regarding this later group, it
has been observed that RBPs can use distinct mechanisms to
increase or inhibit translation. Although several exceptions
are known, it can be said that RBPs often recognize specific
motifs in UTRs and interact with the translation machinery
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to control expression. Interference with translation normally
takes place during the initiation step (reviewed in [25]).

The best characterized example of RBP-mediated regu-
lation involving 5′ UTRs is provided by the iron regulatory
proteins (IRP 1 and 2). These proteins recognize a highly
conserved stem loop structure with circa 30 nucleotides,
known as the iron response element (IRE). The most impor-
tant features include a hexanucleotide loop with the sequence
CAGYCX (Y = U or A; X = U, C, or A) and a 5 bp upper stem
that is separated from a lower stem of variable length by an
unpaired cytosine. This regulation is crucial in maintaining
cellular iron homeostasis as a large number of mRNAs
connected to iron storage and metabolism including ferritin,
mitochondrial aconitase, succinate dehydrogenase-iron pro-
tein, erythroid 5-aminolevulinate synthetase (eALAS), and
an iron-exportin molecule named ferroportin (FPN1) have
their expression modulated by this system. When cellular
iron levels are low, IRP1 and IRP2 bind the IRE and block
translation of the downstream ORF. When intracellular iron
levels are high, the RNA binding activity of both IRPs is
reduced (Figure 2(a)). IREs tend to be positioned close to the
cap, which causes a steric inhibition of the binding of 40S
ribosomal subunits to the transcript. When located distant
to the cap, rather than affecting 40S recruitment, the IRE-
IRP complex blocks ribosomal scanning (reviewed in [26]).
An interesting bypass of the IRE/IRP mechanism can be
observed in iron-starved duodenal and erythroid precursor
cells. An upstream promoter is used to generate FPN1 pre-
mRNAs containing one more exon that is connected by
alternative splicing to a splice acceptor in the 3′ of the IRE.
A mature FPN1 transcript containing the same open reading
frame is generated; however, the 5′ UTR does not contain
the IRE [27]. Therefore, these cells express the alternative
FPN1 isoform in an iron-independent manner [27, 28].
Mutations affecting IREs can lead to diseases. This is the case
of hereditary hyperferritinemia-cataract syndrome (HHCS),
a genetic autosomal dominant disorder in which aggregation
and crystallization of ferritin in the lens leads to bilateral
cataracts [29].

RBP-mediated regulation can be very elaborate and
involve multiple steps. One good example showing the
crosstalk between factors and distinct regulatory processes
is the male-specific-lethal 2 (msl-2) gene in Drosophila, a
main player in dosage compensation. The female-specific
RNA binding protein sex lethal (SXL) participates in multiple
aspects of msl-2 regulation where msl-2 expression must
be prevented (Figure 2(b)). Regulation starts at the splicing
level; SXL binds to two polyU stretches located in an intron
that is part of the 5′ UTR. This process causes intron
retention and preserves critical sequences that later will be
used in translation regulation [30, 31]. In the cytoplasm, the
same SXL protein will function as a translation repressor
of msl-2 in two distinct mechanisms taking place at the 3′

and 5′ UTR [32]. SXL binds U-rich sequences in the 3′

UTR and recruits the corepressor protein UNR (upstream
of N-ras) and PABP blocking the recruitment of the pre-
initiation complex to the 5′ end of the mRNA [33–35]. To
assure that msl-2 gets fully repressed, a second regulatory
step also mediated by SXL takes place at the 5′ UTR. This

repression involves a novel regulatory mechanism where
crosstalk between SXL and a uORF takes place to efficiently
repress translation [36]. The 5′ UTR of msl-2 contains 3
uORFs but only the 3rd one is involved in the repression.
Interestingly, this repression is very weak in the absence
of SXL (∼2-fold), but when present, SXL binds a poly U
stretch a few nucleotides away from the uAUG and increases
this repression to more than 14-fold. SXL acts by boosting
translation initiation at the uAUG and not by acting as a
simple steric arrest of scanning ribosomes. This effect may
take place via an interaction between SXL and translation
initiation factors; possibly members of elF3 component
as indicated by a two-hybrid screening. This mechanism
potentially affects a large number of mRNAs; 268 transcripts
in Drosophila were determined to contain SXL binding
motifs associated with uAUG spaced at an appropriate
distance. For instance, a reporter construct containing the
5′UTR of the gene Irr47 was repressed ∼4-fold by SXL
protein [36].

RBPs can have antagonistic functions when regulating
translation. An interesting example is the regulation of p21
in the context of replicative senescence, a cellular state where
cells enter an irreversible growth arrest. Induction of p21 is
required to initiate the process, and to inhibit cdk2-cyclin E
complexes. The 5′ UTR of p21 contains a GC-rich sequence
that forms a stem loop. This element is recognized by two
RBPs with distinct properties: CUGBP1 and calreticulin
(CRT). Competition between the two proteins determines
final levels of p21 expression and establishes if cells will
proliferate or undergo growth arrest and senescence. Binding
of CUGBP1 to p21 mRNA is dramatically increased in
senescence compared to young fibroblast cells. Protein levels
do not change during the process and this increase in activity
is due to phosphorylation. On the other hand, CRT IPs
showed a four-to-fivefold reduction of activity in senescence
cells due to a decrease in expression. Both proteins were
shown to affect p21 translation. However, while CUGBP1
functions as an activator, CRT acts as a repressor. Since the
two proteins have opposing activity in senescent cells, they
were examined to see if they compete for interaction with
p21 mRNA and to control its translation. Increasing amounts
of one protein were able to reverse the binding of the other
protein to p21 mRNA and its effect on translation; affinity
to the binding site is rather different as CUGBP1 had to be
present in the binding reactions at a four-to-eightfold molar
excess to CRT to antagonize its binding to p21 mRNA and
impact its translation [37].

5. Regulation by uORFs and Upstream AUGs

uORFs and uAUGs are major regulatory elements in 5′

UTRs. As their names suggest, uORFs are sequences defined
by a start and stop codons upstream of the main coding
region while uAUGs are start codons without an in-frame
downstream stop codon located upstream of the main coding
region. A large percentage of the human transcriptome
contains uORF and/or uAUGs, with values ranging between
44 and 49% [38, 39]. Similar numbers are found in the
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Figure 2: Translational regulation by RNA binding proteins. (a) In iron-deficient cells, IRPs bind to the IRE localized in the 5′ UTR of
ferritin mRNA, blocking its translation. Once cellular iron levels increase, a complex containing Fe binds to IRPs. Thus, these proteins are
allosterically modified, which reduces IRP-IRE binding and allows the translation of ferritin mRNAs. (b) msl-2 gene regulation in females
flies. After transcription in the nucleus, SXL specifically binds to intronic U-rich regions of msl-2 pre-mRNA and inhibits the intron removal
(1). In the cytoplasm, SXL binds to the same elements localized now in the 5′ UTR of mature msl-2 mRNA, enhances the translation
initiation of a upstream ORF (2), and prevents the main ORF translation (3). The regulatory elements in the 3′ UTR of msl-2 mRNA were
not represented.

mouse transcriptome. Although these numbers might sound
high, both uORFs and uAUGs are less frequent than expected
by chance, suggesting that they are under selective pressure.
uORFs and uAUG are overrepresented in particular sub-
groups like transcription factors, growth factors, and their
receptors and proto-oncogenes [6]. Both uORFs and uAUGs
are extremely diverse varying in position in relation to the
cap and main AUG, number per transcript and length (in the
case of uORFs) [38]. Supplementary Table 1 (in Supplemen-
tary Material available online at doi:10.1155/2012/475731)
provides a comprehensive list of uORFs and uAUGs present
in the human transcriptome. uORFs and uAUGs have
not been extensively analyzed in terms of conservation.
A pilot study done with a subset of human, mouse, and
rat transcripts indicated that both elements are moderately
conserved as 38% of uORFs and 24% of uAUGs were
determined to be conserved among three species [39]. The
modest conservation of uORFs combined with the fact that
their average length (20 nucleotides) is expected by chance
and uAUGs provide a stronger suppression in comparison to
uORFs suggests that many uAUGs have been neutralized in
the process of evolution by the acquisition of a downstream
stop codon. It has been proposed then that only a few
uORFs, very likely the conserved ones, have been recruited
for expression regulation [39]. In yeast, it has been shown
that uORFs are statistically underrepresented in 5′ UTRs
and were removed by selective pressure, indicating similarly
that the remaining uORFs may be implicated in translation
regulation [40].

Although, overall it has been suggested that uORFs are
negatively correlated with protein production [1, 38, 41]
until now, functional activity has been demonstrated for
only a limited number of uORFs and uAUGs. In Figure 3,
we show examples of the impact uAUGs can have on
translation efficiency. Among the most relevant features that
can contribute to functionality are long 5′ cap-to-uORF
distance, sequence conservation, context in which the AUG
is located, strength of the initiation site for the ORF, length
of the uORF, and number of AUGs in the 5′ UTR [38, 42].
Different outcomes have been observed when a ribosome
encounters a uAUG or uORF [43]. Since the number of
characterized events is still small, it is hard to define general
mechanisms; we describe then a few well-characterized and
relevant events. Leaky scanning is defined when a proportion
of the scanning complexes bypass the uAUG or uORF
and continue scanning for the next AUG. In this case,
the upstream AUG acts as a “decoy” from the ORF AUG,
functioning as a negative regulator of translation at least for
some fraction of ribosomes. The production of cis-acting
peptides by uORFs can reduce the initiation of translation
of the downstream ORF by stalling the ribosome at the
end of the uORF [44]. A classical example is provided by
the evolutionarily conserved eukaryotic arginine attenuator
peptide (AAP), that negatively controls the translation of
proteins involved in the de novo fungal arginine biosynthesis
in high arginine concentration [45]. In this scenario, arginine
changes AAP conformation and/or P site environment
causing ribosomal stalling at the termination codon of AAP
uORF [46, 47]. AAP also reduces translation elongation
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Figure 3: Impact of uAUG sequences on translation regulation. (a) Comparison of luciferase levels obtained for constructs having the 5′

UTR of the gene ACT (control) and genes containing uAUG: WBSCR16, MFSD5, and BCL2L13. (b) Deletion or mutation of uAUG sequence
present in genes WBSCR16, MFSD5 and BCL2L13 reverts translation repression as seen as an increase in luciferase activity.

by ribosome stalling when the uORF is inserted within an
encoding sequence [48]. Another classical example of uORF-
mediated regulation comes from yeast. Four uORFs are
present in the 5′ UTR of the transcription factor GCN4.
The first of the four uORFs is always efficiently translated
regardless of the nutritional conditions. In unperturbed cells,
rapid reloading of ribosomes and initiation cofactors allow
translation of uORFs 2–4 while inhibiting the translation of
the main ORF. In situations of amino acid starvation, initi-
ation factors are scarce, resulting in a decelerated reloading
of ribosomes and scanning across the sequences containing
the uORFs. A functional initiation complex is reassembled
only at the main coding sequence and GCN4 expressed.
This mechanism allows a fast response to nutritional stress
[49, 50]. Another similar example of regulated expression
via uORF is the Carnitine Palmitoyltransferase 1C (CPT1C)
gene. CPT1C regulates metabolism in the brain in situations
of energy surplus. The presence of uORF in the 5′ UTR
represses the expression of the ORF. However, this repression
is relieved in response to specific stress stimuli like glucose
depravation and palmitate-BSA treatment [51]. It has been
suggested that uORFs can also induce mRNA degradation.
A series of 5′ UTR constructs containing as a reporter the
cat gene from the bacterial transposon Tn9 was tested in
yeast. A single nucleotide substitution was used to create
a 7-codon ORF upstream of the cat gene. The uORF was
translated efficiently and caused translation inhibition of

the cat ORF and destabilization of the cat mRNA [52].
A connection between uORFs and mRNA decay was also
suggested based on a comparison between average levels of
expression of uORF-containing and non-uORF-containing
transcripts [41].

Several mutations that eliminate or create uORFs that
end up altering protein levels have been connected to
human diseases. Their relevance was discussed recently
[53]. Predisposition to melanoma can be caused by a
mutation that introduces a uORF into the 5′ UTR of the
gene cyclin-dependent-kinase inhibitor protein (CDKN2A)
[54]. Hereditary thrombocythemia is caused by a mutation
that creates a splicing variant that eliminates a uORF,
leading to an increase in protein production of the gene
thrombopoietin [55]. Marie Unna hereditary hypotrichosis
derives from a mutation that disrupts a uORF present in
the 5′ UTR of the gene hairless homolog and consequently
increasing its expression [56]. A transition from G to A in
one of the uORFs present in the 5′ UTR of TGF-β3 transcript
was determined to be associated with arrhythmogenic right
ventricular cardiomyopathy/dysplasia (ARVC) [57]. Another
group of five uORFs associated with diseases have been
tested recently [58] using reporter assays; they include
gonadal dysgenesis (SRY) [59], Van der Woude syndrome
(IRF6) [60], Carney Complex Type 1 (PRKAR1A) [61],
Hereditary pancreatitis (SPINK1) [62], and Thalassaemia-
β (HBB) [63]. This list will certainly expand as more than
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500 single-nucleotide polymorphisms (SNPs) creating or
deleting uORFs have been reported.

6. Searching for Novel Regulatory
Elements in the 5′ UTR

Only a small fraction of the posttranscriptional regulatory
elements located in human 5′ UTRs have been characterized.
Those identified UTR elements are catalogued in a web-
resource maintained by Graziano Pesole’s group called
UTRdb (http://utrdb.ba.itb.cnr.it/) [49]. In vivo methods
for the identification of posttranscriptional regulatory ele-
ments in UTRs, especially those associated with RBPs, have
advanced dramatically in the last five years thanks to deep
sequencing technology. CLIP and RIP-Seq are methods based
on the isolation of RNA protein molecules (RNPs) via
immunoprecipitation, followed by RNase digestion and pre-
cise identification of RBP binding sites with deep sequencing
[64]. Although the number of RBPs analyzed so far by
these methods is really small (reviewed in [65]), as deep
sequencing technology becomes more accessible and the
methods simplified, one could expect that very soon a large
portion of the human RBP binding sites in UTRs will be
mapped.

Another choice to map UTR elements regulating trans-
lation is to use purely computational methods based on
analyzing the UTR sequences. These methods are based on
identifying degenerate ribonucleotide patterns that have the
expected properties of RBP binding sites. Similar methods
have been applied for nearly 30 years to identify transcrip-
tional regulatory in promoter sequences. These methods are
reaching maturity, are very widely used, and have assisted
greatly in compiling databases about transcriptional regula-
tion (e.g., TRANSFAC) [66, 67]. Although much of the work
directed towards designing and refining regulatory sequence
analysis algorithms in context of transcriptional regulation
can be adapted to corresponding analysis problems in the
context of post-transcriptional regulatory elements, there
are additional complications associated with RBP binding
sites. The most obvious among these is that RBPs will have
secondary structural preferences, and few existing analysis
tools can incorporate information about RNA folding.
Similarly, because of RNA folding regulatory elements can
more easily function synergistically or display concerted
binding to sequence elements that are distal in the primary
sequence but very close in the folded molecule. Another
difficulty is the lack of example translational regulatory
elements for training the analysis. Based on a handful of
well-studied examples, there is often a perception that RBP
binding sites are on average shorter than transcription factors
(TFs) binding sites, but this perception may be due to
bias in the set of RBPs receiving the most research focus
[65]. One of the most powerful methods for identifying
regulatory elements is phylogenetic foot-printing, which
takes advantage of locally elevated evolutionary conservation
to reveal functional elements [5, 50, 51]. This logic works
equally well for post-transcriptional regulatory elements.
Unfortunately TF binding sites are also a major confound

to direct application of computational sequence analysis
for identifying 5′ UTR elements involved in translation.
Elements involved in transcriptional regulation reside both
up- and downstream of transcription start sites, and when
5′ UTRs are sufficiently short post-transcriptional regulatory
elements are likely interleaved with TF binding sites.

Ultimately the best methods for identifying post-
transcriptional regulatory elements will emerge from com-
plementary application of experimental and computational
techniques.
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The life of an mRNA from transcription to degradation offers multiple control check points that regulate gene expression.
Transcription, splicing, and translation have been widely studied for many years; however, in recent years, new layers of
posttranscriptional and posttranslational control have been uncovered. They involve the regulation of the metabolism of mRNA
in cytoplasmic foci. They are collections of ribonucleoprotein complexes that, in most cases, remain still uncharacterized, except
the processing bodies (PBs) and stress granules (SGs), which have been studied (and reviewed) in detail. A challenging prospective
is to know how many different classes of foci exist, which functions they support, how are they formed, and how do they relate one
to each other. Here, we present an update of the component of the different granules, a possible function, and hypothesis on their
in vivo dynamics related to translational control.

1. Introduction

In recent years, several cytoplasmic foci/granules that contain
proteins and RNA have been described. Two of them have
been studied in more detail as they are related to mRNA
silencing: stress granules (SG) and processing bodies (PB).
SG are repressed mRNPs transiently induced in response
to cellular stress. They range from 0,5 to 5 μm [1]. PB
are discrete RNP cytoplasmic foci of 0,1-2 μm where the
machinery of RNA interference, degradation and storage
locates. In PB the mRNAs are forming mRNP complexes
either repressing translation, in degradation complexes or
stored for further use [2, 3]. SG and PB have been shown to
share a growing number of proteins that are added in a day-
to-day basis to the list of their components. SG, PB and other
cytoplasmic foci are highly dynamic structures, although PB
are quite stable over the time [4]; see also Supplementary
Movie 1 available online at doi:10.1155/2012/504292. They
are in a dynamic steady state with other mRNPs, such as
polysomes in response to the translational state of the cell
[5]. Although we do not intend to extensively review SG and
PB, which have been matter of fine reviews in the last years

[6–10], we will overview their functions before we address
neglected issues and hypothesis.

2. Stress Granules

Translation initiation is the key regulatory step of trans-
lational control. Therefore, it is the most sensitive step to
changes in the cellular environment, including stress. A key
step in translation initiation inhibition is the phosphoryla-
tion of eIF2α, which results in an increase on the affinity of
eIF2-GDP for eIF2B, sequestering this factor to prevent new
round of translational initiation [11]. During this process,
translation is inhibited and polysomes become released from
the mRNA leading to the accumulation of inactive mRNPs
in SG. The SG are in equilibrium with active polysomes.
Protein elongation inhibitors, such as cycloheximide, prevent
the assembly of SG by blocking the polysomes in an
inactive state, while protein initiation inhibitors promote the
formation of SG [8]. Table 1 shows the components of SG
described up to now. They can be classified in three main
groups as follows.
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Table 1: Components of stress granules.

Protein Function Interacting proteins

Ago2 Cleaves interfered RNA RISC, FXR1

APOBEC3G Antiviral response ?

Ataxin-2 Translation PABP-1

Caprin-1 Cell growth G3BP

CPEB mRNA repression RCK, eIF4E, FXR1

DIS1 Unknown eIF3h

eIF3 Translation 40S, eIF4G

eIF4E Translation CPEB, Smaug, eIF4G, 4ET

eIF4G Translation eIF4E, eIF3, PABP-1

FAST Translation TIA-1

FMRP, FXR1 Translation Ago2, RISC

FBP, KSRP mRNA degradation TIA-1

FUS/TLS Transcriptional control Transcriptional machinery

G3BP Ras signalling Caprin

HuR mRNA stabilization ?

IP5K Signalling ?

Lin28 Developmental control ?

LINE 1 ORF1p Transposon ?

MLN51 Splicing Exon junction

PABP-1 Translation eIF4G, eIF3, ataxina-2

RCK(p54) mRNA degradation GE-1, TTP

Plakophilin Adhesion G3BP, FXR1

PMR1 mRNA degradation TIA-1

Pumilio 2 mRNA silencing ?

Rap 55 mRNA silencing ?

Rpb4 Transcription ?

SRC3 Transcription TIA-1

Staufen mRNA silencing ?

SMN RNP assembly Complejo SMN

TDP-43 Transcription and splicing regulator eIF4G, eIF3, eIF2, ribosomal proteins, STAU-1, Xnr

TIA-1(rox-8), TIAR mRNA silencing FAST, SRC3, PMR1, FBP

TRAF2 Signalling eIF4G

TTP, BRF-1 mRNA silencing RCK (p54)

YB-1 Cold shock ?

ZBP1 Localization ?

(1) Core components: stalled initiation complexes (pol-
yadenylated mRNAs and translation factors eIF4E, eIF4A,
eIF4G, eIF3, eIF2, PABP, and proteins of the small ribosome
subunit).

(2) RNA-binding proteins associated to silencing and
transcript stability: TIA-1, TIAR [12], FAST, Argonaute [13],
CPEB, smaug, DExD/H-box RCK/p54 (o Dhh1), XRN1 [5].

(3) RNA-binding proteins associated to mRNA metabo-
lism either translation of degradation such as G3BP [14] and
Staufen [15].

The key concept regarding SG is that they are responsible
of protecting the mRNA during cell stress, altering the com-
position of the mRNPs in a reversible manner. As soon as the
cell recovers, the mRNPs regain their translational capacity.

3. Processing Bodies

These structures have been described many times since 1997,
when Bashkirov et al. observed that the exonuclease Xrn1
is located in small granular structures in the cytoplasm of
mammalian cells and call them “Xrn1 foci” [17]. Later on,
the decapping enzyme Dcp2 was also described to occur in
cytoplasmic foci [18]. Contemporary, Eystathioy et al. have
described that a protein associated to neuropathy named
GW182 occurs in cytoplasmic speckles called GW bodies
[19, 20]. Other RNA-related protein, the eIF4E-transporter,
was also localized in discrete cytoplasmic foci [16, 21, 22].
Short after, a seminal work of Sheth and Parker established
the functional bases of the now called PB that resulted in
the same structures described many times before [23]. They
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Table 2: Components of processing bodies.

Protein Function Organisms

XRN1, Sc Kem1 5′ → 3′ exonuclease Human, mice, Sc

GW182, Ce AIN-1 miARN function Human, Dm, Ce

DCP2, Ce DCAP2 Decapping Human, Dm, Ce, Sc

DCP1, Ce DCAP1 Decapping Human, Dm, Ce, Sc

Hedls, Ge-1 Decapping coactivator Human, Dm

Dm CG5208, Pat1 Decapping coactivator Dm, Sc

EDC3 (Lsm16) Decapping coactivator Human, Dm, Sc

Lsm1-7 Decapping coactivator Human, Sc

RAP55 Putative decapping coactivator Human

RCK/p54, Dm Me31B, Ce CGH-1, Sc Dhh1 Decapping coactivator, translational control Human, Dm, Ce, Sc

eIF4E Translation initiation Human, rat, mouse, Dm, Sc

eIF4E-T Translational repression Human

SMG7 Nonsense mediated decay Human

SNG5 Nonsense mediated decay Human

UPF1, Sc Nam7 Nonsense mediated decay Human, Sc

UPF2 Nonsense mediated decay Human

UPF3 Nonsense mediated decay Human

Argonaute siRNA/miRNA pathways Human, Dm, Ce

CCR4-CAF1-NOT complex Deadenylation Human, Dm, Sc

CPEB Translational control Human

FAST S/T phosphoprotein activator of Fas Human

TTP ARE-mediated mRNA degradation Human

Staufen mRNA localization Human, mice, Dm

Rbp1 Mitochondrial RNA degradation Sc

Rbp4 RNA pol II subunit Sc

Sbp1 Suppressor of deccaping Sc

Germin 5 Part of small nuclear RNPs Human

Dcs2 Stress-induced regulator Sc

APOBEC3G, APOBEC3F Antiviral activity Human

demonstrated that PB contains enzymes involved in the
degradation of the mRNA. Later one further studies showed
that they are also related to miRNA metabolism and can
store mRNAs to bring them back to polysomes (reviewed in
[3, 24]. They include, different than SG, neither ribosomal
proteins nor translation factors, except eIF4E. They do not
present either the exosome components [25]. eIF4G and
PABP were found in yeast PB, although at low level and
in stress conditions resulting on glucose deprivation [26].
Proteins and mRNA can reversely go in and out of PB [25].
The relationship of PB and polysomes is demonstrated by the
blocking of PB formation by cycloheximide. A summary of
the components in different organisms is shown in Table 2.
The occurrence of such large and diverse set of proteins (and
the list continuously grows up) suggests that PBs are involved
in a plethora of posttranslational processes regulating gene
expression, such as mRNA degradation and silencing. mRNA
degradation starts with the shortening of the poly-A tail—
the deadenylation. In eukaryotes, there are several complexes
involved in the process: PARN2-PARN3 initiates the pro-
cess, which continues with the action of the CAF1-CCR4-
NOT complex. Later on, mRNA degradation continues by

nucleolytic cleavage on both ends. 3′ → 5′ degradation is
catalyzed by the exosome and the SKI complex, while 5′ →
3′ degradation requires previous decapping by DCP2 and the
coactivator DCP1 and the action of the exonuclease XRN1.
All these enzyme localize in PB. There are several evidences
indicating that mRNA degradation occurs in PB.

(i) The assembly of PB depends on mRNA, as RNase
treatment of the cells induces the disappearing of PB [27, 28].

(ii) Inhibition or removal of the deadenylase Ccr4
reduces the number and size of PB, while the removal of the
downstream-acting enzymes Xrn1 and Dcp1 does not affect
the stability of PB [21].

(iii) mRNA degradation intermediates are present in PB
[23].

Therefore, one can conclude that mRNA degradation
occurs in PB and depends on the existence of degradation
enzymes and mRNA degradation intermediates [21, 23, 25,
29]. Many of the PB components are not restricted to the
foci and also are present in the soluble cytoplasm and nuclei,
suggesting that the different processes might start before
the mRNAs entry into PB. PBs are also related to mRNA
quality control mechanisms, such as nonsense-mediated
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Figure 1: Colocalization of eIF4E with components of PBs and SGs shows a diversity of cytoplasmic foci quality. The experiment shows that,
in every case, the granules contain both components or either one or the other in different quantities. This would represent intermediates or
different forms of eIF4E-containing foci. Drosophila melanogaster S2 cells were transfected with proteins fusion CFP-Lsm-1 or CFP-Me31B.
GW182, eIF4E, and Rox8 (the TIA-1 ortholog in Drosophila) were revealed using antibodies against GW182, anti-V5, and anti-TIA-1,
respectively. In the bottom panel (row 4), the cells were prestressed with arsenite for 30 minutes.

decay (NMD). The detection of premature termination in
the cells by spotting an mRNA with an abnormal stop
codon is mediated by a surveillance complex composed by
UPF1, UPF2 y UPF3, additional proteins, namely, SMG1,
and SMG5-7 [30–32]. As soon as the surveillance complex
is assembled, the degradation enzymes (Dcp1, Xrn1) are
recruited to the mRNA in PB. Although the degrading
enzymes are located in PB, the mechanism of recruitment is

unknown. In silencing, there are two types of small mRNAs
that regulate posttranscriptional gene expression: siRNAs
and miRNAs. Despite the different mechanism of silencing,
in both cases participate the protein Argonaute (Ago) and
the RISC (RNA-induced silencing complex). In the case of
siRNAs, Ago produces an endonucleolytic cleavage of the
mRNA to promote degradation by the 3′ → 5′ and 5′ →
3′ decay machinery in PB. In the case of the miRNAs, they
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recruit Ago to direct the repressed mRNA to degradation
mediated by the PB proteins GW182, CCR4-CAF1-NOT1,
DCP2, DCP1, and XRN1.

4. The Cycle of an mRNA in the Cell: SG, PB,
Polysomes, and the Unknown Intermediates

From the previous analysis, one can establish many unsolved
aspects on cytoplasmic foci function. One of them is the
dynamic of the mRNP remodeling. The current model
suggests an active movement of mRNPs from and to
polysomes and from and to SG and PB [33]. However, how
does it happen and the factors involved are not known.
Translationally active mRNAs can interact, in response to
errors in translational initiation or to specific recruitment
of regulatory proteins, with translational repressors such as
Dhh1, Pat 1, Lsm1-7, eIF4E-T. Those factors would promote
the replacement of the translational machinery from the
mRNA, promote the cap removal and determine degradation
[33] or the accumulation of silenced mRNA in PB. Within
PB, mRNPs could undergo further remodeling and define
a path to follow, including their return to polysomes. In
addition, PBs have been shown to interact and exchange
components or their own nature with SG (reviewed in [6, 7])
in a process that may result in mRNPs intermediates of
unknown nature. Evidence for the diversity of cytoplasmic
foci and their components results from immunocytochem-
istry and colocalization studies. A common factor present in
most cytoplasmic mRNPs is the cap-binding protein eIF4E.
eIF4E occurs in active polysomes as a translation initiation
factor, in SG as part of the stalled initiation complex,

and in PB as the only translation factor present there in
multicellular eukaryotes. We observed in Drosophila S2 cells
that eIF4E colocalizes with different pairs of markers, either
for PB (GW182, Lsm1, Me31B—an ortholog of the helicase
rck/p54) or SG (TIA-1) and that the colocalization does
not occur in all foci in the same way (PVF, CL, and RRP,
unpublished data and Figure 1). In some cases, the foci
contain one, the other, or both components. In the foci that
show colocalization of both factors, the relative amount of
each component may vary from foci to foci, as judged by
confocal microscopy quantification of the colocalized factors
(PVF, CL, RRP, unpublished observation). This implies that
there are a diversity of granules. An appealing hypothesis
is that eIF4E is a common link among different mRNPs,
playing different roles depending on their interactors. One
plausible function could be that the accumulation of mRNPs
in eIF4E-containing foci is a way to regulate the rate of
translation in different physiological states (cell cycle phases,
developmental stages, circadian rhythms). Moreover, it has
been reported that, in mammalian cells, eIF4E interacts in
PB with at least two factors, rck/p54 and eIF4E-T [21].
These are simultaneous interactions within the PB and imply
that both proteins could contact different domains of the
same eIF4E molecule or that they would represent different
populations of mRNPs or different functions within the same
PB. In either cases, the complexity of the interactions in
vivo is more diverse than it has been expected. A model for
the remodeling of active mRNPs to silence and degradation
based on Andrei et al. [21] is depicted in Figure 2. This might
require several intermediate states that can be the maturation
steps of a mRNA in the way of a PB or within a PB. This
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would correlate with the large diversity of components and
interactions within a cytoplasmic foci and the diversity of
the foci within a cell. The understanding of the dynamics
of mRNP is far from clear and unpredictable paths remain
to be discovered. They will need further research and more
sophisticated methods for in vivo studies.
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Restriction of proteins to discrete subcellular regions is a common mechanism to establish cellular asymmetries and depends
on a coordinated program of mRNA localization and translation control. Many processes from the budding of a yeast to the
establishment of metazoan embryonic axes and the migration of human neurons, depend on this type of cell polarization. How
factors controlling transport and translation assemble to regulate at the same time the movement and translation of transported
mRNAs, and whether these mechanisms are conserved across kingdoms is not yet entirely understood. In this review we will
focus on some of the best characterized examples of mRNA transport machineries, the “yeast locasome” as an example of RNA
transport and translation control in unicellular eukaryotes, and on the Drosophila Bic-D/Egl/Dyn RNA localization machinery
as an example of RNA transport in higher eukaryotes. This focus is motivated by the relatively advanced knowledge about the
proteins that connect the localizing mRNAs to the transport motors and the many well studied proteins involved in translational
control of specific transcripts that are moved by these machineries. We will also discuss whether the core of these RNA transport
machineries and factors regulating mRNA localization and translation are conserved across eukaryotes.

1. Introduction

RNA transport coupled with translation control is a crucial
mechanism to target protein expression to specific regions of
a cell or an organism. During transport, mRNAs associate
with proteins that control every step in the mRNA life cycle.
Together, mRNAs and proteins form large ribonucleoprotein
(RNP) complexes in which different factors control assembly,
stability, translation, and transport of localized mRNAs.
Microtubules, microfilaments, and their motors then trans-
port these complexes to their final destination. To achieve
local protein synthesis at the final target site, translation of
transported mRNAs must be repressed during their journey
and then activated only once the mRNAs reach their final
destination.

Although several proteins involved in translation control
of localized transcripts have been described, how translation
repression during transport occurs and how local protein
synthesis is activated at the final destination of a given mRNA
are only partially known for a few mRNAs. In this paper

we will focus on some of the best-characterized examples of
translational regulation of localized transcripts and we will
analyze whether the complexes regulating localization and
translation are conserved in other eukaryotes. We will also
attempt to shed light on the conservation of the coupling
between mRNA localization and translational control across
eukaryotes.

2. RNA Localization Supports Local Protein
Synthesis from Bacteria to Metazoans

Mechanisms to target mRNAs to discrete subcellular loca-
tions, where their protein products are expressed locally,
were traditionally thought to be a hallmark of eukaryotes,
which synthesize and translate mRNAs in different cellular
compartments, namely, the nucleus and the cytoplasm [1–
4]. However, recent findings indicate that even in bacteria
some mRNAs move from the nucleoid to particular regions
of the cell before they get translated [5]. Most interestingly,
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a Drosophila transcript encoding a membrane protein was
recently reported to localize to the membrane in E. coli, too
[5]. This would imply that recognition of localizing signals
within the transcripts have been conserved during evolution
and with this probably large parts of the RNA transport
machinery.

In unicellular eukaryotes such as yeast, many transcripts
are actively transported to the cell bud. This is the case
for ASH1 (asymmetric synthesis of HO) mRNA, which is
localized to the bud of daughter cells and is essential for
the mating-type switch (see what follows). RNA transport
phenomenons have also been described in plants. In addition
to cellular localization, transport of viral genomes, cellular
mRNAs, and small RNAs (miRNAs and siRNAs) between
cells through plasmodesmata and through the phloem is
a common process in higher plants [6, 7]. Although the
mechanisms regulating these processes are not well studied,
it seems that cell to cell RNA movement is mediated by
plant factors and that plasmodesmal transport is a highly
regulated process. As an example, the homeodomain protein
KNOTTED1 facilitates the transport of its own mRNA from
cell-to-cell and this RNA is translated after its translocation
[8, 9].

Some of the first examples of regulation of gene
expression involving translational control of localized RNAs
were described while studying embryonic development in
metazoans. During this stage, maternal mRNAs accumulate
in specific regions of Xenopus and Drosophila embryos, and
translational control of these localized mRNAs is essential
for embryogenesis. Examples of such process in Drosophila
are the localization of the mRNA encoding the maternal
determinant Bicoid (Bcd) to the anterior cortex of the oocyte,
and of oskar (osk) and nanos (nos) mRNAs to the posterior
cortex [10]. Their proper localization and translational
control are essential for specifying the anteroposterior axis
of the embryo. Similarly, localization of gurken (grk) mRNA
to the dorsoanterior corner of the oocyte, next to the oocyte
nucleus, is essential for the specification of the dorsoventral
axis of the egg chamber and of the embryo [10]. In Xenopus,
the mRNAs encoding the T-box transcription factor VegT
and a member of the transforming growth factor-beta (TGF-
β) family, Vg1, localize to the vegetal cortex of Xenopus
oocytes and play roles in endodermal and mesodermal
specification during early embryogenesis [11]. Importantly,
a growing number of other mRNAs have also been reported
to be localized in oocytes, eggs, and cleaving embryos of
diverse organisms including the wasp Nasonia vitripennis,
the cnidarian Clytia hemisphaerica, zebrafish, and several
ascidian species, highlighting the importance of the RNA
localization process across eukaryotes [12]. Other examples
involve the accumulation and local synthesis of RNAs in
the protruding edges of polarized cells, like fibroblasts and
neurons [13, 14]. β-actin mRNA targeting to lamellipodia of
chicken fibroblasts combined with its local translation at this
site produces an enrichment of actin at the leading edge of
these cells, a process that is required for cell motility [14]. β-
actin mRNA is also localized in dendrites, where it is needed
for ligand-dependent filopodial growth of rat hippocampal
neurons [15, 16]. Some mRNAs are also localized and locally

translated in axonal growth cones [13]. For example, local
translation of β-actin mRNA facilitates Ca2+- and netrin-1-
dependent growth cone guidance in Xenopus [17, 18].

Surprisingly, a systematic study of 3370 transcripts
expressed during embryonic development in Drosophila
showed that 71% of the analyzed mRNAs exhibited clear
subcellular distribution patterns, suggesting that virtually
all aspects of cellular function are impacted by RNA local-
ization pathways [19]. Interestingly, many of these mRNAs
showed novel patterns of localization, which suggest the
existence of so-far unknown subcellular structures where
these mRNAs and their protein products might play specific
local functions. The cited study was only taking into
account ∼25% of the Drosophila genome, leaving consider-
able room to discover additional localizing transcripts and
novel spatially restricted subcellular locations, which could
unveil the existence of unknown subcellular compartments.
Importantly, there was also a high correlation between the
RNA localization sites and the localization of the proteins
they encode, confirming that translation control is tightly
regulated during RNA transport [19].

3. Localization and Translation of RNAs in
Non-Polarized Cells

Recently, mRNA transport and localized translation have
been found to occur in very specific regions within non-
polarized cells as well. In yeast, 423 mRNAs were found to
localized to mitochondrion-bound polysomes [20]. In this
case, about half of them encode putative nuclear-encoded
mitochondrial proteins, suggesting that this serves to locally
translate them in the vicinity of mitochondria [20]. Inter-
estingly, the 3′-UTR of some of these mRNAs is sufficient
to target the mRNAs to the vicinity of the mitochondria
in a translation-independent manner [20, 21]. In another
study, some mRNAs were found localized to the endoplasmic
reticulum (ER), and further studies demonstrated that this
localization can happen in a translation- and Signal Recog-
nition Particle- (SRP-) independent manner [22]. In yeast,
many mRNAs encoding peroxin or matrix proteins also
colocalize with peroxisomes. For example, PEX14 mRNA
seems to localize to the peroxisomes and its 3′-UTR plays
a role in this localization [23]. In conclusion, although
localization of mRNAs around the mitochondria, ER, and
peroxisomes was first thought to take place cotranslationally
by the presence of specific import signals in the nascent
proteins, it is becoming now clear that mRNAs have intrinsic
targeting information for localization to the vicinity of these
compartments.

Centrosomes and spindles also contain RNAs that either
have structural functions or are carried along for asymmetric
distribution during cell division. Ribosomes are also asso-
ciated with spindles in frog egg extracts. Recently, Sharp
and colleagues used high throughput sequencing to identify
∼450 mRNAs significantly enriched on microtubules (MT-
RNAs) [24]. They found an overrepresentation of transcripts
involved in regulation of mitosis or playing roles in cell
division, spindle formation, and chromosome function.
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Figure 1: Transport and translation repression of ASH1 mRNA in S. cerevisiae. ASH1 mRNA is synthesized in the nucleus of the mother
cell. The She2p protein is loaded onto ASH1 mRNA in the nucleus. Once in the cytoplasm, the ASH1-She2p complex binds to She3p which
associates with Myo4p to form the transport machinery called the “locasome”. The translation repressors Puf6p and Khd1p and Pabp1
(which is needed for localization) are thought to be also loaded onto ASH1 mRNA before nuclear export. The locasome then transports
silenced ASH1 RNPs to the bud through the actin filaments. Puf6p and Khd1p block AHS1 mRNA translation during transport by different
mechanisms. One of them is through the interaction of Puf6p with eIF5B and further inhibition of the recruitment of the 60S ribosomal
to the mRNA. Khd1p binds eIF4G. This interaction might prevent the recruitment of the 43S pre-initiation complex (consisting of the 40S
subunit, the stabilizing factors eIF3, eIF1 and eIF1A and a ternary complex composed of eIF2 bound to an initiator Met-tRNA and GTP) to
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of the repressors from ASH1 mRNA allowing thus translation activation. Ash1p then inhibits mating-type switching only in the daughter
cell.

This supports the notion that association of mRNAs with
microtubules is a mechanism used to compartmentalize
functionally related mRNAs also within the nucleocytoplas-
mic space of mitotic cells, where MT-RNAs are likely to
contribute to spindle-localized mitotic translation.

4. Localization Coupled to Translational
Control in Unicellular Organisms:
The “Locasome” and the Ash1 Paradigm

One of the best-characterized examples of RNA transport
coupled to translation control is the localization of Sac-
charomyces cerevisiae ASH1 mRNA [25]. This mRNA is
transported to the distal tip of the bud, resulting in the
asymmetric sorting of the transcriptional repressor Ash1p
into the daughter cell nucleus. In the daughter cell Ash1p
represses transcription of the HO endonuclease, inhibiting

mating-type switching in the daughter cell [26, 27]. Trans-
acting factors Myo4p, She3p, and She2p drive ASH1 mRNA
localization and form a complex known as the “locasome,”
which is also essential for the localization of many other
bud-localized mRNAs [28–30]. She2p is an RNA-binding
protein that directly interacts with the ASH1 mRNA cis-
acting elements, and Myo4p is a type V myosin motor that
functions to directly transport ASH1 mRNA to the bud
along the actin cytoskeleton. She3p was initially suggested
to act as an adaptor protein because it can simultaneously
associate with Myo4p and She2p. However, recent data also
suggested that She3p interacts directly with ASH1 mRNA
[31], suggesting that it stabilizes RNP assembly through
different interactions (Figure 1).

Silencing ASH1 mRNA before it is localized at the bud
cortex in late anaphase is critical for asymmetric segregation
of Ash1p to the daughter cell nucleus. Puf proteins are
known to be versatile posttranscriptional repressors that can
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bind different transcripts with diverse cellular functions [32].
In yeast, Puf6p binds ASH1 mRNA and it is involved in
translational repression of this mRNA and in its localization
[33]. Deng et al. reported that Puf6p interferes with the
conversion of the 48S preinitiation complex to the 80S
initiation complex during translation initiation, and this
repression is mediated through an interaction of Puf6p with
the general translation factor eIF5B [34]. When the mRNA
reaches the bud tip, protein kinase CK2 (casein kinase II)
phosphorylates the N-terminal region of Puf6p and the
repression is then relieved [34]. Khd1p is another protein
that interacts with ASH1 mRNA and reduces translation
initiation of the ASH1 mRNA [35, 36]. Several translation
factors have been found to associate with Khd1p, including
eIF4G1, eIF4G2, eIF4E, and PABP. Interestingly, Khd1p has
been found to interact directly with the C-terminal domain
of eIF4G1 to regulate the translation of ASH1 transcripts.
Again, a phosphorylation step seems to trigger translational
derepression at its final destination. At the bud plasma
membrane, the type I Casein kinase (Yck1p) phosphorylates
Khd1p. This leads to the dissociation of Khd1p from the
ASH1 mRNA, releasing its translational repression [35]
(Figure 1).

4.1. The Puf Family of Proteins, but Not the Locasome,
Is Conserved. The adaptor proteins She2p and She3p link
mRNAs to the myosin motor. They are only present in
fungi, indicating that the main core of the “locasome” either
evolved only in this lineage or was lost and further replaced
by other machineries in other eukaryotes. Interestingly,
members of the Puf family of proteins are present across
kingdoms. Drosophila melanogaster has two Puf orthologs,
vertebrates have three, yeast six, Caenorhabditis elegans 12,
rice 19, and Arabidopsis 26 [32, 37]. Besides the afore-
mentioned translation repression of ASH1 mRNA by Puf6,
several other mechanisms of translation repression involving
Puf members have been described. For example, yeast Puf5,
Puf4, and Puf3, D. melanogaster Pumilio (Pum), C. elegans
FBF and human Pum1 interact with the Ccr4-Pop-Not dead-
enylase complex, indicating that they influence translation
and stability of their target mRNAs by controlling poly(A)
tail length [38–42]. Drosophila Pum recruits the translation
inhibitor 4E-HP to hunchback mRNA via the protein Brain
tumor (Brat), thereby inhibiting translation initiation [43].
In Xenopus, Pum2 competes with eIF4E for cap structure
binding and this also inhibits translation initiation [44].
Yeast Pufs function in mRNA localization; Puf5 is involved
in the localization of PEX14 mRNA to the peroxisomes, and
Puf3 drives mRNA localization to mitochondria [23, 45, 46].
Different classes of mRNAs have been found to be associated
with different yeast Puf proteins. Puf3 binds mainly to
nuclear mRNAs that encode mitochondrial proteins, Puf1
and Puf2 bind preferentially mRNAs encoding nucleolar
ribosomal RNA-processing factors, and Puf5 associates with
mRNAs that encode components of the spindle pole and
chromatin modifiers [47]. This specificity of the interac-
tion of a Puf family with subsets of functionally related
mRNAs seems to indicate that different Puf families may

regulate translation and localization of specific subsets of
mRNAs. Mammalian Pum2 (mPum2) forms discrete RNA-
containing particles in the somatodendritic compartment of
polarized neurons, suggesting a role in localization of RNPs
in dendrites and in the formation of stress granules [48].
In hippocampal neurons mPum2 is involved in translation
repression of the mRNA encoding the translation initia-
tion factor eIF4E and, interestingly, postsynaptic Pum also
negatively regulates the expression eIF4E at the Drosophila
neuromuscular junction (NMJ) [49, 50]. This suggests a
conserved role of Pum proteins in regulating local translation
at the synapses by controlling the local levels of eIF4E and
thus general translation initiation on localizing mRNAs.
Altogether, these observations support the notion that Pufs
are conserved proteins that regulate localization and local
translation of different mRNAs.

5. Localization-Coupled Translational Control
in Multicellular Organisms:
The Bic-D/Egl mRNA Localization Machinery
and the Osk Paradigm

Is There a General Drosophila RNA Localization Machinery?
In Drosophila, an RNA transport machinery plays a key role
in oogenesis by localizing into the oocyte RNAs required
for oocyte determination, differentiation, and formation of
anterior-posterior and dorsal-ventral polarity. This machin-
ery is composed of Bicaudal-D (Bic-D) and Egalitarian (Egl)
proteins, which interact with the cytoplasmic microtubule
motors Dynein(Dyn)/Dynactin to move the mRNA cargo
on microtubules (MTs) to distinct cellular compartments
[51, 52]. During oocyte determination, a single cell among
an interconnected cyst of sixteen germline cells differentiates
into an oocyte, and this process involves the preferential
accumulation of specific messenger RNAs and proteins in
this cell. The other fifteen cells adopt a nurse cell fate and
provide the oocyte with the materials required for oocyte
growth. Bic-D loss-of-function mutant females produce egg
chambers composed of 16 polyploid cells with nurse cell
appearance, indicating that the oocyte fails to differentiate.
Since Bic-D mutant egg chambers fail to accumulate oocyte-
specific mRNAs (such as osk, orb, Bic-D, and fs(1)K10) in
the future oocyte, it is suggested that the loss of oocyte
differentiation is due to a failure in the transport of oocyte-
specific proteins and mRNAs from the nurse cells into the
oocyte [53, 54]. Ovaries mutant for egl as well as wild-
type ovaries treated with microtubule-depolymerising drugs
show the same 16 nurse cell phenotype as Bic-D mutants [55,
56]. Studies using fluorescently labelled mRNAs injected into
the nurse cells have shown that Bic-D and Egl are recruited to
injected grk and bcd mRNAs in the nurse cells, and these pro-
teins are required for grk transport into the oocyte [57]. The
same studies found that transport along MTs via Dyn is also
required for the efficient transport of grk, bcd, and osk RNA
from the nurse cells to the oocyte [57]. Moreover, the Bic-
D/Egl/Dyn machinery is also used for the apical localization
of inscuteable mRNA in neuroblasts [58] and pair rule and
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wingless segmentation mRNAs in the blastoderm embryos
[59].

The formation of the Bic-D/Egl/Dyn complex has been
studied in Drosophila and in mammals. While Drosophila
Egl interacts directly with Bic-D and also binds the Dyn
light chain (Dlc), mammalian orthologues of Bic-D bind
in vitro directly to components of the Dyn and Dynactin
complexes and they also associate in vivo with them [60, 61].
Therefore, it is suggested that the Bic-D/Egl complex acts
as a link between a microtubule-dependent Dyn motor and
the mRNAs. Dienstbier et al. showed that Egl binds directly
to mRNAs that localize in the oocyte and apically in the
embryos, suggesting that Egl is the factor that links the
molecular motors and Bic-D with the transported mRNAs
[62]. However, it is still not clear whether Egl is a general
link for all mRNAs transported by this machinery or whether
additional proteins are required for the specificity of the
interaction since, so far, only a specific direct link between
the complex Bic-D/Egl and the localization signals of grk,
K10, and I factor mRNAs have been demonstrated. Moreover,
Egl alone seems to have an inherent degree of mRNA
promiscuity in vivo and in vitro [62, 63].

The current model proposes that all maternally localized
mRNAs are transported by the Bic-D/Egl/Dyn localization
machinery from nurse cells to the oocyte [10]. The current
data also suggest that Bic-D and Egl form part of a general
mRNA transport machinery used repeatedly throughout
Drosophila development. Although many mRNAs are trans-
ported by this machinery, studies of the proteins controlling
their translation while transported are still missing for most
of the localized transcripts. Nevertheless, in a similar way
to the yeast locasome, the Bic-D/Egl/Dyn machinery must
also be part of a bigger RNP complex that contains proteins
involved in translation control of the transported mRNAs,
ensuring that protein synthesis is only activated once the
mRNAs reach their final destination.

Control of Translation of RNAs Transported by the Bic-D/Egl
Machinery: The Osk Paradigm. Drosophila osk mRNA is
transported by the Bic-D/Egl/Dyn transport machinery from
nurse cells to the oocyte [57, 59] (Figure 2). Within the
oocyte osk mRNA switches to a kinesin-based motor that
transports it to the posterior cortex. However, only kinesin
heavy chain (KHC), but not the kinesin light chain (KLC), is
required for this movement, and the KLC-likeprotein PAT1
functions as a positive regulator of KHC during posterior
localization of osk mRNA [64–66]. Although the mechanism
of localization to the posterior has been controversial,
based on recent studies that followed the movement of
osk mRNA particles in vivo Zimyanin et al. proposed a
new model where osk mRNA is localized by random walk
on microtubules. Each particle undergoes large numbers
of active movements in different directions, but shows an
excess of movements towards the posterior which is sufficient
to produce the strong posterior localization seen by stage
9 [67]. While kinesin is involved in this long-range MT-
based transport of osk mRNA throughout the oocyte and
into the posterior cytoplasm, recent results indicate that

this movement is followed by short-range actomyosinV-
dependent translocation or entrapment of osk mRNA at the
posterior cortex [68].

osk mRNA is one of the most studied models for transla-
tion control during transport, and the aforementioned trans-
port machineries must associate with different factors that
control translation of the mRNA during transport (Figure 2).
During its extended journey, osk mRNA translation must be
repressed since Osk protein is only observed once the mRNA
reaches its final destination at the posterior cortex of the
oocyte after stage 8 of oogenesis. Mutants in armitage (armi),
aubergine (aub, also known as sting), spindle-E (spn-E, also
known as homeless (hls)), maelstrom (mael) [69], zucchini
(zuc), squah (squ) [70], and krimper (krimp) [71] show
premature translation of osk mRNA in the oocyte during the
first part of oogenesis up to stage 6. Interestingly, spn-E, armi,
aub, zuc, and squ are also needed for silencing of the Stellate
locus, a gene regulated endogenously by small RNAs [70, 72–
75]. spn-E, zuc, aub, squ and krimp are additionally needed
for silencing of retrotransposons in the Drosophila germline
[70, 71, 76, 77]. Silencing of the transposable elements and
the Stellate locus is achieved by a mechanism that uses a class
of small RNAs called repeat-associated small interfering RNA
(rasiRNAs), subsequently renamed Piwi-interacting RNAs
(piRNAs) [78–80]. The mael, krimp, spn-E [71], zuc, squ, aub,
and spn-E [70] genes have been implicated in the production
of these piRNAs. This pathway is germline-specific and
depends on the Piwi subfamily of argonaute proteins, which
include Aub, Piwi, and Ago3 (reviews in [79, 80]). It is
therefore possible that translational silencing of osk mRNA
during early oogenesis is driven by piRNA-Piwi-Argonaute
complexes interacting with osk mRNA. However, whether
piRNAs play a direct or indirect role in translation control
and which piRNAs are involved in translation repression of
osk mRNA should still be studied. Egg chambers mutants
in the Maternal expression at 31B (Me31B) gene show
ectopic Osk accumulation in the nurse cells rather than in
the oocyte during early oogenesis indicating that Me31B
repress osk translation during its transport through the
nurse cell into the oocyte [81]. Since Me31B egg chambers
degenerate around stage 6, a role in translation repression
in later stages could not be ruled out. Drosophila PTB
(polypyrimidine tract-binding protein) is also involved in
translational repression during early (starting at stage 5-
6) and late oogenesis of the localizing osk mRNA by
binding along the osk 3′-UTR and mediating assembly of
high-order complexes containing multiple osk RNAs that
produce translational silencing [82]. Interestingly, a 50 kDa
pumpkin phloem RNA-binding protein (RBP50), which is
evolutionarily related to animal PTBs, seems to be part of the
core of an RNP that contains proteins and RNAs transported
in the phloem [83]. A complex made up by Bruno (Bru)
and Cup represses osk mRNA cap-dependent translation
from stages 5-6 on [84]. Bru binds simultaneously to Bruno-
response elements (BREs) in osk 3′-UTR and to Cup. Cup
is an eIF4E-binding protein that competes with eIF4G for
the binding to eIF4E, thereby inhibiting recruitment of the
small ribosomal subunit to osk mRNA [84]. Egg chambers
expressing a Cup mutant protein that cannot bind eIF4E
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Figure 2: Transport and translation repression of osk mRNA during Drosophila oogenesis. osk mRNA is synthesized in the nucleus (ncn) of
the nurse cells (nc) and exported already as a complex with several factors controlling its transport and/or translation (light blue circles),
like the exon junction complex (EJC, composed of Mago-Nashi/Y14/eIF4AIII), Hrp48, Bru and Sqd. In the nc cytoplasm more factors
controlling translation (Me31B, Cup, Bru, PTB, Imp), localization (Stau, Exu, Sqd, Btz, Pabp) or stability (Pabp) (light blue circles) associate
with osk mRNA to form a big RNP complex (light blue circles). This RNP contains many osk mRNA molecules and multiple factors that
repress translation of osk by several different mechanisms (see text for details). This big silenced osk RNP is recruited by the Bic-D/Egl/Dyn
localization machinery which directs its minus end directed microtubule transport in the nurse cell cytoplasm and through the ring canals
into the oocyte (oo). Factors linking osk RNPs to the transport machinery are not known. Since Egl binds directly some other localized
mRNAs, Egl may be the linking factor. Other proteins in complex with Bic-D, such as Pabp, (which binds directly to osk mRNA through
adenine rich sequences (ARS) and the poly-(A) tail) could also be involved. Within the oocyte the silenced osk RNP is then transported by
a kinesin motor probably by a random walk process in a poorly polarized microtubule network with a net movement toward the posterior
cortex. This movement is followed by a short-range actomyosin-dependent transport or entrapment of osk mRNA to the posterior cortex.
During its journey osk mRNA associates with the factors repressing its translation. Although different proteins may associate with osk during
different stages of oogenesis, most of them are probably associated with it during its all trip to the posterior. When osk mRNA reaches the
posterior cortex at stage 9 of oogenesis, translation repression is relieve and the mRNA gets translated (not shown in this figure).

show precocious expression of osk mRNA in stages 6 to 9
and also increased expression in stage 9 oocytes. Another
mechanism, independent of the Cup-eIF4E interaction but
dependent on Bru, also drives translation repression during
mid oogenesis. This mechanism involves the formation of
osk mRNA oligomers by binding of Bru that produces the
formation of large (50S-80S) silencing particles that cannot
be accessed by ribosomes [85]. Hrp48 binds sequences in the
osk 5′ and 3′UTRs and has also been involved in localization
and translational repression of osk mRNA after stage 9 of
oogenesis, although how Hrp48 regulates translation is still
not known [86].

Interestingly, Cup was shown to be also involved in trans-
lational repression of grk mRNA, which is also transported
by the Bic-D/Egl complex. Based on genetic and biochemical
interactions studies, Clouse et al. proposed a model for
translation regulation of grk mRNA [87]. In their model,
Cup and Bruno also function in complex with Sqd, Otu and
Hrb27C/Hrp48 in repressing translation of grk mRNA before
it is localized. While this is not proven yet, this repression
would also appear to act at the level of translation initiation.
They also showed that before the RNA has reached its final
destination in the future dorsal-anterior region of the oocyte,
a well-established translation factor, the poly(A)-binding
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protein (PABP), functions with Encore (Enc) to facilitate the
translational activation of grk mRNA [87].

Our group recently reported that Drosophila pabp genet-
ically interacts with Bic-D and that the two proteins form an
RNA-dependent complex. pabp mutants show reduced osk
mRNA stability and display defects in osk mRNA localization
during early oogenesis. These findings demonstrated that
PABP plays a key role in osk mRNA localization and is also
essential in the germline for oocyte growth [88]. The recent
finding that mammalian PABP can bind to microtubules
[89] also hints that PABP links osk mRNA to the transport
machinery in addition to controlling its RNA stability during
transport. Although it seems that PABP is not involved in
controlling translation during early oogenesis, a study of the
role of PABP in activating translation of osk mRNA after it
has reached its final destination is still missing due to the
lack of pabp mutants that specifically affect late oogenesis.
Another factor that may play a role in controlling translation
and localization of both grk and osk mRNAs is the insulin-
like growth factor II mRNA-binding protein (IMP) [90,
91]. However, genetic studies so far failed to reveal such a
requirement for IMP, indicating that its function is at best
a redundant one [90, 91]. In summary, Cup, PABP, IMP,
Bruno, and Hrp48 are factors that can associate with the
Bic-D/Egl/Dyn transport machinery to regulate the fate and
translation of specific transported mRNAs.

How Conserved Is the Bic-D/Egl Complex across Eukaryotes?
Studies on the functional role of Bic-D homologs in different
species suggest that Bic-D proteins are coiled-coil proteins
that function as factors linking the Dyn/Dynactin minus-
end-directed motor complex with different cargos [52].
Besides its role in the aforementioned Bic-D/Egl/Dyn RNA
transport machinery, Drosophila Bic-D is also involved in
lipid droplet transport [92], migration of photoreceptor cell
nuclei [93], movement of the oocyte nucleus [94], transport
of Chc and synaptic vesicle recycling at the neuromuscular
junction [95]. Drosophila Bic-D also binds an RNA binding
protein, the mental retardation protein (FMRP), and both
are required for efficient branching of the dendritic arbour
[96]. In mammals, Bic-D proteins are required for anchoring
the centrosomes to the microtubules [97]. Mammalian Bic-
D2 associates with RanBP2, a component of the nuclear
pore complex, and is needed to regulate centrosome and
nuclear positioning during mitotic entry [98]. By binding
Rab6, mammalian Bic-D also controls COPI-independent
Golgi-ER transport [99], and Rab6B-Bic-D1 interaction
regulates retrograde membrane transport in neurites of
human neuronal cells [100]. Like D. melanogaster Bic-D, C.
elegans Bic-D is also involved in nuclear migration [101] and
in dendritic branching [102]. Altogether, these studies show
that Bic-D acts as a modulator of the Dyn transport complex
in different organisms, linking different, but sometimes
conserved cargos, such as mRNAs, nuclei, and vesicles.

The Bic-D gene is conserved throughout the animal
kingdom, but is not present in plants and fungi. While there
is only one gene encoding Bic-D in insects, C. elegans and
the ascidians Ciona intestinalis and Ciona savignyi, the gene is

duplicated in higher vertebrate lineages, including mammals
(human, mouse, and gorilla) and birds (chicken). Accord-
ingly, the two homologs of Drosophila Bic-D were named
Bic-D1 and Bic-D2. In the amphibian Xenopus, one Bic-D1
and two Bic-D2 homologs are found. Interestingly, fishes
(Danio rerio, Gasterosteus aculeatus, Oryzias latipes, takifugu
rubripes, Tetraodon nigroviridis) have two homologues of the
Bic-D1 gene and two homologs of Bic-D2. In addition, in
fishes there is also a third, deeply divergent gene, probably
representing an ancestral version of the Bic-D gene. In the
sea lamprey Petromyzon marinus there are also two Bic-
D genes, one Bic-D1 ortholog and one that also seems to
be close to the original ancestor Bic-D gene (taken from
http://cegg.unige.ch/orthodb [103]).

Recent studies in the wasp Nasonia vitripennis point
to a conserved role for Bic-D in mRNA localization in
nondipteran insects [104]. Knocking down Bic-D by RNAi
in the Nasonia germ line produced oogenesis phenotypes
similar to the ones observed in Drosophila Bic-D mutants.
More importantly, mRNAs that localize to the Nasonia
oocyte also fail to localize to their normal destination
in Bic-D loss-of-function animals. These studies strongly
suggest that the role of Bic-D in the localization of oocyte
determinants, which also involved the organization of a
polarized microtubule network, is conserved between Naso-
nia and Drosophila. Even though these insects share a similar
germ line development, evolutionary they diverged over 200
million years ago. Thus, although no other examples of Bic-
D-dependent mRNA transport in other species have been
investigated, the high conservation of Bic-D proteins in the
animal kingdom suggests that Bic-D proteins have played
a conserved role in mRNA transport during evolution. The
study of the biological roles of Bic-D in different eukaryotes
is an interesting field that deserves further investigation.

In contrast to Bic-D, egl is not present in mammals, and
only one homolog is found in D. melanogaster and C. elegans.
So far, functional studies on egl have been restricted to D.
melanogaster, but recent studies on the giant shrimp (Penaeus
monodon) egl ortholog suggested an involvement in ovary
development as well [105]. Since Drosophila Egl is an adaptor
that binds directly to localization signals in mRNAs, most
likely Bic-D/Egl complexes function in mRNA localization
only in Arthropoda and Nematoda, and it appears that other
adaptor proteins not related or only distantly related to Egl
may link the Bic-D/Dyn localization machinery to localizing
mRNAs in other phyla.

Bic-D is highly conserved across the animal kingdom
and other highly conserved RNA-binding proteins that play
roles in RNA localization, such as PABP [88], FMRP [96]
and other proteins (Vazquez and Suter, unpublished results)
are also present in Bic-D complexes. This suggests that
different adaptor proteins may be linking the transported
mRNAs to the transport machinery in a species-specific
manner, as well as in a mRNA- or tissue-specific manner.
One of these proteins might be PABP. Cytoplasmic PABPs
are general translation factors and are conserved throughout
eukaryotes [106]. One cytoplasmic pabp gene is present
in the unicellular fungi Candida albicans, Saccharomyces
cerevisiae, and Schizosaccharomyces pombe, as well as in
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D. melanogaster. In contrast, vertebrates contain multi-
ple cytoplasmic PABPs. They include PABP1 (also known
as PABP, PAB1, PAB, and PABPC1), PABP4 (also called
PABPC4, iPABP or APP-1), ePABP (embryonic PABP),
ePABP2, and the mammalian-specific tPABP (testis-specific
PABP, also called PABPC2 in mouse and PABPC3 in humans)
[107, 108]. A shorter version of these PABPs called PABP5
or PABP5C is also present in higher eukaryotes, and it is
highly conserved in primates, rodents, and humans [109].
Counting all the family members, eight genes are present
in Arabidopsis, four in Zebrafish, Chicken, and Xenopus
Tropicalis, seven in humans, and six in mouse (taken from
http://cegg.unige.ch/orthodb [103, 110]). To date, most of
the functional studies have been focused on the prototype
PABP1; however, the versatility and the high number of genes
encoding PABP family members open the possibility that
different PABPs may regulate localization and/or translation
of different transported mRNAs. A conserved role for PABP
in RNA localization is supported by the recent finding that
PABP binds directly or in a complex with other proteins
to non-poly(A) sequences in the osk, bcd, and Vasopressin
mRNAs, which are essential for correct localization of these
transcripts in Drosophila oocytes and mammalian dendrites,
respectively [88, 111–114]. Furthermore, yeast Pab1p is
required to restrict ASH1 mRNA to the bud tip, indicating
that the role of these proteins in RNA localization is also
conserved in unicellular eukaryotes [115].

FMRP is also a highly conserved protein, displaying 92%
amino acid identity between humans and chicken [116].
In humans and mouse there are three paralogous proteins
(namely, FMRP, FXR1 and FXR2) [117–120]. The three
genes have a conserved gene structure suggesting they may
be derived from a common ancestor [120]. Zebrafish possess
also three FMR1-related genes that are orthologous to the
human and murine ones [121]. In Drosophila there is only
one single orthologous gene that has higher overall similarity
to human FXR2 than to FMR1 or FXR1 [122]. Several lines
of evidence prove that FMRP orthologs are involved in RNA
localization and translation control [123]. FMRP colocalizes
and immunoprecipitates with several dendritically localized
mRNAs in mammalian neurons [123]. FMRP knock down
mice show an excess of protein synthesis and loss of stimulus-
induced translation of some localized mRNAs as well as a
failure to augment trafficking of certain mRNAs in neurons
upon mGluR activation, indicating that FMRP is crucial
for transport and regulation of local translation of certain
mRNAs at the synapses [123]. The recent finding that
Drosophila FMRP binds to Bic-D and that both cooperate
to control dendrite morphogenesis [96] and that FMRP
controls RNA transport in neurons [124] suggests that the
role of FMRP as a link between the transport machinery
and localizing neuronal mRNAs may be conserved between
mammals and Drosophila.

Another protein that is required for translational control
of localized osk and grk mRNAs is the insulin-like growth
factor II mRNA-binding protein (IMP) [90, 91]. Preliminary
results from our lab indicate that Drosophila IMP is a
component of the Bic-D/Egl complex (Vazquez-Pianzola,
Bullock and Suter, unpublished). IMP is highly conserved in

the animal kingdom. Most likely the vertebrate IMP family
originated by repeated gene duplications shortly after the
divergence of vertebrates from other major metazoan clades.
This is supported by the finding that D. melanogaster, C.
elegans and the ascidians C. intestinalis, and C. savignyi
have only one gene, whereas most vertebrates possess more
than one ortholog. In most mammals (i.e., human, rat,
mice), birds (Chicken), and reptiles (Anolis Carolinensis),
three IMPs (namely, IMP1, IMP2 and IMP3) are present.
Interestingly, Gorilla and the fish D. Rerio have four orthol-
ogous genes, the additional one being most closely related to
mammalian IMP2. Mammalian IMP1 is most closely related
to Drosophila IMP. The amphibian Xenopus Tropicalis con-
tains only one IMP gene, homologous to mammalian IMP3,
which was originally named Vg1 RNA-binding protein
(Vg1RBP/Vera) (Taken from http://cegg.unige.ch/orthodb
[103, 125]). These proteins are paradigms of RNA binding
proteins required for transport and local translation of
RNAs. The chicken IMP1, also known as the zipcode-
binding protein (ZBP-1), is required for beta-actin mRNA
localization and translational repression during transport to
the leading edge of motile fibroblasts and neurons, while
the Vg1RBP/Vera is required for Vg1 mRNAs localization to
the vegetal Pole of the xenopus oocytes during maturation
[28, 125]. These observations show that IMP proteins play a
function that has been conserved during animal evolution.

6. Concluding Remarks

Many studies have been performed on the factors regulating
translation of specific mRNAs while transported to their
destination. One conclusion from these reports is that many
of them, such as Pufs, FMRPs, IMP and PABP proteins,
have been highly conserved during evolution and that
their roles in translation also seem to be conserved across
eukaryotes. The “locasome” in yeast and the Bic-D/Egl
localization machinery in Drosophila seem to be general
links between the RNA-transporting molecular motors and
the translation machinery, acting either via myosin or
Dyn/Dynactin motors. The “locasome” seems to be only
present in unicellular fungi while Bic-D proteins are con-
served in the animal kingdom. Thus, further studies of Bic-
D proteins in RNA transport in other animals, including
humans, will shed light on the question if the mechanisms of
RNA transport are indeed conserved over the entire animal
kingdom.

The reports that even in non-polarized cells mRNAs are
localized to different compartments, such as the vicinity
of mitochondria, peroxisomes, spindles or ER, raise the
question of how these mRNAs are transported. Regarding
this, it is known that some mRNAs are localized independent
of translation and that 3′-UTR regions of many mRNAs are
involved in their localization to these subcellular compart-
ments. However, only few studies of the factors involved
in these processes have been performed. Another intriguing
question that remains to be investigated is whether mRNA
localization to the vicinity of these organelles involves an
active transport or just a diffusion mechanism followed
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by anchoring of the mRNAs through factors, such as
specific RNA binding proteins localized to these structures.
Thus, high-throughput in situ hybridization screens and
proteomics approaches of different subcellular fractions are
needed to shed light on the existence of new subcellular com-
partments and the common features of the RNAs targeted
to them. In plants, some RNAs travel between cells and in
the phloem, but the study of the factors controlling their
transport and translation is still scarce. Neither the locasome
nor the Bic-D transport machineries are conserved in plants,
pointing to novel, so-far unknown RNA transport players
awaiting discovery in these organisms. Extensive studies
on mRNA translation should also be done in non-model
organisms. To our knowledge, nothing is known about
subcellular localization of RNAs and translational control
in protists, even though examples of localized mRNAs have
been described in bacteria, animals, fungi and plants. This
strongly suggests that subcellular localization of mRNAs is an
essential process that most likely is required for most forms
of life, and that the mechanisms of subcellular localization
of RNAs were conserved during evolution. It is worth testing
whether this process also functions in archeal lineages, since
some of them are believed to be current representatives of the
eukaryotic ancestors.

Many of the proteins controlling translation during
transport of their target mRNAs seem to repress translation
at the level of translation initiation either competing for the
formation of the eIF4E complex or inhibiting 60S subunit
joining. This makes sense, since translation initiation is
the limiting step in all the translation process indicating
that it must be tightly regulated. Phosphorylation of the
yeast translational repressors Puf6 and Khd1p and the
chicken ZBP by specific kinases localized at the mRNA final
destination is involved in local translational de-repression
of their targets [34, 35, 126]. The presence of similar
mechanisms of translation control of localized mRNAs in
unicellular and higher eukaryotes, may indicate that the
control of translation initiation, the presence of locally
expressed kinases and the phosphorylation status of the
RNA-binding proteins are conserved features used for the
RNA localization machineries during evolution to control
translation of localized mRNAs.

Elucidating the global composition of different RNP-
complexes and identifying the factors that are common
and the ones that are specific to sort individual mRNAs
to the different subcellular compartments is an interesting
and important question for future research in the field.
Similarly, elucidating in detail the mechanisms that are in
place to couple mRNA localization to local protein synthesis
across different eukaryotes is another fascinating question
to tackle.
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[68] J. Krauss, S. López de Quinto, C. Nüsslein-Volhard, and A.
Ephrussi, “Myosin-V Regulates oskar mRNA Localization in
the Drosophila Oocyte,” Current Biology, vol. 19, no. 12, pp.
1058–1063, 2009.

[69] H. A. Cook, B. S. Koppetsch, J. Wu, and W. E. Theurkauf,
“The Drosophila SDE3 homolog armitage is required for
oskar mRNA silencing and embryonic axis specification,”
Cell, vol. 116, no. 6, pp. 817–829, 2004.

[70] A. Pane, K. Wehr, and T. Schüpbach, “zucchini and squash
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Posttranscriptional gene regulation is a rapid and efficient process to adjust the proteome of a cell to a changing environment.
RNA-binding proteins (RBPs) are the master regulators of mRNA processing and translation and are often aberrantly expressed in
cancer. In addition to well-studied transcription factors, RBPs are emerging as fundamental players in tumor development. RBPs
and their mRNA targets form a complex network that plays a crucial role in tumorigenesis. This paper describes mechanisms by
which RBPs influence the expression of well-known oncogenes, focusing on precise examples that illustrate the versatility of RBPs
in posttranscriptional control of cancer development. RBPs appeared very early in evolution, and new RNA-binding domains and
combinations of them were generated in more complex organisms. The identification of RBPs, their mRNA targets, and their
mechanism of action have provided novel potential targets for cancer therapy.

1. Introduction

Traditionally, it has been well accepted that cancer develop-
ment is dictated in part by aberrant transcriptional events
and signaling pathways. More recently, it has become clear
that posttranscriptional regulation of gene expression also
controls cell proliferation, differentiation, invasion, metas-
tasis, apoptosis, and angiogenesis which influence initiation
and progression of cancer [1–4]. Regulation of already tran-
scribed messenger RNAs (mRNAs) is an efficient and rapid
way to alter gene expression and plays a crucial role in tumor-
igenesis.

After transcription, nascent mRNAs undergo several pro-
cessing steps including splicing, capping, 3′ end formation,
surveillance, nucleocytoplasmic transport, and, for many
transcripts, localization before being translated and finally
degraded [5, 6]. The mRNA does not exist alone in the
cell, and its metabolism is largely defined by bound RNA-
binding proteins (RBPs). RBPs, which regulate all steps of
RNA biogenesis, form dynamic units with the RNA, called
ribonucleoprotein complexes (RNPs) [7]. Different sets of
RBPs are associated to the mRNA at different time points
and in different compartments, thereby regulating the fate of
their target in a time- and space-dependent way. RBPs often
provide a landing platform for the recruitment of additional

factors and enzymes to the mRNA. RBPs are the master
regulators of post-transcriptional gene expression and, thus,
are expected to play important roles in cancer development
[1]. Besides RBPs, the discovery of microRNAs (miRNA) was
of great inspiration for the RNA field and provided a new
powerful tool to regulate gene expression. miRNAs associate
with RBPs to form microRNPs (miRNP) which regulate
translation and RNA stability by binding to complementary
sequences in target mRNAs. miRNPs have been found to
regulate expression of factors implicated in tumorigenesis,
but we will not discuss this mechanism here (for recent
reviews see [8, 9]).

RBPs bind to specific sequences or secondary structures
typically found in the untranslated regions (UTRs) but also
in the open reading frame (ORF) of target mRNAs [10, 11].
UTRs in particular have offered more flexibility to evolution,
as the constraints of encoding a protein product have not
been imposed upon them. As a consequence, diverse and
often conserved regulatory elements are present in the UTRs
[12]. In the 5′UTR, ribose methylation of the cap structure
as well as 5′ terminal polypyrimidine sequences or secondary
structures such as internal ribosome entry sites (IRESs)
control protein expression. Sequence elements in the 3′UTR
regulate the stability of the mRNA, its translational efficiency
and localization. Specific binding of regulatory proteins to
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these elements is achieved through RNA-binding domains
(RBDs). More than 40 RBDs have been identified. Among
them, the most prominent are the RNA recognition motif
(RRM), K-homology domain (KH), double stranded RNA-
binding domain (dsRBD), zinc finger, Arginine-rich domain,
cold-shock domain (CSD), and the PAZ and PIWI domains
[13]. An RNA-binding protein can contain combinations of
different RBDs, which allow a high flexibility for interaction
with different targets. RBP purification techniques followed
by high throughput proteomics will hopefully allow us in the
near future to identify new RNA-binding proteins as well as
new RNA-binding domains. Powerful techniques like CLIP-
seq (UV cross-linking and immunoprecipitation followed by
high throughput sequencing) are helping to identify new
RBP targets in a genome wide scale, as well as new RBP bind-
ing sites [14–16]. The list of RBPs, RBDs and their targets is
far from being complete. New technology is proving helpful
to unravel the complexity of post-transcriptional gene regu-
lation.

In cancer cells, expression of numerous oncoproteins or
tumor suppressors is under the control of specific RBPs.
Splicing, stability, localization as well as translation of these
mRNAs are highly regulated, often in a tissue-specific man-
ner [6]. Many RBPs are aberrantly expressed in cancer cells
and have thus a cancer-specific regulatory activity [1, 17, 18].
Deregulation of RBP expression in cancer may have its origin
on epigenetic events or on miRNA-dependent controls, al-
though the detailed molecular mechanisms are often obscure
[19–21]. An additional layer of regulation is provided by
signaling: the phosphorylation status of some RBPs is defined
by signaling pathways that are deregulated in cancer, and this
phosphorylation controls RBP activity and subsequently the
expression of its target mRNAs [22, 23]. Signaling pathway
alterations occur in different stages of tumor formation and
are often correlated with tumor grade.

In this paper, we will summarize the different functions
of RBPs in post-transcriptional gene regulation and the
impact of aberrant regulation on tumorigenesis. In addition,
we will discuss the conservation of specific RBPs across
eukaryotes, which may yield hints on how diversity has been
generated.

2. RNA-binding Proteins Implicated in
Cancer Development

Post-transcriptional gene regulation implies factors which
act at different levels of mRNA metabolism, including alter-
native splicing, localization, stability of the mRNA or cap-de-
pendent and -independent translation. In this section I will
introduce a subset of RBPs involved in cancer development
which play key roles in each of the steps of RNA regulation,
namely, Sam68, eIF4E, La, and HuR to illustrate the powerful
RBP regulatory capacity in cancer.

2.1. Sam68 Regulates Alternative Splicing of Cancer-Related
mRNAs. Sam68 belongs to the evolutionarily conserved sig-
nal transduction and activation of RNA (STAR) family of
RBPs [4, 24, 25]. Sam68 is predominately nuclear but has also
been detected in the cytoplasm and exerts multiple activities
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Figure 1: Schematic representation of the 4 RBPs discussed in this
paper: Sam68, eIF4E, La, and HuR; RBDs are depicted in light
gray. RRM: RNA recognition motif; GSG: GRP33/SAM68/GLD-
1 domain, composed of a KH domain (KH) flanked by N-
terminal (NK) and C-terminal (CK) extensions; LA: La motif.
Phosphorylation sites of La are indicated in black (P0–P5). Nuclear
localization signals (NLSs) are represented in dark gray. The
number of amino acids of each protein is indicated.

in gene expression, from transcription and signaling to splic-
ing regulation [4, 26]. RNA binding is achieved by a KH
domain embedded in a highly conserved region called GSG
(GRP/Sam68/GLD1) domain [27] (Figure 1). RNA binding
is used for splicing regulation and is modulated by posttrans-
lational modifications, such as phosphorylation or acetyla-
tion [22, 25, 28] (Figure 2).

The role of Sam68 in alternative splicing seems directly
related to its oncogenic properties. Alternative splicing (AS)
allows the majority of human genes to encode for multiple
protein isoforms, which often play different or even opposite
roles [29]. In addition to the spliceosome, a set of RBPs are
necessary to control alternative splicing [7]. Aberrant expres-
sion of RBPs in cancer can lead to deregulation of splicing,
and subsequent changes in the proteome [30]. The splicing
targets of Sam68 support its involvement in tumor progres-
sion [4, 31]. Furthermore, the function of Sam68 in AS is
regulated by signaling pathways which are often deregulated
in cancer cells, establishing a link between signal transduc-
tion, alternative splicing, and gene expression during tumor-
igenesis [22, 32, 33] (Figure 2).

Sam68 is overexpressed in breast, prostate, renal, and cer-
vical cancer cells [26, 34–36] and is also frequently upregu-
lated in tumors [34, 37].

The first hard evidence that Sam68 is involved in regula-
tion of alternative splicing with an impact on tumorigenesis
was provided by the demonstration that it promotes inclu-
sion of exon v5 in the CD44 pre-mRNA [33]. CD44 encodes
a cell surface molecule involved in cancer cell proliferation.
CD44 transcript isoforms are alternatively generated by the
inclusion of 10 variant exons, which are decisive in tumor
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tumorigenesis. The steps of mRNA metabolism regulated by RBPs are indicated. (+) and (–) specify up- or downregulation. P and CH3–CO
indicate phosphorylation and acetylation of RBPs. EMT: epithelial to mesenchymal transition.

progression [38]. Depletion of Sam68 strongly reduces the
inclusion of several variable exons. Interestingly, Sam68
activity is controlled by the Ras signaling pathway, and
Sam68 phosphorylation by ERK is needed to promote v5
inclusion [33].

Sam68 also regulates AS of cyclin D1, a protooncogene
frequently deregulated in cancer cells [39, 40]. In addition,
Sam68 promotes the generation of a stable SF2/ASF, isoform
through regulation of splicing. The protooncogene SF2/ASF,
also a splicing factor, is in turn responsible for processing of
ΔRon pre-mRNA, which encodes a factor involved in EMT
in colon cancer cells [41].

Another connection of Sam68 with cancer could be
provided by the control of AS of the Bcl-x transcript. The
Bcl-x gene can yield the antiapoptotic Bcl-x(L) factor or the
proapoptotic Bcl-x(S) [22, 42]. Some studies have reported
that Sam68 overexpression causes the accumulation of
proapoptotic Bcl-x(s) in a manner that depends on the RNA-
binding activity of Sam68 [22, 42]. However, the observation
that Sam68 and the antiapoptotic Bcl-x(L) are upregulated
in prostate cancer cells is at odds with a proposed activity
of Sam68 in Bclx(S) upregulation [34, 43]. This apparent
contradiction was resolved by the finding that the activity of
Sam68 on Bcl-x AS depends on its phosphorylation status,
which can switch Sam68 function from proapototic to anti-
apoptotic in cancer cells. Indeed, Src-like kinase, which is
often activated in cancer, phosphorylates Sam68 and thereby
promotes splicing of the antiapoptotic Bcl-x(l) variant which
inhibits cell death [22].

Intriguingly, in advanced breast and renal tumors, Sam68
was found to localize in the cytoplasm [26, 35]. These

observations suggest a potential function of Sam68 in
translational control in advanced stages of tumorigenesis. In
accordance with a potential role of Sam68 in translation,
it was previously proposed to regulate the translation of
selected mRNAs in male germ cells and neurons [44, 45].

Other RBPs regulating splicing in cancer cells are
hnRNPs (A/B) H, SR proteins (ASF/SF2), RBM5, HuR, and
PTB. The interested reader can refer to the following reviews
and articles [30, 46].

2.2. eIF4E Overexpression in Cancer Enhances Translation Ini-
tiation of Specific mRNAs. Translation initiation is a critical
step of protein synthesis and is highly regulated [47]. One of
the most crucial regulators is the cap-binding protein eIF4E
(eukaryotic initiation factor 4E) [48]. In the cytoplasm,
eIF4E binds directly to the m7GTP-cap structure present at
the 5′end of all mRNAs and interacts with eIF4G, which in
turn recruits the 43S ribosomal complex during initiation of
translation. eIF4E and eIF4G together with the RNA helicase
eIF4A form the eIF4F complex, which is often targeted for
translational regulation [47].

Early findings indicated that eIF4E overexpression leads
to malignant transformation of fibroblasts [49, 50]. Since
then, numerous studies have reported overexpression of
eIF4E in different tumor types (e.g., breast, prostate, gastric
colon, lung, skin, and lymphomas) [51]. Elevated expres-
sion of eIF4E often correlates with malignancy and poor
prognosis [52, 53]. Surprisingly, overexpression of eIF4E
does not induce a global increase in protein synthesis but
augments translation of a subset of mRNAs encoding mostly
prooncogenic proteins [2, 54] (Figure 2). mRNAs regulated
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by eIF4E overexpression include those encoding components
of the cell cycle machinery (cyclin D1, CDK2, c-myc, RNR2,
ODC, surviving, Mcl-1, Bcl-2) or factors implicated in
angiogenesis (VEGF, FGF-2, PDGF) and invasion (MMP9)
[2, 51, 55, 56].

It has been proposed that mRNAs coding for proteins
upregulated in oncogenesis contain long and highly struc-
tured 5′UTRs [10]. mRNAs bearing stable secondary struc-
tures in the 5′UTR are poorly translated in normal con-
ditions and may be particularly dependent on the eIF4F
complex and the unwinding capacity of the eIF4A helicase
to initiate translation. Thus eIF4E overexpression may lead
to enhanced translation of otherwise inefficiently translated
transcripts involved in tumorigenesis [2]. Interestingly,
eIF4E seems to be implicated in nucleocytoplasmic transport
of mRNAs (e.g., cyclin D) and thus may regulate expression
of some genes in an initiation-independent way [57].

eIF4E activity is regulated by signaling pathways ampli-
fied in human cancers (Figure 2). The protein kinase mTor
phosphorylates eIF4E-binding proteins (4E-BP). In their
unphosphorylated state, 4E-BPs bind to eIF4E on the same
site recognized by eIF4G, blocking the formation of the cap-
binding complex. Phosphorylation of 4E-BP leads to loss of
affinity for eIF4E and increases translation [2]. In addition,
eIF4E phosphorylation by MAPK-integrating kinases MNK1
and MNK2 enhances cap-dependent initiation [47, 54].

Given the important role of eIF4E in tumorigenesis,
reducing either eIF4E activity or levels in cancer cells has
become an attractive anticancer strategy [51, 58]. Many com-
pounds inhibiting mTor kinase activity have proven to be
efficient. For example, PP242, Tonin1, and INK128 are ATP
active site inhibitors of mTOR and block the phosphoryla-
tion of all mTor targets including 4E-BP [51]. Unfortunately,
cells of some cancer types are insensitive to treatment with
mTor inhibitors [59]. As an alternative strategy, inhibiting
eIF4E expression with antisense oligonucleotides (AON) has
given promising results in suppressing tumor growth in vivo
[60].

2.3. La Is an ITAF Implicated in Cancer. The multifunctional
RNA-binding protein La is primarily nuclear but can shuttle
between the nucleus and the cytoplasm [61, 62]. According
to its localization, La functions in small RNA processing
[63] and in translation of mRNAs [64–66]. La can be
divided into three regions: the N-terminus, which contains
the conserved La motif; a less conserved RNA recognition
motif (RRM); and a weakly conserved C terminus, which
contains an RRM, and a nuclear localization signal (NLS)
[67] (Figure 1). The La motif folds into an RRM and its
high conservation suggests that it carries out a specific
function [68, 69]. La interacts with cellular and viral mRNAs
and regulates IRES and cap-dependent translation initiation
[64, 66, 70–73]. An IRES is a nucleotide sequence folding
in a specific secondary structure that recruits ribosomes
independently of the cap structure [74]. During cellular
stress, cap-dependent translation is downregulated, and
IRES-dependent translation of many mRNAs is favored [75].
For example, under the hypoxic conditions usually found
in the interior of a tumor, IRES-mediated translation of the

angiogenic factor VEGF is favored leading to vascularization
of the tumor [76]. Specific RNA-binding proteins termed
IRES transacting factors (ITAFS) are required to regulate
IRES-dependent translation in cancer development [74]. La
is an ITAF that regulates the IRES-dependent translation
of mRNAs involved in cell proliferation, angiogenesis and
apoptosis [64, 77, 78] (Figure 2).

As an ITAF, La interacts directly with the IRES of the
mRNA encoding the proapoptotic factor XIAP [64]. In
addition, La regulates IRES-dependent translation of LamB1,
a factor that drives invasion, angiogenesis and metastasis
[79, 80]. La also binds to the IRES of cyclin D1 (CCND1)
in cervical cancer tissues, and its overexpression correlates
with upregulation of cyclin D1 while its depletion leads to a
reduction of cyclin D1 levels and a defect in cell proliferation
[77].

La is overexpressed in chronic myeloid leukemia, cervical
cancer tissues, oral squamous cell carcinoma (SCC), and in
a number of cancer cell lines compared to nontumorigenic
cells [66, 77, 78, 81]. In SCC, La is required for expression
of β-catenin and MMP-2, proteins implicated in cell-cell
adhesion and cell motility, respectively [78]. In leukemia,
increased levels of La correlate with upregulation of MDM2
(an oncogenic tyrosine kinase). La interacts directly with the
5′UTR of mdm2 mRNA and enhances its translation [66].

Using mouse glial progenitor cells, Brennet proposed that
La functions as a translational regulator during KRas/Akt
oncogenic signaling [62]. Ras and Akt pathways are aber-
rantly active in cancer cells and play a pivotal role in the for-
mation and regulation of glioblastoma [82]. In this tumor
type La is phosphorylated by Akt, and this changes its dis-
tribution from the nucleus to the cytoplasm leading to asso-
ciation of a subset of La-bound mRNAs to polysomes. Many
of these mRNAs encode factors implicated in oncogenesis
such as Cyclin G2, Bcl2, and PDGFA [62].

The number of known La mRNA targets is still limited
and further studies are necessary to understand its function
in tumorigenesis. However, La already represents a promising
target for cancer therapy. As an example, La activity has been
efficiently blocked by a synthetic peptide corresponding to
amino acids 11 to 28 of La. By competition, the peptide
inhibits IRES-driven translation of Hepatitis C without
affecting cap-dependent translation of cellular mRNAs [83].
This peptide could also be used to block expression of cancer
related mRNA targets of La.

Other ITAFs implicated in cancer are PTB, hnRNP A1,
hnRNP E1, hnRNP E2, and YB1. The interested reader can
refer to the following reviews and articles [84, 85].

2.4. HuR Regulates the Stability and Translation of Cancer-
Related Transcripts. The human antigen R (HuR) is the
most prominent RBP known to be implicated in tumori-
genesis [3]. Overexpression of HuR has been observed in
lymphomas, gastric, breast, pancreatic, prostate, oral, colon,
skin, lung, ovarian, and brain cancers [86–91]. Elevated
cytoplasmic accumulation of HuR correlates with high-
grade malignancy and serves as a prognostic factor of poor
clinical outcome in some cancer types [92–95]. Localized
in the nucleus of normal cells, HuR often translocates to
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the cytoplasm in transformed cells [96, 97]. HuR’s subcel-
lular localization is regulated by posttranslational modifica-
tions, and the enzymes modifying HuR are all implicated
in cancer [97] (Figure 2). In the cytoplasm, HuR binds to
adenine- and uridine-rich elements (AU-rich elements or
AREs) located in 3′UTR of target mRNAs [98]. AU-rich
elements serve as binding sites for a variety of RBPs that
modulate mRNA half-life [11]. An estimated 10% of all
mRNAs bear AU-rich sequences [99]. The minimal func-
tional ARE sequence is a nonamer UUAUUUAWW [100].
Most RBPs binding to AREs promote rapid deadenylation
and degradation of substrate mRNAs by targeting them to
the exosome (e.g., TTP, AUF1, CUGBP2) [101]. On the
contrary, HuR most often enhances the stability of its target
mRNAs [3]. In addition, HuR can also regulate the splicing
of a certain number of targets [102].

HuR is a member of the embryonic lethal abnormal
vision (ELAV) family of proteins and contains three RRMs
that provide high-affinity RNA binding [103] (Figure 1).
HuR target mRNAs encode products that promote prolifer-
ation, inhibit apoptosis, increase angiogenesis, and facilitate
invasion and metastasis. For an extensive list of HuR targets,
see [3]. Below I will give an overview of HuR targets and
will summarize the different mechanisms by which HuR
regulates their expression.

Upon binding to the 3′UTR, HuR stabilizes the mRNAs
coding for cyclins (cyclin D1, E1, A2, B1), favoring cell
cycle progression and promoting proliferation of cancer
cells [104–106]. HuR also promotes cancer cell survival by
stabilizing transcripts encoding antiapoptotic factors like
Bcl-2, Mcl-1, SIRT1, and p21 [90, 107–110]. mRNAs coding
for proteins implicated in invasion and metastasis (MMP-9)
[111, 112], cell migration and adhesion (Urokinase A and
uPA receptor) [113] or EMT (snail) are also stabilized by
HuR [114]. Expression of the proangiogenic factors VEGF
and HIF-1α is controlled by HuR. Regulation of HIF-1α
mRNA is interesting, as HuR binds to both the 5′ and 3′UTRs
and promotes translation and stability [115, 116]. The
mechanism by which HuR stabilizes its targets is still unclear,
but recent studies have proposed an interplay between HuR
and miRNAs [117]. HuR is able to suppress activity of
miRNAs, by inhibiting their recruitment to the mRNA or
even by promoting their downregulation. Some examples of
cross-talk between HuR and miRNAs will be given in the next
paragraph.

ERBB-2 overexpression is associated with development
and progression of prostate cancer. HuR enhances ERBB-
2 expression using a miRNA-dependent mechanism. HuR
binds to a uridinerich element (URE) in the 3′UTR of ERBB-
2 and inhibits action of miR-331-3p to a nearby site [118].
The presence of HuR on the mRNA does not alter miR-
331-3p binding, which leads to the hypothesis that HuR
may rather reduce association between ERBB-2 mRNA and
the RNA silencing complex [118]. In colorectal cancer, HuR
overexpression and localization in the cytoplasm correlate
with decreased levels of miR-16, a miRNA that binds to
the 3′UTR of COX-2 mRNA and inhibits its expression
by mRNA decay [119]. Intriguingly, HuR interacts with
miR-16 and promotes its downregulation in an mRNA

ligand-dependent manner. Thus, HuR stabilizes COX-2
mRNA by binding to the ARE and by downregulating miR-
16 [119].

Interestingly, HuR is able to repress the translation of the
proapoptotic factor c-Myc by recruiting the let-7 miRNP to
the 3′UTR [120]. HuR is not the only RBP which assists in
targeting miRNPs to the 3′UTR of mRNAs, as was shown
with the example of TTP [121].

HuR also represses the translation of some of its targets
by binding to the 5′UTR. This is the case for p27, which
prevents cell proliferation [122].

It has been recently shown that HuR can act as an ITAF
binding to the IRES of XIAP mRNA, which encodes an anti-
apoptotic factor [123]. HuR stimulates the translation of
XIAP mRNA by binding to XIAP IRES and enhancing its
recruitment into polysomes.

Interestingly in the case of the antiapoptotic factor
prothymosin alpha (ProTα), HuR binding to its 3′UTR
enhances nuclear export of the mRNA followed by induced
translation upon UV irradiation [124].

In summary, the majority of HuR mRNA targets are
stabilized upon binding, and translation is enhanced. As an
ITAF, HuR binds to IRES structures and enhances transla-
tion. HuR is also able to inhibit translation by binding to
5′UTR or by recruiting miRNPs to the 3′UTR. On the other
hand, HuR also inhibits miRNA binding to the 3′UTR of
its target mRNAs. Finally, HuR is increasing cytoplasmic
abundance of target mRNAs probably via enhanced mRNA
nulear export. These examples illustrate the complexity of
HuR regulatory activity.

The large spectrum of mRNA targets regulated by HuR
confirms its potential to coordinate nearly all steps of tumor-
igenesis. Overexpressed in a high number of cancer types,
HuR provides a good candidate for therapy design. Surpris-
ingly, however, a recent study showed that elevated levels of
HuR may be advantageous for cancer therapy. In pancreatic
ductal adenocarcinoma, HuR levels modulate the therapeutic
activity of gemcitabine (GEM), a common chemotherapeutic
agent [125]. GEM exposure to cancer cells increases the
amount of cytoplasmic HuR and promotes its association
with dCK mRNA, which encodes the enzyme that activates
GEM, establishing a positive feedback loop that improves its
therapeutic efficacy. This example shows that therapies that
reduce the level of HuR have to be designed carefully, and
perhaps in a tumor type-dependent manner [126].

Besides HuR, a number of other factors can regulate the
stability and expression of mRNAs bearing AREs [127]. The
TIS11 family of RBPs composed of Tristetraprolin (TTP)
and butyrate response factors 1 and 2 (BRF-1 and-2) bind
and target ARE-containing mRNAs for rapid degradation
[101]. AUF1 is able to stabilize or destabilize ARE-containing
mRNAs [128]. The CELF family of RNA-binding proteins is
composed of 6 members, which promote either mRNA decay
or translation of its target mRNAs [129, 130]. For example
CUGBP2 binds COX-2 mRNA which is then stabilized but
translationally repressed [131]. T-cell intracellular antigen-1
(TIA-1) and TIA-1-related (TIAR) proteins are translational
silencers [132]. Some of these factors have common targets
and compete for binding depending on cellular conditions.
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3. Conservation of RBPs across Eukaryotes

Post-transcriptional gene regulation is a coordinated, effi-
cient, rapid and flexible mechanism to control the proteome
of the cell in response to different physiological conditions.
It is thus not surprising that some organisms have become
highly dependent on post-transcriptional mechanisms to
regulate gene expression, like, for example, the protozoan
parasite, trypanosome [133–135]. The trypanosome genome
encodes very few potential regulatory transcription factors,
and gene regulation relies mostly on RNA-binding proteins
[136]. It has been proposed that 3–11% of the proteome in
bacteria, archea and eukaryotes are putative RNA-binding
proteins [137]. The large number of RBPs suggests that RNA
metabolism may be a central and evolutionarily conserved
contributor to cell physiology. Most of the RNA-binding
domains known today are present in early stages of evolution.
Interestingly, several new eukaryotic-specific RNA-binding
domains have emerged, like the RRM, which suggests that
post-transcriptional gene regulation became more complex
with evolution [137].

The RNA-binding proteins described in this paper are
widely conserved across eukaryotes (Figure 3). We could de-
tect homologues of HuR only in metazoa and not in fungi
and plants. Human HuR is the most divergent family mem-
ber of the ELAV proteins. While the other members, HuD,
HuC, and Hel-N1, present a neuron- and brain-specific
expression, where they are mostly implicated in alternative
splicing, HuR is ubiquitously expressed and fulfills numerous
functions [138, 139].

Sam68 homologues exist in all eukaryotes except fungi
(Figure 3). In the STAR protein family, the Sam68 subfamily
is composed of Sam68 (SRC-associated in mitosis, 68 kd) and
the Sam68-like mammalian proteins 1 and 2 (SLM-1 and
SLM-2, also named T-STAR in humans) [140–143]. As in
the case of HuR, Sam68 is ubiquitously expressed, whereas
SLM-1 and SLM-2 expression is restricted to few cell types
or tissues [144]. In humans, Sam68 has acquired a larger
spectrum of functions and plays a major role in signaling and
splicing in different tissues.

Contrary to HuR and Sam68, La homologues can be
identified in all three phyla: metazoa, fungi, and plants
(Figure 3). La was first characterized as a human protein, and
homologues have been identified in a wide variety of other
eukaryotes [63]. The N-terminal part containing the La motif
is highly conserved, in contrast to the C-terminal domain
which varies both in size and sequence between species,
ranging from 70 amino acids in the yeasts S. cerevisiae and S.
pombe to more than 220 amino acids in vertebrates. Human
La is phosphorylated at different sites, all located in the C
terminus [63] (Figure 2). Interestingly these sites are only
conserved in vertebrate La proteins. The presence of an
additional C-terminal region including different functional
domains and phosphorylation sites shows that La has
evolved to a highly regulated and multifunctional factor in
vertebrates.

The translation initiation factor eIF4E is highly con-
served across eukaryotes. Sequence comparisons revealed
a phylogenetically conserved 182 amino acid C-terminal

H. sapiens

D. melanogaster

A. thaliana

N. crasa

S. cerevisiae

C. elegans

O. sativa

Sam68 eIF4E La HuR

Figure 3: Conservation of Sam68, eIF4E, La, and HuR in different
phyla. Phylogenetic tree of the RBPs described in this paper. The
presence of homologues is indicated.

region [145, 146]. In contrast, the N-terminal region is
poorly conserved and is not required for cap-dependent
translation [145]. Functional conservation has also been
demonstrated, as mammalian eIF4E can rescue the lethality
caused by disruption of the yeast eIF4E gene [147]. The
crystallographic structure of eIF4E in mouse, yeast, human,
and wheat has been solved [145, 148–150]. The three-
dimensional structure of the C-terminal part of murine
eIF4E demonstrates that the surface of the molecule resem-
bles a cupped hand that contains a narrow cap-binding slot.
The remarkable level of sequence identity across phylogeny
suggests that all known eIF4Es share the same structure in
their conserved C-terminal region [145]. eIF4E thus does
not contain a canonical RBD but adopts a conserved three-
dimensional structure which interacts with the cap.

Interestingly most eukaryotic organisms express multiple
eIF4E family members, and it has been proposed that
a ubiquitously expressed member of the family may be
implicated in general translation initiation while others
could be involved in specialized functions [151, 152]. eIF4E
family members may provide an additional layer of control
in translation and may regulate specific subsets of mRNAs,
which could be linked to cancer development.

4. Concluding Remarks

In cancer research, the impact of post-transcriptional gene
regulation has been considered only since a few years. Today,
it is well established that a subset of RBPs are key regulators
of processes involved in tumorigenesis. The genome wide
analysis of RBPs and their RNA targets has allowed a better
understanding of the complex world of mRNA metabolism
and the connections existing between different RBPs. Ac-
cording to the “RNA operon” concept, mRNAs encoding
functionally related proteins are coregulated by specific
RBPs, ensuring an efficient, flexible, and coordinated re-
sponse to cellular need [144, 153, 154]. RNA operons can be
interconnected. HuR and eIF4E for example, share common
mRNA targets like c-myc, cyclin D1 and VEGF, suggesting an
orchestrated regulation of the expression of genes implicated
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in tumorigenesis [155, 156]. In addition, HuR regulates
expression of eIF4E in cancer cells [156]. These observations
show that post-transcriptional regulation events are highly
linked and provide a powerful mechanism to control the fate
of a cell.

RBPs are highly versatile factors that can bind to multiple
RNA targets and regulate their fate by a variety of mecha-
nisms. The fact that every step of the mRNA life cycle is nar-
rowly controlled allows RBPs to fine tune expression in a very
precise manner. The conservation of RBPs across eukaryotes
and the emergence of more complexity along evolution also
point to an essential role of RBPs. Post-transcriptional gene
regulation is a central mechanism of emerging importance in
cancer research which is expected to provide novel targets for
therapy design.
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Diversity is one of the most remarkable features of living organisms. Current assessments of eukaryote biodiversity reaches 1.5
million species, but the true figure could be several times that number. Diversity is ingrained in all stages and echelons of life,
namely, the occupancy of ecological niches, behavioral patterns, body plans and organismal complexity, as well as metabolic needs
and genetics. In this review, we will discuss that diversity also exists in a key biochemical process, translation, across eukaryotes.
Translation is a fundamental process for all forms of life, and the basic components and mechanisms of translation in eukaryotes
have been largely established upon the study of traditional, so-called model organisms. By using modern genome-wide, high-
throughput technologies, recent studies of many nonmodel eukaryotes have unveiled a surprising diversity in the configuration
of the translation apparatus across eukaryotes, showing that this apparatus is far from being evolutionarily static. For some of
the components of this machinery, functional differences between different species have also been found. The recent research
reviewed in this article highlights the molecular and functional diversification the translational machinery has undergone during
eukaryotic evolution. A better understanding of all aspects of organismal diversity is key to a more profound knowledge of
life.

1. Protein Synthesis Is a Fundamental
Process of Life

Proteins are one of the elementary components of life and
account for a large fraction of mass in the biosphere. They
catalyze most reactions that sustain life and play structural,
transport, and regulatory roles in all living organisms.
Hence, “translation,” that is, the synthesis of proteins by
the ribosome using messenger (m)RNA as the template,
is a fundamental process for all forms of life, and a
large proportion of an organism’s energy is committed to

translation [1, 2]. Accordingly, regulating protein synthesis
is crucial for all organisms. Indeed, many mechanisms
to control gene expression at the translational level have
evolved in eukaryotes [3]. These mechanisms have endowed
eukaryotes with the potential to rapidly and reversibly
respond to stress or sudden environmental changes [1, 2, 4].
Translational control also plays a crucial role in tissues and
developmental processes where transcription is quiescent, or
where asymmetric spatial localization of proteins is required,
such as early embryogenesis, learning and memory, neuro-
genesis, and gametogenesis [5–10]. Moreover, recent global
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gene expression measurements have shown that the cellular
abundance of proteins in mammalian cells is predominantly
controlled at the level of translation [11, 12].

Eukaryotic translation is a sophisticated, tightly reg-
ulated, multistep process, the basic steps of which are
conserved in all eukaryotes. It is performed by the ribo-
some together with multiple auxiliary “translation” factors
(proteins) and is divided into four steps: initiation, elon-
gation, termination, and recycling. These basic processes of
translation were established experimentally in eukaryotes
some decades ago, and many regulatory mechanisms have
been subsequently elucidated [13, 14]. However, it was
only recently that, with the use of powerful genome-wide
sequencing, proteomics and bioinformatics-based technolo-
gies, a surprising diversity in components of the translation
apparatus across eukaryotes was unveiled. In some cases,
even functional differences between same molecules from
different species have also been identified. Additionally, there
is evidence that even the genetic code itself has continued
to evolve in some phyla. These findings indicate that after
eukaryotes emerged, the translational apparatus further
evolved during eukaryotic diversification. In this article, we
will review recent research revealing the diversification that
the genetic code and many components of the translational
machinery have undergone across eukaryotes.

2. Overview of the Translation
Process in Eukaryotes

2.1. Initiation. The aim of the initiation step is both to
ensure the recruitment of the mRNA to the ribosome and
the positioning the ribosome in the proper frame at the
start codon, which is achieved in a set of steps mediated
by eukaryotic initiation factors (eIF). For most eukaryotic
mRNAs, this happens by the so-called cap-dependent mech-
anism (Figure 1) [15–18]. It begins with the dissociation of
the ribosome into its 60S and 40S subunits by eIF6. Free
40S subunit, which is stabilized by eIF3, eIF1, and eIF1A,
binds to a ternary complex (consisting of eIF2 bound to an
initiator Met-tRNAMet

i and GTP) to form a 43S preinitiation
complex. On the other hand, the cap structure (m7GpppN,
where N is any nucleotide) of the mRNA is recognized by
eIF4E in complex with the scaffold protein eIF4G. Then,
the 43S preinitiation complex is recruited to the 5′ end of
the mRNA, a process that is coordinated by eIF4E through
its interactions with eIF4G and the 40S ribosomal subunit-
associated eIF3. The ribosomal complex then scans in a
5′ −→ 3′ direction along the 5′-untranslated region (UTR)
through interactions with the eIF4G-bound RNA helicase
eIF4A and eIF4B to reach the start codon, usually an AUG.
During scanning, eIF4B stimulates the activity of eIF4A
which unwinds secondary RNA structures in the mRNA.
eIF1, eIF1A, and eIF5 assist in the positioning of the 40S
ribosomal subunit at the correct start codon so that eIF2 can
deliver the anti-codon of the initiator Met-tRNAMet

i as the
cognate partner for the start codon, directly to the peptidyl
(P)-site of the 40S ribosomal subunit. Once the ribosomal
subunit is placed on the start codon, a 48S pre-initiation

complex is formed. Then, eIF5 promotes GTP hydrolysis by
eIF2 to release the eIF proteins. Finally, the GTPase eIF5B is
required for the joining of the 60S ribosomal subunit to the
40S subunit to form an 80S initiation complex. The poly A-
binding protein (PABP) is able to interact with the 3′-poly(A)
tail and eIF4G promoting circularization of the mRNA and
increasing the efficiency of subsequent rounds of initiation
(Figure 1) [15–20].

In the case of some viral and cellular mRNAs, 5′-
UTR recognition by the 40S ribosomal subunit happens
without involvement of eIF4E and is, instead, driven by
RNA structures located in cis within the mRNA itself. Such
structures are operationally defined as internal ribosome
entry site (IRES) and are located in the proximity of the start
codon ([21–23]; Martinez-Salas et al. this issue).

2.2. Elongation. After initiation, the 80S ribosome is assem-
bled at the start codon of the mRNA containing a
Met-tRNAMet

i in the P-site. Then, elongation takes place
(Figure 1); this is the process of decoding codons and
formation of peptide bonds sequentially to add amino
acid residues to the carboxy-terminal end of the nascent
peptide [16, 24–26]. This process is assisted by elongation
factors (eEF) and involves four major steps. (1) Formation
of the ternary complex eEF1A·GTP·aminoacyl-tRNA and
delivery of the first elongator aminoacyl-tRNAs to an empty
ribosomal tRNA-binding site called the A-(acceptor) site.
It is in the A-site where codon/anticodon decoding takes
place. (2) Interaction of the ribosome with the mRNA-tRNA.
This duplex activates eEF1A·GTP hydrolysis and guanine
nucleotide exchange on eEF1A. (3) Peptide bond formation
then occurs between the P-site peptidyl-tRNA and the
incoming aminoacyl moiety of an A-site aminoacyl-tRNA.
This reaction is catalyzed by the peptidyl transferase center
of the 60S ribosomal subunit, and the products comprise of a
new peptidyl-tRNA that is one amino acid residue longer and
a deacylated (discharged) tRNA. (4) Binding of eEF2·GTP
and GTP hydrolysis promotes the translocation of the mRNA
such that the deacylated tRNA moves to the E-(exit) site,
the peptidyl-tRNA is in the P-site, and the mRNA moves by
three nucleotides to place the next mRNA codon into the A-
site. The deacylated tRNA in E-site is then ejected from the
ribosome. The whole process is repeated along the mRNA
sequence until a stop codon is reached and the process of
termination is initiated [16, 24–26].

2.3. Termination. Translation termination is mediated by
two polypeptide chain-release factors, eRF1 and eRF3
(Figure 1). When any of the termination codons (UAA, UAG,
and UGA) is exposed in the A-site, eRF1 recognizes the
codon, binds the A-site, and triggers the release of the nascent
polypeptide from the ribosome by hydrolysing the ester
bond linking the polypeptide chain to the P-site tRNA. This
reaction leaves the P-site tRNA in a deacylated state, leaving
it to be catalyzed by the peptidyl transferase center of the
ribosome. eRF1 recognizes stop signals and functionally acts
as a tRNA-mimic, whereas eRF3 is a ribosome- and eRF1-
dependent GTPase that, by forming a stable complex with
eRF1, stimulates the termination process [16, 27, 28].
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Figure 1: The general process of translation in eukaryotes. A typical eukaryotic mRNA is represented. The cap structure (m7G), the open
reading frame (light gray box) and the poly(A) tail are depicted. During Initiation, most eukaryotic mRNAs are translated by the cap-
dependent mechanism, which requires recognition by eIF4E (green crescent) complexed with eIF4G (red) and eIF4A (light green)—the
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loaded with eIF3 (pink), eIF1 and eIF1A (light grey), initiator Met-tRNAMet

i (blue clover), eIF2 (dark green), and GTP binds the eIF4F-
mRNA complex and scans along the 5′-UTR of the mRNA to reach the start codon (usually an AUG triplet). During the scanning eIF4A,
stimulated by eIF4B (dark blue), unwinds secondary RNA structure in an ATP-dependent manner. The poly A-binding protein (PABP,
dark brown) binds both the poly(A) tail and eIF4G promoting mRNA circularization. Elongation is assisted by elongation factors eEF1A
and eEF2 (light brown). During this step, aminoacyl-tRNA synthetases (aaRSs, purple) catalyze the binding of amino acids (aa) to cognate
tRNAs. Termination is mediated by the release factors eRF1 (gray) and eRF3 (light blue) and happens when a termination codon (STOP)
of the mRNA is exposed in the A-site of the ribosome. In this step, the completed polypeptide (red) is released. During Recycling, which
is required to allow further rounds of translation, both ribosomal subunits dissociate from the mRNA. eRF1 remains associated with the
posttermination complexes after polypeptide release.

2.4. Recycling. In the recycling step, both ribosomal subunits
are dissociated, releasing the mRNA and deacetylated tRNA,
so that both ribosomal subunits can be used for another
round of initiation [16, 27, 28] (Figure 1). The closed-loop
model proposes that, during translation, cross-talk occurs
between both ends due to the circular conformation of the
mRNA. According to this model, termination and recycling
may not release the 40S ribosomal subunit back into the
cytoplasm. Instead, this subunit may be passed from the
poly(A) tail back to the 5′-end of the mRNA, so that a new
round of initiation can be started [16, 27].

3. Divergence in the Genetic Code

The deciphering of the genetic code in the early 1960’s
established one of the basic foundations of modern biology.
Soon after, the essential universality of the genetic code
was recognized, that is, the assignment of 20 amino acids
to 64 codons and two punctuation marks (start and stop
signals) is substantially the same for all extant forms of life on

earth [29]. Nevertheless, variations to the “universal” genetic
code, wherein the meaning of a “universal” codon is changed
to a different one, have recently been uncovered in a wide
range of bacteria, organelles, and the nuclear genome of
eukaryotes, revealing that the genetic code is still evolving
in some lineages [30–33]. In eukaryotes, deviations from
the standard nuclear genetic code have arisen independently
multiple times in unicellular organisms of five lineages,
namely, ciliates, Diplomonads, fungi (in the genus Candida
and some ascomycetes), polymastigid oxymonads, and green
algae (in Dasycladales and Cladophorales) [30, 31, 33–
39]. Most codon variations in eukaryotes are found to
be the reassignment of the stop codons UAG and UAA
to glutamine, and the stop codon UGA to tryptophan or
cysteine (Figure 2). All reported code variations in ciliates,
Diplomonads, and green algae belong to this kind. In
contrast, Candida ambiguously utilizes the codon CUG
(universally used for leucine) for both serine and leucine.
The underlying mechanisms of codon reassignment are
mutations in tRNA genes that affect decoding, RNA editing,
or mutations in eRF1 [30, 31, 34–39].
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The observation that the same codon reassignments have
occurred independently in closely related species (within the
yeasts, green algae, and ciliate taxa) supports the notion
that these changes provide a selective advantage in similar
ecological niches [30]. Whether there is a restriction for the
genetic code to change in multicellular organisms is not
known.

4. Diversity in the Initiation Step

4.1. Functional Divergence of eIF Proteins. While the funda-
mental principles of translation are well conserved across
all forms of life, in eukaryotes the initiation step has
undergone substantial increase in complexity as compared to
prokaryotes [3, 22, 40–44]. Most evidence for molecular and
functional diversification among the translation components
has been found in the eIF4 proteins (Figure 2). Most eukary-
otic phyla possess several paralog genes for members of the
eIF4 families, with well-documented differential expression
patterns and variable biochemical properties among paralogs
of the same organism [45–72]. For eIF4E and eIF4G cog-
nates, even evidence of physiological specialization has been
found among both unicellular and multicellular organisms
(Table 1). These findings support the hypothesis that in
organisms with several paralogs, an ubiquitous set of eIF4
factors supports global translation initiation whereas other
paralogs perform their activity in specific cellular processes
[45]. In some cases, eIF4E cognates have evolved towards
translational repressors. Class 2 eIF4Es are exemplified by
eIF4E-homolog protein (4E-HP) in human, eIF4E-2 in
mouse [63], eIF4E-8 in Drosophila [52, 58, 73], IF4 in C.
elegans [74, 75], and nCBP in A. thaliana [76], and they
can bind the 5′ cap structure of mRNA but do not bind
eIF4G [58, 77], thereby acting as a translational repressors
of mRNAs associated with it [73, 78]. Class 2 eIF4Es are
widespread across metazoa, plants, and some fungi although
absent in the model ascomycetes S. cerevisiae and S. pombe
[46]. Since the Arabidopsis [76] and Caenorhabditis [74]
orthologs promote translation of some mRNAs, it seems
most likely 4E-HP diverged from a widespread ancestral
eIF4E to form a translational repressor in metazoa [3].
A similar example is eIF4E-1B, which emerged only in
vertebrates as a translational repressor of a subset of oocyte
mRNAs [57, 59, 79], and Leishmania eIF4E-1, which under
heat shock conditions binds to a Leishmania-specific 4E-
BP and becomes translationally inactive [71]. In other
cases, eIF4E cognates have evolved towards a new molecular
function not related to translation. This is the case with
Trypanosoma eIF4E-1 and eIF4E-2, which are essential
nuclear and cytoplasmic proteins, respectively [49], and
Giardia (eIF4E-2), which binds only to nuclear noncoding
small RNAs [64]. However, it is also possible that this was an
ancestral function of eIF4E [22, 40].

Whereas the need for distinct eIF4 proteins in different
tissues may have been the driving force behind the evolution
of various paralogs in multicellular organisms, in unicellular
eukaryotes different paralogs may be differentially needed
during distinct life stages [49]. Specific features of mRNA

metabolism in some phyla also might have driven the
evolution of eIF4Es in specific organisms, such as the use of
different cap structures (usually mono- and trimethylated)
in mRNAs from worms of the phylum Nematoda [50, 51,
54, 80], and flagellate protists of the order Kinetoplastida
[49, 65, 66]. These mRNAs result from the trans-splicing
process to produce mature mRNAs.

Other eIFs have also undergone molecular diversification
across eukaryotes, including the multisubunit eIF3 whose
subunit composition ranges from 5 to 13 nonidentical
polypeptides in different phyla [99], and eIF6 that is dupli-
cated into two or three paralogs in plants [100]. However,
the functional relevance of these phenomena (if any) is not
known.

4.2. Multiple RNA Helicases for Translation Initiation. The
evolution of cap-dependent translation has led to a depen-
dency on RNA helicase activity to unwind the 5′-UTR sec-
ondary structure during the scanning [22, 40]. The DEAD-
box RNA helicase/ATPase eIF4A is the main helicase thought
to perform this activity. Recently, other RNA helicases
from diverse organisms have also been found to facilitate
translation of specific mRNAs with structured 5′-UTRs
(Figure 2). Such is the case of the mammalian, Drosophila
and yeast DEAD-box helicases DDX3 and Ded1, as well as
the human DExH-box helicases RHA and DHX29 [101–
103]. In Drosophila, the DEAD-box helicase Vasa interacts
with eIF5B and regulates the translation of gurken and
mei-P26 mRNAs. Evidence supports the idea that Vasa
is a translational activator of specific mRNAs involved in
germline development [6, 7]. In contrast, orthologs of the
Xenopus helicase Xp54 (DEAD-box, DDX6-like helicases) in
a spectrum of organisms, including Drosophila Me31B, Sac-
charomyces Dhh1, human rck/p54, and Caenorhabditis CGH-
1 have been found to repress translation of stored mRNAs
and promote aggregation into germplasm-containing struc-
tures [104].

Most RNA helicases involved in translation also play
a variety of roles in other processes of RNA metabolism,
including mRNA RNP assembly, RNA degradation, RNA
export, and splicing [103]. This functional versatility of RNA
helicases leads us to speculate that a wider diversity of other,
yet unidentified, helicases might be involved in translation
in all eukaryotes. This could be the case of the Arabidopsis
eIF4F complex, which contains eIF4A in proliferating cells
but different RNA helicases in quiescent cells [105]. Whether
these helicases play a role in translation is not known.

4.3. Divergence in the Regulation of Initiation: Diversity of
eIF4E-Binding Proteins. Almost twenty years ago, it was
discovered that eIF4E is negatively regulated in mammalian
cells by three related proteins, the eIF4E-binding proteins
(4E-BPs) 1, 2, and 3. These proteins share with eIF4G the
motif YXXXXLφ (where X is any amino acid and φ is a
hydrophobic residue) that interacts with the convex dorsal
surface of eIF4E, so binding of 4E-BPs to eIF4E precludes
its association with eIF4G and represses cap-dependent
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translation [8, 106]. In the last years, a myriad of 4E-binding
proteins has been discovered in species from distantly related
taxa, including mammals, plants, Drosophila, Caenorhabdi-
tis, yeast [3, 8, 106], and Leishmania [71] (Figure 2). Inter-
estingly, most 4E-BPs are phylogenetically unrelated to each
other and control translation in disparate, species-specific
processes, such as embryogenesis in Drosophila, neurogenesis
in mammals, or pseudohyphal growth in yeast. Moreover,
some 4E-BPs utilize non-canonical motifs to bind eIF4E.
These observations support the idea that binding to eIF4E
evolved independently in multiple taxonomic groups [3].

4.4. Divergence in the Regulation of Initiation: The Case
of eIF4E Phosphorylation. In mammalian cells, the kinases
ERK or p38MAPK phosphorylate and activate the MAPK-
interacting kinases (Mnk1/2). Mnk interacts with the
carboxy-terminal part of eIF4G to directly phosphorylate

eIF4E on Ser-209. This phosphorylation appears to regulate
the function of eIF4E although the precise consequences
are unclear [107–110]. Mammals possess two Mnk genes
(MKNK1/2) which in humans, but not mice, give rise to
four Mnk isoforms by alternative splicing; these isoforms
have distinct properties in terms of activity, regulation,
and subcellular localization [111]. In Drosophila, the single
Mnk orthologue, LK6, also phosphorylates eIF4E-1 at a
serine residue corresponding to mammalian Ser-209, a
phosphorylation that is critical for development and cell
growth [112–115]. However, the effects of phosphorylation
on eIF4E activity and its physiological relevance are different
across eukaryotes. Indeed, a residue equivalent to Ser-209
is present in metazoan eIF4Es but is absent in different
fungi, protists and plants ([67];R. Jagus et al., this issue).
Accordingly, Mnk is conserved among metazoans, but no
Mnk ortholog exists in S. cerevisiae or plants, whose eIF4Gs
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Table 1: Specialized activities of eIF4 proteins.

Proteina Activity Reference

eIF4E cognates

Dm eIF4E-1, M eIF4E-1, Ce IFE-3,
Sp eIF4E-1, Sc eIF4E, Plant eIF4E and
eIF(iso)4E, Z eIF4E-1A, Gl eIF4E-2;
Tb eIF4E-3 and eIF4E-4; Lm eIF4E-1
and eIF4E-4

Supports general cap-dependent initiation of
translation. Essential gene.

[49, 54, 55, 57, 58, 62, 64, 65, 67, 72, 81–84]

M eIF4E-1 mRNA nucleocytoplasm transport. [85]

Dm eIF4E-1

Involved in sex-lethal (Sxl)-dependent
female-specific alternative splicing of male
specific lethal-2 (msl-2) mRNA and Sxl
pre-mRNAs.

[86]

Sp eIF4E-2
Supports cap-dependent translation initiation
during stress response.

[62]

Ce IFE-1 Required for gametogenesis. [87–89]

Ce IFE-2
Involved in chromosome segregation at
meiosis at elevated temperatures.

[90]

Ce IFE-4
Promotes expression of specific mRNAs
involved in egg lying. Nonessential gene.

[74]

Dm eIF4E-3
Testis-specific protein, essential for
spermatogenesis.

[91]

La eF4E-4 Supports translation in promastigotes stage. [71]

Dm 4E-HP, M 4E-HP Negative regulator of translation. [58, 73, 77, 78]

Xl eIF4E-1B Negative regulator of translation. [57, 79]

La eIF4E-1
Represses translation under heat shock
conditions.

[71]

Gl eIF4E-1
Involved in nuclear snRNAs metabolism and
play no role in translation.

[64]

Tb eIF4E-1 and eIF4E-2 Essential genes. Play no role in translation. [49]

eIF4G cognates

M eIF4G-I and eIF4G-II, Dm eIF4G,
Sc eIF4G-I and eIF4G-II, plant eIF4G
and Plant eIF(iso)4G, Ce p170 of
IFG-1,

Scaffold protein. Supports general cap- and
IRES-dependent initiation of translation.

[55, 60, 67, 71, 92–96]

Dm eIF4G-2 Support translation initiation in testis. [47, 48]

M eIF4G-2 Involved in hematopoietic cell differentiation. [97]

M eIF4G-3 Essential for spermatogenesis. [98]

Ce IFG-1
p130 of ifg-1 gene is involved in mitotic and
early meiotic germ cell development.

[93]

La eIF4G-3 Supports translation in promastigotes stage. [71]
a
At, Arabidopsis thaliana; Ce, Caenorhabditis elagans; Dm, Drosophila melanogaster; Lm, Leishmania major; La, Leishmania amazonensis; M, mammalian; Nt,

N. tabacum; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; W, wheat germ; Xl, Xenopus laevis; Z, zebra fish; Gl, Giardia lamblia; Tb, Trypanosoma
brusei.

lack a Mnk-binding domain ([67]; R. M. Patrick and K.
S. Browning, this issue). Moreover, Trypanosoma eIF4E-
3 [116] and S. cerevisiae eIF4E [117] are phosphorylated
on residues which are not equivalent to mammalian Ser-
209, and S. cerevisiae cells expressing a nonphosphorylatable
version as sole source of eIF4E do not display any evident
defect on global protein synthesis or cell growth [117]. These
observations support the idea that eIF4E phosphorylation
at Ser-209 by the MAPK-Mnk signaling pathway evolved

only in metazoans and that, perhaps, alternative mechanisms
regulate eIF4E in nonmetazoan eukaryotes [3].

4.5. Diversity in the Regulation of Initiation: The Case of
eIF2alpha Phosphorylation. Under different stress condi-
tions, general protein synthesis is inhibited through phos-
phorylation of the alpha subunit of eIF2 at Ser-51 by
a family of kinases that are present in widely scattered
lineages. They include the double-stranded RNA protein
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kinase (PKR) that is activated during viral infection, the
heme-regulated inhibitor kinase (HRI) that is activated
under heme deprivation or arsenite exposure, the PKR-like
endoplasmatic reticulum kinase (PERK) that is activated by
unfolded proteins in the lumen of the endoplasmic reticu-
lum, and the general control nonderepressible 2 (GCN2) that
is activated by uncharged tRNA and thus senses amino acid
starvation [107, 118] (Figure 2). The presence of eIF2alpha
kinases varies in different lineages; while GCN2 is present
in all eukaryotes; PERK is found in only metazoans; HRI
is found in vertebrates, the dipteran Anopheles, the fungi
Schizosaccharomyces, and the echinoderm Strongylocentrotus;
PKR is only found in vertebrates [53, 118]. Interestingly, in
some teleost fishes, PKR has undergone further duplication
into PKR and PKZ, which perhaps led teleost fishes to
respond to an extended range of viral infections [119].

5. Diversity in the Elongation Step

5.1. Divergence in the Aminoacyl-tRNA Synthetases. The
process of elongation is highly conserved among all forms
of life [16, 24, 25]. Key molecules for elongation are
aminoacyl-tRNA synthetases (aaRSs), which catalyze the
aminoacylation reaction whereby an amino acid is attached
to the cognate tRNA. aaRSs are the only components of
the gene expression machinery that function at the interface
between nucleic acids and proteins. Thus, by performing
their activity, aaRSs establishes the fundamental rules of
the universal genetic code and, thus, of translation. aaRSs
constitute a family of 20 essential cellular enzymes that are
grouped into two classes: class I, in which the aminoacylation
domain has a Rossmann nucleotide-binding fold, and class
II, in which this domain is a seven-stranded beta-sheet with
flanking alpha-helices. The conservation of the genetic code
suggests that aaRSs evolved very early before the emergence
of the last universal common ancestor [120, 121].

Throughout evolution of multicellularity, different
domains, such as the WHEP domain, the oligonucleotide
binding fold-containing EMAPII domain, the tripeptide
ELR (Glu-Leu-Arg), the glutathione S-transferase (GST)
domain and a specialized amino-terminal helix (N-helix),
have been progressively added to different aaRSs in distinct
phyla (Figure 2). The tripeptide ELR and the EMAPII
domain were incorporated simultaneously to TyrRSs in
metazoans starting from insects; the WHEP domain is
present in TrpRS only in chordates; a unique sequence motif,
UNE-S, became fused to the C-terminal of SerRS of all
vertebrates [120, 121]. In bilaterian animals, the glutamylRS
and prolylRS were linked via WHEP domains giving rise to
a bifunctional glutamyl-prolylRS [120, 121]. It was recently
found that this fused enzyme is also present in the cnidarian
Nematostella, which pushes the origin of glutamyl-prolylRS
back to the cnidaria-bilaterian ancestor [122], and suggests
that this enzyme further underwent fission in the nematode
C. elegans where glutamylRS and prolylRS enzymes are
separated. GlutamylRS and prolylRS are also separate in
plants and fungi [120–122].

It has been found that the function of the aaRSs
was either increased or impaired by the addition of the
new domains. Whereas the WHEP domain regulates inter-
action of TrpRS with its cognate receptor, with MetRS
this domain plays a tRNA-sequestering function. The Leu-
zipper motif in ArgRS is important for the formation of
multi aaRSs complex (MSC), which enhances channeling
of tRNA to the ribosome. Moreover, different aaRSs play
diverse roles in cellular activities beyond translation, such as
stress response, plant and animal embryogenesis, cell death,
immune responses, transcriptional regulation, and RNA
splicing [120, 121, 123]. It was found that the incorporation
of domains to aaRSs correlates positively with the increase
in organism’s complexity. For example, the number of aaRSs
carrying the GST domain increases from two in fungi to four
in insects, to five in fish, and six in humans [121]. Thus,
it has been proposed that the newly fused aaRSs domains
triggered the appearance of new biological functions for
these proteins in different lineages and that the fusion of
domains to aaRSs could have played an important part in
expanding the complexity of newly emerging metazoan phyla
[121].

5.2. Divergence in Elongation Factors. eEF1A plays a critical
role in translation. It binds and delivers aa-tRNAs to the
A-site of ribosomes during the elongation step. Because
homologs of this essential protein occur in all domains of
life, it was thought to exist in all eukaryotes. Strikingly,
a recent genome-wide survey revealed that a number of
lineages lack eEF1A and instead possess a related factor
called elongation factor-like (EFL) protein that retains the
residues critical for eEF1A function [124] (Figure 2). It was
later found that EFL-encoding species are scattered widely
across eukaryotes and that eEF1A and EFL genes display
mutually exclusive phylogenetic distributions. Thus, it is
assumed that eEF1A and EFL are functionally equivalent
[124–132]. Since EFL is present only in eukaryotes, it is
thought that eEF1A is ancestral to all extant eukaryotes and
that a single duplication event in a specific lineage gave
rise to EFL. EFL genes were then spread to other lineages
via multiple independent lateral gene transfer events, where
EFL took over the original eEF1A function resulting in
secondary loss of the endogenous eEF1A. It is thought
that both genes coexisted for some time before one or the
other was lost. Indeed, the diatom Thalassiosira bears both
EFL and eEF1A genes [129] and might be an example of
this situation. It is also possible that there was a single
gain of EFL early in evolution followed by differential loss
of it [124, 128, 129, 131, 132]. So far, EFL genes have
been identified in widespread taxa, including diatoms, green
and red algae, fungi, euglenozoans, foraminiferans, cryp-
tophytes, goniomonads, katablepharid, chlorarachniophytes,
oomycetes, dinoflagellates, choanozoans, centrohelids, and
haptophytes [124–132]. Most of them are unicellular organ-
isms. In contrast, eEF1A is found in most eukaryotes, and
multiple copies of this gene have been found in some
insect orders, including Coleoptera, Hymenoptera, Diptera,
Thysanoptera, and Hemiptera [133].
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The eEF1A activity is modulated by diverse post-
translational modifications, including phosphorylation,
lysine methylation, and methyl-esterification. eEF1A also
undergoes modification by covalent binding of ethanolamine
phosphoglycerol (EPG), whose function is not known and
for whom the number of moieties attached varies in
different eukaryotes [134]. Moreover, in addition to its
role in translation, eEF1A has been reported to play several
“moonlighting” functions, including binding to cytoskeletal
proteins, signal transduction, protein nuclear export
and import of tRNAs into mitochondria [134]. It is not
known whether EFL undergoes the same posttranslational
modifications as eEF1A does and whether it also displays
non-translational activities.

6. Divergence in the Termination Step

The termination of protein synthesis is governed by eRF1,
which is a monophyletic and highly conserved protein
that is universally present in eukaryotes. Comprehensive
analyses of genomic datasets show that eRF1 was inher-
ited by eukaryotes from archaeal ancestors and that most
eukaryotes encode only one eRF1. Known exceptions are
Arabidopsis thaliana, which possesses three eRF1 genes, and
the ciliates Tetrahymena, Oxytricha, Nyctotherus, Oxytricha,
Euplotes, and Paramecium which have two eRF1 genes [135–
138]. Interestingly, unusually high rates of eRF1 evolution
have been found in organisms with variant genetic codes,
especially in the N-terminal domain, which is responsible
for stop-codon recognition [30, 34, 135, 136, 138, 139].
eRF1 displays structural similarity to tRNA molecules and
mimics its activity during binding of ribosomal A-site during
recognition of a stop codon [34, 139–141]. Since mutations
in eRF1 N-terminal domain switch from omnipotent to
bipotent mode for stop-codon specificity [35–38, 141], most
likely the accelerated evolution of eRF1 in organisms with
variations to the nuclear genetic code has been driven mainly
to accommodate these variations [30, 31, 34–38, 135, 138–
141].

eRF3 is a GTPase that stimulates the activity of eRF1
during the translation termination process. eRF3 arose in
early eukaryotes by the duplication of the GTPase eEF1A.
Consistent with this, eRF3 binds and transports eRF1, a
structural mimic of tRNA, to the ribosomal A-site, similar
to the role of eEF1A in binding and delivering aminoacyl-
tRNAs to the same site during translation elongation [142,
143]. eRF3 is much more divergent than eRF1, especially
in its N-terminal domain. In addition, eRF3 is universal
among eukaryotes, and most organisms only contain single-
copies of this gene [137, 143]. In contrast, mammalian
species express two eRF3s (viz. eRF3a and eRF3b; Figure 2).
They possess different N regions and display drastically
different tissue distribution and expression profiles during
the cell cycle [143, 144]. Moreover, eRF3b but not eRF3a
can substitute for yeast eRF3 in translation termination
[145]. These observations indicate duplication and further
functional divergence of eRF3 proteins in this lineage.

7. Divergence in the Recycling Step

Ribosomes from all eukaryotes perform elongation with
eEF1A and eEF2. Interestingly, it has been known for some
time that the yeast Saccharomyces cerevisiae requires an
additional essential factor, eEF3, for the elongation cycle
to proceed [146]. Genes encoding eEF3 were subsequently
identified exclusively in other fungi (both yeasts and fil-
amentous), including Candida, Pneumocystis, Neurospora,
Aspergillus, and Mucor [147–150] (Figure 2). eEF3 is an
ATPase that interacts with both ribosomal subunits and
stimulates binding of aminoacyl-tRNA to the ribosomal A-
site by enhancing the rate of deacylated tRNA dissociation
from the E-site. Because E-site release is needed for efficient
A-site binding of aminoacyl-tRNA, it was thought that
eEF3 functions as a so-called “E-site” factor [16, 151].
Most recently, it was shown that post-termination complex,
consisting of a ribosome, mRNA, and tRNA, is disassembled
into single components by ATP and eEF3. Because the release
of mRNA and deacylated tRNA and ribosome dissociation
takes place simultaneously and no 40S—mRNA complexes
remain, it is proposed that eEF3 activity promotes ribosome
recycling [152]. “What were the evolutionary forces that led
to the emergence of eEF3 exclusively in fungi?” is a very
interesting, still open question.

8. Concluding Remarks

One of the most conspicuous features of life is its prominent
ability to diversify. Current assessments of the biodiversity on
Earth reaches 2 million species, although the true number
of living organisms could easily be four times that number
and likely much higher [153, 154]. The diversification of
life has occurred at different levels, including the occupancy
of ecological niches, behavioral patterns, body plans, and
organismal complexity, and metabolic needs and capabilities.
More recently, intensive whole-genome shotgun sequencing
of microbial communities from different environments has
unveiled a vast profusion of diversification also at the
genetic level [155–157]. We have discussed that diversity
also exists in the machinery that performs a fundamental
process, translation, across eukaryotes. We speculate that
the molecular diversification of the translation apparatus is
among the basis that provided to early eukaryotes the scope
to invade new ecological niches and overcome the different
environmental and biological challenges this represented.
Different evolutionary mechanisms might have been the
driving forces leading to this molecular diversification in dif-
ferent lineages, including natural selection, sexual selection,
genetic drift and neutral evolution. However, at this point,
we can be nothing but speculative on the biological meaning
of the molecular diversification reviewed here.

Traditional studies on so-called model organisms have
taught us the global processes of eukaryotic translation.
In the last years, the use of modern genome-wide, high-
throughput technologies to study many non-model eukary-
otes from different taxa has unveiled that diversification
of the translation machinery configuration is far more
expansive than previously thought. Collectively, these studies
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show that the translation apparatus in eukaryotes is far from
being evolutionarily static. Therefore, we anticipate that, as
more organisms are studied, additional diversification of
components of the translation apparatus will be revealed. We
believe that a better understanding of the diversity of all levels
of organism will provide us a more profound understanding
of Life.
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Organisation of RNAs into functional subgroups that are translated in response to extrinsic and intrinsic factors underlines a
relatively unexplored gene expression modulation that drives cell fate in the same manner as regulation of the transcriptome
by transcription factors. Recent studies on the molecular mechanisms of inflammatory responses and haematological disorders
indicate clearly that the regulation of mRNA translation at the level of translation initiation, mRNA stability, and protein
isoform synthesis is implicated in the tight regulation of gene expression. This paper outlines how these posttranscriptional
control mechanisms, including control at the level of translation initiation factors and the role of RNA binding proteins, affect
hematopoiesis. The clinical relevance of these mechanisms in haematological disorders indicates clearly the potential therapeutic
implications and the need of molecular tools that allow measurement at the level of translational control. Although the importance
of miRNAs in translation control is well recognised and studied extensively, this paper will exclude detailed account of this level of
control.

1. Introduction

Hematopoietic stem cells (HSCs) have a life-long capacity to
replenish the stem cell compartment and give rise to mul-
tipotent progenitors. These progenitors expand to maintain
the hematopoietic compartment and differentiate into vari-
ous blood lineage progenitors. Lineage positive progenitors
are committed for differentiation into mature blood cells.

Transcription factors have a pivotal role in hematopoiesis
to maintain a gene expression program that endows self-re-
newal properties to HSCs and enables commitment and dif-
ferentiation into different blood cell lineages [1]. The upreg-
ulation of both PU.1 and Gata-1 reprograms HSC to be-
come common myeloid progenitors (CMPs) [2]. The CMPs
undergo further lineage divergence into megakaryocyte/ery-
throid progenitors (MEPs) and granulocyte/monocyte pro-
genitors (GMPs) upon Gata-1 and PU.1 mutual exclusive
expression, respectively. Commitment to the erythroid lin-
eage is characterized by the expression of erythroid-specific
transcription factors Gata-1, Eklf, and Nfe2 determining the
erythroid program.

Upon commitment, the balance between proliferation
and differentiation of lineage-specific progenitors is under
tight control, to maintain the progenitor pool and ensure
maturation in response to physiological demand. The pro-
duction of increased numbers of mature blood cells during
stress situations such as inflammation or hypoxia requires
higher progenitor proliferation rates. Concurrently, feedback
mechanisms must be closely coordinated to repress progeni-
tor proliferation when the stress is over [3]. The human bone
marrow must replace 1011 erythrocytes daily under normal
physiological erythropoiesis. Gene expression is regulated at
the transcription level, producing a cell-specific mRNA pool.
Subsequent control of mRNA translation enables the cells
to further adapt to environmental and developmental cues.
Translation regulation (i) permits fast cellular responses to
growth factors, inducing specific proteins to be expressed, (ii)
selective expression of different protein isoforms from a given
transcript, and (iii) induction of expression of pro-apoptotic
proteins when the transcription program is inhibited. Trans-
lation Initiation is an important level of translation control.
Cap-dependent translation initiation depends on two major
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limiting steps: (i) the formation of the initiation complex by
release of the cap-binding initiation factor eIF4E from its
binding factor 4E-BP and (ii) binding of the ternary complex
(TC) consisting of GTP-loaded translation initiation factor
2 (eIF2:GTP) plus a methionine-loaded initiator tRNA
(tRNAi

met) to the 40S ribosome subunit. Cap-independent
translation initiation depends on an internal ribosomal entry
site (IRES) in the transcript that has to bind IRES transacti-
vating factors (ITAFs). The biochemistry of translation initi-
ation has been extensively reviewed [4, 5]. We will focus on
the importance of translation initiation for haematopoiesis.

2. Growth Factor-Dependent Proliferation of
Hematopoietic Progenitors

The main regulator of erythropoiesis is the glycoprotein hor-
mone Erythropoietin (Epo), produced in the kidney in re-
sponse to oxygen tension in the blood. The function of Epo
initiates from the specific interaction to its cell surface re-
ceptor (EpoR). In stress erythropoiesis, stem cell factor (cKit
ligand) and glucocorticoids (GR) work in concert with Epo
to induce expansion of progenitors in the mouse spleen
[6, 7]. The requirement for SCF in acute erythroid expansion
was demonstrated by the observation that inhibiting c-Kit
antibodies abolished splenic hematopoiesis upon induction
of haemolytic anaemia in mice, while the antibodies had no
effect on steady-state erythropoiesis [6].

Epo and SCF transduce signals via multiple cooperating
pathways in erythroid progenitors [7–10], among which the
activation of the PI3K pathway. Although both Epo and SCF
activate PI3K in erythroid progenitors, the efficiency with
which downstream signalling pathways are activated shows
large differences [11, 12], suggesting differential susceptibil-
ity to feedback pathways. Activation of PI3K results in pho-
sphorylation and activation of PKB and subsequently of
mTOR (Figure 1). In turn, mTOR phosphorylates and acti-
vates S6K (Rps6kb1; p70S6Kinase) and 4EBP (4E-Binding
Protein) [13]. In erythroblasts, only SCF can induce full
phosphorylation of 4EBP [14]. PP2A is the main phospha-
tase acting on S6K and 4EBP1 and thereby the main anta-
gonist of mTOR function in erythroblasts (Figure 1).

4EBP hyperphosphorylation results in the release of the
mRNA cap-binding factor eIF4E (eukaryotic Initiation Fac-
tor 4E) [15]. Subsequently, eIF4E can bind the scaffold pro-
tein eIF4G, which enables the formation of an eIF4F scan-
ning complex containing eIF4E, eIF4G, and the RNA helicase
eIF4A. eIF4F associates with several other translation factors
including the 40S small subunit of the ribosome and the
associated ternary complex consisting of eIF2:tRNAi

met [5].
This preinitiation complex scans the 5′UTR for the first
AUG codon in an appropriate sequence context [16]. There
the ribosome associates and methionine is deposited at the
P-site and eIF2 is released [5, 17]. The cap-binding eIF4E
protein is a rate limiting factor in the formation of the
preinitiation complex [18] and therefore its release upon
phosphorylation of 4EBP is a crucial control mechanism
in polysome recruitment of mRNAs. In addition, eIF4E is
phosphorylated by MAP-kinase signal-integrating kinases
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Figure 1: The PI3K/PKB/mTOR pathway controls mRNA transla-
tion. SCF-receptor activation results in recruitment of PI3K to the
receptor, which generates phosphorylates membrane lipids (PIP3)
that form an anchor for the PH-domain containing kinases PDK1
and PKB. PIP3 is dephosphorylated by the tumour suppressor
PTEN, which silences the PI3K-pathway. At the membrane PDK1
phosphorylates PKB, which phosphorylates the tuberous sclerosis
tumour suppressor genes Tsc1 and Tsc2. Upon phosphorylation
these genes release the GTPase Rheb to activate mTOR. Activation
of mTOR results in phosphorylation of p70S6kinase (S6K) and
eIF4E-binding protein (4E-BP). Upon phosphorylation, 4E-BP
releases the cap-binding translation initiation factor 4E (eIF4E),
which allows for association of eIF4E with the proteins that form
the eIF4F scanning complex and with the 40S ribosomal subunit
[4].

Mnk1 and Mnk2 [19, 20] in response to insulin and stress
[21]. The role of eIF4E phosphorylation is still controversial.

2.1. Translation Initiation Sensitivity to eIFs: Regulation of
eIF4F-Sensitive Transcripts. Although the preinitiation com-
plex consists of general translation factors, it scans mRNAs
with a short and simple 5′ Untranslated Region (UTR) much
more efficiently than mRNAs with a long and structured
5′UTR [22]. Structured mRNAs require a higher density
of preinitiation complexes to maintain an open structure,
which renders them more sensitive to the concentration
of eIF4F complexes in the cell. Well-known examples are
growth promoting proteins such as VEGF, MYC, and ODC
[22]. PI3K-dependent, selective polysome recruitment of
mRNA is important in v-Ras/v-Akt-transformed glioblas-
toma cells [23] and in metastasis of human epithelial cells
[24]. Transcripts that are specifically recruited to polysomes
upon overexpression of eIF4E have been identified in mouse
and human cells [25, 26].

Proliferation of erythroid progenitors under conditions
that mimic stress erythropoiesis is strictly dependent on
PI3K activity [11, 27]. Overexpression of eIF4E abrogated
the requirement for SCF-induced PI3K activation, which
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suggested a role of selective polysome recruitment of tran-
script with a complex RNA structure [12]. Genomewide pro-
filing of both total and polysome-associated mRNAs in an
erythroblast cell line, I/11, cultured in presence or absence
of growth factors identified a large number of constitu-
tively expressed transcripts that are selectively translated in
response to PI3K activation, or upon overexpression of eIF4E
[14]. This list of eIF4E-sensitive transcripts included alpha4,
a subunit of protein phosphatase 2a (PP2a). PP2A exists in
various complexes that shift target specificity depending on
the binding of regulatory components. mTOR modulates
the formation of the PP2A-α4 complex sequestrating the
phosphatase activity away from its own downstream targets
4EBP and S6K [28–31]. Constitutive expression of alpha4 in
erythroid progenitors completely blocked erythroid differen-
tiation and endowed erythroblast with long-term prolifera-
tion in the absence of SCF. It maintained the activation
state of the mTOR targets 4EBP and p70S6k in the presence
of Epo alone and enhanced polysome recruitment of other
eIF4E-senstive transcripts [14]. This further underlines the
importance of eIF4E-dependent translation and of the
proteins controlled by this mechanism. Among them are
indeed several proteins that are essential for erythropoiesis
such as Nme2 [14, 32, 33] and the SNARE protein Use1 that
is essential for retrograde transport of vesicles from the Golgi
to the ER [34].

Mutations that enhance translation initiation efficiency
have been implicated in the aggressiveness of various human
cancers including Acute Myeloid Leukemia (AML) [35, 36].
Constitutive activation of PI3K and mTOR occurs at high
frequency in AML [37]. Mostly the cause of constitutive PI3K
activation is unknown, but mutations in the receptor kinases
cKIT and FLT3 are candidates. The D816V mutation in the
kinase domain of cKit activates the PI3K/PKB/mTOR path-
way and confers sensitivity to rapamycin [38]. Interestingly,
rapamycin induces cell cycle arrest and apoptosis in patient-
derived neoplastic mast cells harbouring the D816V cKIT,
but not in normal human cord-blood-derived mast cells.
This implies that inhibitors targeting translation initia-
tion regulators are therapeutic candidates in the treatment
of aggressive systemic mastocytosis (associated with cKIT
D816V) and in AML harbouring the D816V cKIT mutant
(present in 10 to 40% of core-binding factor leukaemia [39]).

Enhanced eIF4E-dependent translation of transcripts
with a structured 5′UTR also contributes to chronic myel-
ogenous leukaemia (CML). Leukemic transformation of he-
matopoietic progenitors by the BCR/ABL fusion protein
depends on PI3K activation, which will enhance 4EBP pho-
sphorylation and eIF4E release. In addition, BCR/ABL in-
duces expression of SET, which subsequently acts as an
inhibitory regulatory subunit of PP2A similar to α4 [14, 40].
Notably, the leukaemic potential of BCR/ABL-expressing
cells can be inhibited by pharmacological activation of the
phosphatase pp2a [41].

Pharmacological inactivation of mTOR with rapamycin
reduces neoplastic proliferation in PTEN deficient mice,
and reverses tumour growth in cancer cells characterised by
activated PKB [42]. In AML, however, trials with rapamycin
have been put on halt because rapamycin induced a feedback

pathway resulting in further PKB activation [43]. Given the
role of the Pp2a regulatory subunit α4, reactivation of the
phosphatase, pp2a, offers a potential alternative treatment to
therapy-resistant patients [44].

2.2. Translation Initiation Sensitivity to eIFs: eIF2α Phospho-
rylation and AUG Selection. The second limiting translation
factor next to eIF4E is eIF2, a GTPase that is associated with
methionine-loaded initiator tRNA only in its GTP-bound
state. This complex of eIF2:GTP/tRNAi

met is known as the
ternary complex (TC) [5]. The GTPase activity of eIF2 is
activated by recognition of an AUG codon and depends on
the sequence context. The better an initiation codon resem-
bles the consensus sequence (A/GnnAUGG), the higher the
chance that the eIF2 GTPase activity is triggered and methio-
nine is delivered to the P-site of the ribosome [45]. This
then leads to release of eIF2:GDP. In addition to availability,
also the activity of eIF2 is regulated. The initiation factor
eIF5 increases GTPase activity and increases the probability
that methionine is deposited at the P-site of the ribosome at
a start codon in a less optimal context [17]. The eIF2 is a
trimeric protein that is regulated by phosphorylation of the
eIF2α subunit. Phosphorylation inhibits the recovery of
eIF2:GTP from eIF2:GDP by protein eIF2B, and thereby the
reassociation with tRNAi

met. The kinases involved in eIF2
phosphorylation are activated by lack of haem (HRI), un-
folded proteins in the ER (PERK), double strand RNA (RNA
viruses; PKR), or lack of amino acids (GCN2) [46]. In
the hematopoietic system, HRI is extremely important in
erythropoiesis because it coordinates haemoglobin synthesis.
It links iron availability and haem synthesis to the translation
of globin chains [47]. Phosphorylation of eIF2 results in
translation of Atf4 (activating transcription factor 4) and
subsequent transcription of Gadd34. Gadd34 is an activating
regulatory subunit of phosphatase Pp1 that is able to dephos-
phorylate eIF2-P. Mice lacking this feedback regulation
develop severe anemia [48].

Similar to eIF4E, also eIF2 availability has consequences
for both the overall protein synthesis rate and the translation
of transcripts that carry regulatory sequences in their 5′UTR.
The phosphorylation level of eIF2 specifically controls
translation of transcripts with upstream open reading frames
(uORFs). Following the translation of a short uORF, the
preinitiation complex lacking eIF2 continues scanning. Dur-
ing scanning the TC will reassociate to enable translation ini-
tiation at the next AUG startcodon in an appropriate context.
The availability of TC will determine how fast translation can
reinitiate. Thus, eIF2 phosphorylation renders translation
dependent on the distance between an uORF and the AUG
start codon. Notably, the majority of transcripts that are
dependent on SCF-induced PI3K activity and on availabil-
ity of eIF4E in erythroblasts also contain several uORFs,
including the previously mentioned transcripts encoding
Nme2, Use1, and α4. Translation of these transcripts is
hypersensitive not only to growth factor signalling but also
to inhibition by oxidative stress, or iron availability.

The transcript encoding thrombopoietin (TPO) contains
7 uORFs of which the last uORF overlaps with the TPO start
codon [49]. In hereditary thrombocytosis (HT) mutations
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that deregulate translation of some of these uORFs cause
high levels of TPO expression and thrombosis.

Notably, the transcripts of several Ets-family members,
Scl/Tal, and C/EBPα and β contain an upstream ORF (uORF)
that overlaps and is out of frame of the proper AUG start
codon of the full-length isoform of the transcription factor
[50, 51]. The uORF starts with a uAUG in a suboptimal Koz-
ak consensus and hence is only translated at enhanced activ-
ity and availability of eIF2:GTP and eIF4E. When the uORF
is translated, the initiation codon of the full-length pro-
tein is skipped and reinitiation at a downstream AUG codon
results in synthesis of a shorter protein isoform. In the case of
C/EBPα translation initiation at a downstream AUG results
in a truncated transcription factor protein that acts as a
dominant negative isoform [52].

The importance of the relative abundance of C/EBPα iso-
forms is evidenced by the occurrence of mutations in acute
myeloid leukaemia (AML) cases that inhibit translation of
the full-length C/EBPα protein [52]. The functional 30 kDa-
truncated protein expressed in these patients was shown
to inhibit G-CSF receptor in 32Dcl3 cells induced to dif-
ferentiate into neutrophils [53]. In addition, C/EBPα is re-
quired for the generation of the GMP compartment and its
expression also denotes selectivity in differential commit-
ment to monocytic lineage [54]. In a subset of AML C/EBPα
is mutated [55]. Strikingly, two mutations are combined: an
N-terminal mutation on 1 allele and a C-terminal mutation
on the other allele. The N-terminal mutation abrogates the
long isoform of C/EBPα but allows for translation from the
downstream AUG start codon, which contributes to the phe-
notype of the AML [56].

Increasing evidence supports the importance of express-
ing different isoforms that modulate lineage commitment in
hematopoietic cells. The expression of truncated forms of the
transcription factor, Stem Cell Leukaemia (Scl), is regulated
by differential initiation of translation [51] and results in
erythroid lineage differentiation. Expression of functional
isoforms due to differential translation has been described
for other hematopoietic transcription factors [50, 57] and
disruption of isoform ratios is implicated in disease [52, 53].

The list of transcripts regulated at the level of alternative
AUG usage in hematopoietic regulation is increasing. A
novel technique to identify translation start codons indicated
that 65% of all transcripts expressed in mouse ES cells are
translated from at least 2 alternative start sites [58].

Translation initiation inhibition of growth regulatory
proteins (growth factors, cytokines, oncogenes, repressors
of tumour suppressor inhibitors, and others) is a known
phenomenon [59] and this may be extended to regulatory
proteins that attenuate cellular terminal differentiation.

2.3. Translation Initiation Sensitivity to eIFs: Cap-Independent
Translation. Regulatory elements at the 5′UTR of mature
transcripts render translation dependent on signalling or
other environmental conditions such as iron availability.
Some transcripts however have a highly structured 5′UTR
meant to completely block cap-dependent translation ini-
tiation. Under the conditions that these proteins need
to be synthesized, cap-dependent translation initiation is

strongly decreased and translation initiation reverts to in-
ternal ribosome entry sites (IRESs). The structural complex-
ity of IRES elements argue in favour of their role as
translation inhibitors, although it is more correct to define
these structures as modulators of translation. For instance,
although the 5′UTR of platelet-derived growth factor
(PDGF2) is long (1022 bp), is structured and contains up-
stream ORFs, it is efficiently translated during megakaryocy-
tic differentiation via binding and activation of the IRES by
hnRNP C (Figure 2) [60]. Hence, specificity of IRES-media-
ted gene expression is determined by IRES trans-acting fac-
tors (ITAFs), representing a particular cellular state. In ad-
dition to differentiation, translation initiation starting from
an IRES is found in transcripts encoding proapoptotic
proteins or proteins required specifically during G2/M when
transcription is silenced by compaction of the DNA [61, 62].

IRES-dependent translation is less competitive for poly-
some recruitment than cap-dependent translation. There-
fore, IRES-dependent translation may be preferentially im-
paired when ribosome subunits are reduced, a situation that
is typical for Diamond Blackfan Anemia (DBA). Expression
profiling of polyribosome-bound mRNAs from erythroblasts
identified a specific set of transcripts that are selectively lost
from polyribosomes upon reduced expression of Rps19 [63].
Among these mRNAs were transcripts encoding the Hsp70/
Hsc70 cochaperone Bag1 (Bcl-2-associated athanogene 1),
and the RNA binding protein Csde1 (cold shock domain
containing E1), both requiring an IRES for translation initia-
tion. Importantly, expression of BAG1 and CSDE1 was also
reduced in human erythroblasts cultured from peripheral
blood of DBA patients, whereas BAG1 and CSDE1 mRNA
level was constant or even elevated. Interestingly, Csde1
binds the IRES of several transcripts and controls IRES-me-
diated translation [64].

2.4. RNA-Binding Proteins: Transcript Stability and Transla-
tion Control. mRNA translation is regulated by activities of
the translation machinery components as described previ-
ously but also via regulation of proteins that bind to spec-
ific mRNAs. RNA binding protein complexes attenuate ex-
pression by modulating stability, degradation, cellular local-
isation, and silencing of specific RNAs or subgroups of
mRNAs. The most studied RNA-binding proteins present
in ribonucleoprotein (RNP) particles are the heterogeneous
nuclear ribonucleoproteins (hnRNPs) that recognize AU-
rich elements (ARE) and coordinate expression of mRNAs at
the level of nuclear-cytoplasmic shuttling [65], cytoplasmic
mRNA turnover [66], and silencing of cell state- and type-
specific mRNAs [67, 68]. The ARE is located in the 3′

untranslated region of many short-lived transcripts from
cytokines, proto-oncogenes, growth factors, or cell cycle reg-
ulators [69]. Interestingly, tristetraprolin (TTP) and butyrate
response factor (BRF1) belong to the same protein family
and both promote ARE-dependent decay [70]. Interferon γ
(IFNγ) suppresses the survival and expansion of T-helper
17 (Th17) cells by inducing expression of TTP, resulting in
the destabilisation of the p19 mRNA, coding for a subunit
of IL23 [71, 72]. The tight regulation of proinflammatory
cytokines through mRNA stability is required to suppress
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Figure 2: Translation initiation control during growth factor stimulation, cellular stress, and cellular physiology. Growth factor addition
activates the PI3K/PKB/mTOR pathway releasing the limiting translation initiation factor 4E (eIF4E) from a repression complex with 4EBP
and activating S6K resulting in enhanced cap-dependent translation efficiency of structured mRNAs and ribogenesis. Interestingly, the
tumour suppressor proteins PTEN, Tsc1/2, and Pp2a are involved in attenuating this pathway. Another limiting initiation factor, eIF2α, is
involved in providing methionine-tRNA in a complex with the 60S ribosome subunit to start peptide synthesis once the proper AUG is
recognised. eIF2 is phosphorylated by GCN2, PEK, HRI, or PRK in response to various stress conditions. Low levels of eIF4E and eIF2-GTP
as a result of 4EBP repression or stress-induced eIF2 phosphorylation, respectively, repress cap-dependent translation. These conditions are
optimal for translation initiation from Internal Ribosomal Entry Sites (IRESs). The levels of eIFs modulate translation initiation and this
depends on the codes offered by the transcripts. Some transcripts are ideal to be translated under stress conditions having IRES structures in
their 5′UTRs; others have secondary structures that are difficult to melt and hence hinder the scanning process. The presence of uORFs,
attenuates translation initiation and also has a role in protein isoform formation. RNA-binding proteins modulate specific mRNAs by
stabilising, silencing, or activating the transcripts. These RNA/protein complexes (RNPs) have an important role in cellular physiology.
Some RNPs respond to oncogenic signals, while others are covalently modified and drive translation in response to terminal differentiation
signals as in the case of the DICE elements (translation initiation factors in bold).

inflammatory responses. In fact, TTP deficient mice have an
overproduction of cytokines resulting in a systemic inflam-
matory response with clinical outcomes including arthritis
and autoimmunity [73].

In contrast to TTP and Brf1, members of the ELAV family
of RNA-binding proteins (e.g., HuR) bind and stabilize ARE-
containing transcripts [74]. Interestingly, in the context of
a closed loop model of translated eukaryotic mRNAs, the

recruitment of HuR and other RNA binding proteins to
3′UTR elements results in the formation of complexes
between HuR and the scanning ribosome at the 5′UTR. This
stabilises the transcript and facilitates translation initiation
at the proper AUG in transcripts with a structured 5′UTR
[75]. Upregulation of TNFalpha in a mouse model for auto-
immune disease depends on binding of ELAV-like protein to
the AU-rich elements in its 3′UTR [76].
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Figure 3: Translation initiation control relays signals to erythroid and granulocytic differentiation. SCF binds c-kit, a Receptor Tyrosine
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balance between globin synthesis and haeme biosynthesis is under the tight control of translation initiation. Iron Responsive Element (IRE)
in the UTRs of ferritin and transferrin modulates iron uptake and storage in accordance to demand of haeme. Low cellular iron levels
trigger phosphorylation of eIF2α to reduce the production of globin proteins. High eIFs levels also regulate commitment to the erythroid
or megakaryocytic lineage by selective usage of AUGs in the SCL transcript driving different isoform production. The same mechanism is
used to produce truncated isoforms of the transcription factor C/EBPα that acts as a dominant negative form of the full length and hence
inhibits granulocytic terminal differentiation. Another form of translation control is involved in regulation of C/EBPα transcription activity.
Full-length C/EBPα enhances transcription of micro RNA 223 (miRNA-223), an inhibitor of NFI-A translation. NFI-A is a competitor for
binding C/EBPα DNA sites and hence its inhibition results in a positive feedback loop driving granulocytic differentiation. In addition to
transcription inhibition of full-length C/EBPα driven by selective AUG usage or translation silencing of competitors, the role of RNA-binding
proteins is important in modulating terminal differentiation. BCR/ABL enhances the expression of hnRNPE2 that binds the UTR of C/EBPα
transcript and inhibits translation.

Modification of RNA binding-proteins by signalling can
be another level of regulating translation efficiency at the
proper AUG. Silencing of transcripts by binding of hnRNP K
and hnRNP E1 to differentiation control element (DICE) in
the 3′ UTR of 15-lipoxygenase (LOX) mRNA transcript [67]
can be released during terminal erythroid differentiation by
phosphorylation of hnRNP K (Figure 2) [77].

Another prototype example in which RNA-binding pro-
teins regulate translation in hematopoietic cells is the iron-
response element (IRE) [78]. It is a stem-loop structure that
binds iron regulatory proteins IRP1 and IRP2 dependent on
their association with iron [79, 80]. Whereas the free IRE can
easily be unwound by the eIF4A helicase during scanning of
the preinitiation complex, IRP binding stabilises the stem-
loop structure and impairs continued scanning and transla-
tion. Initially characterised for ferritin mRNA, IRE elements

are found in a number of transcripts encoding proteins
involved in iron metabolism or hemoglobin synthesis. An
example of the latter is alpha-hemoglobin-stabilizing protein
(AHSP) mRNA. Because alpha globin is synthesised ahead of
beta globin, it has to be stabilised until its incorporation into
haemoglobin. Regulation of AHSP by iron implies regulation
of the stability of alpha globin [81].

Ceruloplasmin is involved in iron metabolism and is
translationally regulated by interferon gamma [82]. Phos-
phorylation of ribosomal protein L13a by interferon-gamma
results in dissociation of L13a from the 60S ribosome subunit
and recruitment of an Rpl13-containing protein complex
to a structural element in the 3′UTR of ceruloplasmin
[83] resulting in translation repression. This mechanism
incorporates 2 novel issues. First, the ribosome is able to
present signalling sensitive factors that can be released to
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attenuate translation of specific transcripts without affecting
global synthesis rates. Second, regulatory elements in the
3′UTR recruit protein complexes within the circular mature
transcripts and interact with scanning complexes in the
5′UTR, hence modulating translation initiation efficiency.

The expression of RNA-binding proteins that attenuate
translation of specific subsets of mRNAs has been implicated
in the transition from chronic CML to blast crisis events
[84, 85]. For instance, ectopic expression of hnRNP E2, an
RNA-binding protein upregulated during blast crisis of CML,
resulted in downregulation of C/EBPα (Figure 3) and G-
CSFR in myeloid progenitor cells, inhibiting granulocytic
differentiation [86].

3. Conclusion and Future Perspectives

Regulation of gene expression has been studied extensively
in disease models and patient groups giving detailed annota-
tions of the differential expression at the level of transcription
regulation. Differential expression between the transcrip-
tome and the proteome supports the importance of post-
transcriptional regulation. Increasing evidence supports the
prominent and so far underestimated regulation of mRNA
translation, which depends on the availability and activity
of the translation machinery, the structure of the transcript,
and the expression of RNA binding proteins. Growth factor
signaling enhances polysome recruitment of specific RNA
transcripts, with marginal effect on the transcription regula-
tion [23]. Similarly, increased availability of the translation
initiation factor, eIF4E, through growth factor signaling,
overexpression studies, and suppressions of the attenuation
mechanism of mTOR signaling results in proliferative advan-
tage of erythroid progenitors and block of differentiation [12,
14]. Increasingly, differential or conditional expression of
transcripts are being associated with haematological malig-
nancies, including expression of dominant negative isoforms
involved in progenitor differentiation [52], expression of
RNA binding proteins involved in inflammatory responses
[71], and suppressed expression of phosphatase subunits
resulting in progression of disease [40]. Interestingly, deregu-
lation of negative feedback mechanisms due to low activity of
phosphatases is potentially targeted using mTOR inhibitors
or phosphatase activators. Hence understanding transla-
tional control mechanisms and its deregulation in disease
will impact on patient stratification into therapeutic groups.
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[38] M. Gabillot-Carré, Y. Lepelletier, M. Humbert et al., “Ra-
pamycin inhibits growth and survival of D816V-mutated c-kit
mast cells,” Blood, vol. 108, no. 3, pp. 1065–1072, 2006.

[39] A. Beghini, P. Peterlongo, C. B. Ripamonti et al., “C-kit mu-
tations in core binding factor leukemias [3],” Blood, vol. 95,
no. 2, pp. 726–727, 2000.

[40] P. Neviani, R. Santhanam, J. J. Oaks et al., “FTY720, a new
alternative for treating blast crisis chronic myelogenous leu-
kemia and Philadelphia chromosome-positive acute lympho-
cytic leukemia,” Journal of Clinical Investigation, vol. 117, no.
9, pp. 2408–2421, 2007.

[41] D. Perrotti, F. Turturro, and P. Neviani, “BCR/ABL, mRNA
translation and apoptosis,” Cell Death and Differentiation, vol.
12, no. 6, pp. 534–540, 2005.

[42] M. S. Neshat, I. K. Mellinghoff, C. Tran et al., “Enhanced
sensitivity of PTEN-deficient tumors to inhibition of FRAP/
mTOR,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 98, no. 18, pp. 10314–10319,
2001.

[43] J. Tamburini, N. Chapuis, V. Bardet et al., “Mammalian target
of rapamycin (mTOR) inhibition activates phosphatidylinos-
itol 3-kinase/Akt by up-regulating insulin-like growth factor-
1 receptor signaling in acute myeloid leukemia: rationale for
therapeutic inhibition of both pathways,” Blood, vol. 111, no.
1, pp. 379–382, 2008.

[44] K. G. Roberts, A. M. Smith, F. McDougall et al., “Essential
requirement for PP2A inhibition by the oncogenic receptor c-
KIT suggests PP2A reactivation as a strategy to treat c-KIT+
cancers,” Cancer Research, vol. 70, no. 13, pp. 5438–5447, 2010.

[45] M. Kozak, “The scanning model for translation: an update,”
Journal of Cell Biology, vol. 108, no. 2, pp. 229–241, 1989.

[46] R. C. Wek, H. Y. Jiang, and T. G. Anthony, “Coping with stress:
EIF2 kinases and translational control,” Biochemical Society
Transactions, vol. 34, no. 1, pp. 7–11, 2006.

[47] J. J. Chen, “Regulation of protein synthesis by the heme-
regulated eIF2α kinase: relevance to anemias,” Blood, vol. 109,
no. 7, pp. 2693–2699, 2007.

[48] A. D. Patterson, M. C. Hollander, G. F. Miller, and A. J. Fornace
Jr., “Gadd34 requirement for normal hemoglobin synthesis,”
Molecular and Cellular Biology, vol. 26, no. 5, pp. 1644–1653,
2006.

[49] M. Cazzola and R. C. Skoda, “Translational pathophysiology:
a novel molecular mechanism of human disease,” Blood, vol.
95, no. 11, pp. 3280–3288, 2000.

[50] C. F. Calkhoven, C. Muller, and A. Leutz, “Translational con-
trol of C/EBPα and C/EBPβ isoform expression,” Genes and
Development, vol. 14, no. 15, pp. 1920–1932, 2000.

[51] C. F. Calkhoven, C. Müller, R. Martin, G. Krosl, T. Hoang, and
A. Leutz, “Translational control of SCL-isoform expression in
hematopoietic lineage choice,” Genes and Development, vol.
17, no. 8, pp. 959–964, 2003.

[52] T. Pabst, B. U. Mueller, P. Zhang et al., “Dominant-negative
mutations of CEBPA, encoding CCAAT/enhancer binding



Comparative and Functional Genomics 9

protein-α (C/EBPα), in acute myeloid leukemia,” Nature
Genetics, vol. 27, no. 3, pp. 263–270, 2001.

[53] R. Cleaves, Q. F. Wang, and A. D. Friedman, “C/EBPαp30,
a myeloid leukemia oncoprotein, limits G-CSF receptor ex-
pression but not terminal granulopoiesis via site-selective
inhibition of C/EBP DNa binding,” Oncogene, vol. 23, no. 3,
pp. 716–725, 2004.

[54] D. Wang, J. D’Costa, C. I. Civin, and A. D. Friedman, “C/EBPα
directs monocytic commitment of primary myeloid progeni-
tors,” Blood, vol. 108, no. 4, pp. 1223–1229, 2006.

[55] S. B. van Waalwijk van Doorn-Khosrovani, C. Erpelinck, J.
Meijer et al., “Biallelic mutations in the CEBPA gene
low CEBPA expression levels as prognostic markers in
intermediate-risk AML,” Hematology Journal, vol. 4, no. 1, pp.
31–40, 2003.
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Regulation of mRNA translation is especially important during cellular and developmental processes. Many evolutionarily
conserved proteins act in the context of multiprotein complexes and modulate protein translation both at the spatial and the
temporal levels. Among these, Bicaudal C constitutes a family of RNA binding proteins whose founding member was first identified
in Drosophila and contains orthologs in vertebrates. We discuss recent advances towards understanding the functions of these
proteins in the context of the cellular and developmental biology of many model organisms and their connection to human
disease.

1. Introduction

Translational regulation of mRNA distributed asymmetri-
cally in the early Drosophila embryo underlies pattern for-
mation and germ cell specification. Furthermore, expression
of certain proteins occurs only at definite stages of devel-
opment. Exquisite, often partially redundant mechanisms of
control ensure the coordination of the spatial and temporal
expression of proteins with morphogenetic potential. These
mechanisms have been reviewed recently [6]. Here we will
discuss the case of one of such translational regulators, Bicau-
dal C (Bic-C), which is evolutionarily conserved, and for
which there is recent accumulating functional evidence from
both invertebrate and vertebrate model organisms suggesting
that Bic-C is a fundamental regulator of cellular processes
and an outstanding example of the fascinating complexity of
the developmental mechanisms.

2. Materials and Methods

The sequences shown in this paper are listed in Table 1,
and they were recovered by running BLAST [7] with the
Drosophila sequence and the NCBI sequence database, using
the Homologene feature at the NCBI. The sequences for the
different Drosophila species were retrieved from FlyBase [8].
Sequences were aligned with Clustal W [1, 2].

3. Results and Discussion

3.1. Bic-C . The Bic-C gene was originally identified during
a Drosophila screen for maternal genes affecting embryonic
polarity [9]. In fact, adult females bearing Bic-C mutations
in one of their second chromosomes produce embryos
exhibiting anterior-posterior defects of severity ranging from
anterior defects, to the development of bicaudal embryos
composed of as few as four segments arranged as two,
mirror-image posterior ends, to embryos that fail to cellu-
larize [3]. This pleiotropy indicates that Bic-C participates in
(or influences) many different pathways.

Early work demonstrated that Bic-C is required during
oogenesis to establish anterior-posterior polarity in the
oocyte [3, 5, 9, 10]. It encodes a 905-amino-acid (aa) RNA
binding protein containing two canonical and three non-
canonical KH RNA binding domains (KH2, 4 and KH 1, 3,
5, resp., aa 56–524) [3, 11, 12], a C-terminal Sterile Alpha
Motif domain (SAM domain, aa 805–868, Prosite) [13], and
a region rich in serine and glycine (aa 598–693). In the
Bic-C protein, both the region containing the KH domains
and the full-length, recombinant protein possess affinity
for RNA [14, 15] with the full-length protein exhibiting
more selective binding of synthetic probes in vitro. RNA
binding is likely important to Bic-C function in fruit flies,
as a spontaneous mutation (G296R) that affects the third
KH domain, decreases RNA affinity in vitro, and exhibits
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Table 1: Sequences used in this study.

Sequences Species

Bic-C
Gene Bank ID
gi|24584539 D. melanogaster B isoform
gi|158300058 A. gambiae
gi|13994223 M. musculus
gi|109509376 R. norvegicus
gi|122937472 H. sapiens
gi|114631037 P. troglodytes
gi|73953060 C. familiaris
gi|194679417 B. taurus
gi|292623098 D. rerio
gi|212646112 C. elegans
gi|118092391 G. gallus
FlyBase ID
FBpp0080362 D. melanogaster B isoform
FBpp0080363 D. melanogaster D isoform
FBpp0080361 D. melanogaster A isoform
FBpp0118127 D. ananassae
FBpp0143734 D. erecta
FBpp0144300 D. grimshawi
FBpp0166588 D. mojavensis
FBpp0179414 D. persimilis
FBpp0287937 D. pseudobscura
FBpp0200128 D. sechellia
FBpp0222439 D. simulans
FBpp0232468 D. virilis
FBpp0253912 D. willistoni
FBpp0266309 D. yakuba

Not3/5
Gene Bank ID
gi|39945962 Magnaportae oryzae
gi|85075997 Neurospora crassa
gi|19115701 S. pombe
gi|19921660 D. melanogaster
gi|158299738 A. gambiae
gi|22122717 M. musculus
gi|34854462 R. norvegicus
gi|7657387 H. sapiens
gi|114678945 P. troglodytes
gi|73946891 C. familiaris
gi|119911200 B. taurus
gi|53933228 D. rerio
gi|133901756 C. elegans
gi|238481292 A. thaliana
gi|115454389 O. sativa japonica
FlyBase ID
FBpp0085398 D. melanogaster
FBpp0125948 D. ananassae
FBpp0129398 D. erecta
FBpp0147530 D. grimshawi
FBpp0160933 D. mojavensis
FBpp01852 D. persimilis
FBpp0288020 D. pseudobscura

Table 1: Continued.

Sequences Species

FBpp0197981 D. sechellia

FBpp0208756 D. simulans

Bpp0227498 D. virilis

FBpp0243918 D. willistoni

FBpp0264455 D. yakuba

a strong phenotype in vivo [3]. However, this mutation
may be affecting more than RNA binding of the whole
protein, for example, by perturbing secondary structure
in its neighbourhood, as it may be the case for a similar
mutation occurring in another KH domain [12]. If this were
the case, the severity of the phenotype may be due to the
combination of lack of RNA interaction and other defective
pathways under Bic-C control in the wild type. The region
containing the KH domains in two Bic-C orthologs shows
conserved RNA binding capability in the mouse Bicc1 [16]
and, surprisingly, not in the C. elegans GLD-3 [12].

SAM domains are ancient modules present in most
species that are commonly engaged in mediating protein-
protein interaction [13, 17] and can multimerize [18, 19].
Multimerization of RNA binding proteins and RNA is
most likely the basis for building RNP particles and a
target of regulation. Interestingly, the SAM domain of the
human BICC1 can form polymers in vitro [20] and some
KH domains can mediate interactions between proteins
[21, 22]. This is also the case for the C. elegans GLD-
3 that interacts with the GLD-2 polymerase via its first
KH domain [23] therefore it is likely that Bic-C is part
of multiprotein complexes such as cellular RNPs. Certain
SAM domains have also been implicated in RNA binding,
as the case of Drosophila Smaug and S. cerevisiae Vts1 [24].
Interestingly, among all the Drosophila SAM domains, Bic-
C contains the one most similar to Smaug’s, which includes
the critical residues for RNA interaction [25], suggesting
the possibility that it may contribute to the Bic-C RNA
binding capacity in the cell [17]. Studies of the vertebrate
Bic-C homologs, whose targets are largely unknown, have
suggested that presence of the SAM domain may mediate
association with the P-bodies [26, 27]. Another interesting
possibility is that the putative RNA binding and protein-
protein interaction capabilities of the SAM domain may
be regulated, possibly via posttranslational modifications.
In this scenario protein modification in this domain may
change the specificity and/or affinity of Bic-C for RNA to
switch between protein and RNA binding activities in certain
cellular or developmental contexts. Interestingly, a tyrosine
residue in position 822 that can be phosphorylated in other
SAM domains to regulate their activity is also conserved [28]
(Figure 1).

3.2. Evolutionary Conservation of the Bic-C Protein. Bic-C is
found in all the sequenced Drosophila species and its homo-
logs are virtually identical to each other, except for regions of
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D. melanogaster-PB
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D. melanogaster-PD
D. sechellia
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D. yakuba
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D. melanogaster-PB
D. melanogaster-PA
D. melanogaster-PD
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D. simulans
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D. yakuba
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D. pseudobscura
D. mojavensis
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D. grimshawi

D. melanogaster-PB
D. melanogaster-PA
D. melanogaster-PD
D. sechellia
D. simulans
D. erecta
D. yakuba
D. ananassae

(a)

Figure 1: Continued.
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Figure 1: (a) Alignment of Bic-C sequences from 11 Drosophila species. Clustal W [1, 2] was used to align sequences extracted from FlyBase.
Amino acid (aa) color coding is from Clustal W: red, small aliphatic, hydrophobic, and aromatics; blue, acidic; magenta, basic; green,
hydroxyl, sulphydryl, amine, and glycine; grey, unusual aa. Symbols for aa conservation are from Clustal W: (asterisk ∗): positions with
a single, fully conserved residue. (Colon :): conservation between groups of strongly similar properties scoring >0.5 in the Gonnet PAM
250 matrix. (Period .): conservation between groups of weakly similar properties scoring ≤0.5 in the Gonnet PAM 250 matrix. All three
D. melanogaster Bic-C isoforms are shown (PA, PB, PD). The two canonical (KH) and three noncanonical (KH-like) KH RNA-binding
modules are indicated (arrows, top). Domain assignment is as in [3] except for the fourth KH-related motif and the SAM domains, that are
labelled according to the Pfam database [4]. A conserved, potentially phosphorylated, tyrosine is also indicated (arrowhead, top). Divergence
occurs in regions of low complexity in the encoding DNA. Relative to the numbering of the Drosophila sequence: insertion at 555, variable
length of the serine stretches around aa 623, and between aa 647–658 in the serine-glycine rich region. Further, after aa 715 there seems to
be insertions of glutamine stretches of various lengths in D. mojavensis, D. virilise, and D. grimshawi. Finally, D. ananassae shows a short
insertion at aa 770. The D. virilise, sequence results truncated. A TBLASTn search with the C-terminal region of Bic-C from D. melanogaster
reveals many ESTs with similarity to the D. melanogaster sequence, suggesting a possible misannotation (not shown). Another region of
possible sequencing misannotation in the D. virilis and the D. mojavensis Bic-C is italicized and not in bold type. Note that the Bic-C gene
in D. melanogaster has nine mapped introns [5], and there is the possibility that the sequence was misannotated with this respect. (b) Block
structure of the D. melanogaster Bic-C highlighting the protein motifs described in the text.
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low complexity, where there are stretches of adjacent identi-
cal amino acids whose number varies in different species, the
possible result of evolutionary mechanisms acting on triplet
repeats or of stuttering sequencing polymerases (Figure 1).

An alignment of Bic-C orthologs from different animals
reveals extensive sequence conservation from aa 83 to 268,
(referring to the Drosophila sequence). Between aa 269
and 303, the vertebrate proteins lack the acidic residues
present in the two Dipterans (D. melanogaster and Anopheles
gambiae) while the basic residues between aa 281 and 286 are
conserved (Figure 2).

Similarly, between aa 417 and 423 the acidic residues are
exchanged with a basic (K) or a neutral (G) residues, while
the adjacent phenylalanine 424 is changed conservatively
into a tyrosine, suggesting that the overall protein folding
may be preserved and that the electrostatic environment
may be different between the insect and the vertebrate pro-
teins. Since this region contains possible KH-domain-like
modules, this may influence their ability to interact with
RNA by contributing positive charges that might help retain
or stabilize the interaction with RNA. At aa 458, verte-
brate sequences diverge from those of Drosophila, Anopheles,
and Caenorhabditis elegans. These sequences show blocks of
conservation (aa 712–737 and 815–863) interspersed with
regions of divergence and one insertion of 38 residues at aa
778. The SAM domain is one such block of conservation,
with its phosphorylatable tyrosine [28] that is invariant in
all the sequences analysed and the identity (or conservative
substitution) of most of the amino acids that contribute to
create an environment conducive to RNA binding in the case
of Smaug [24].

3.3. Bic-C and Translational Regulation. Evidence that Bic-
C was involved in control of mRNA translation came first
from studies in Drosophila where it was observed that Oskar,
a well-studied morphogen, was upregulated in ovaries from
Bic-C mutated females [14]. The identification of other
mRNA targets coimmunoprecipitated with Bic-C yielded the
Bic-C mRNA itself and several mRNAs encoding factors
involved in the Wnt pathway, vesicular trafficking, and
organization of the actin cytoskeleton [15]. Bic-C interacts
directly with the Not3/5 subunit of the CCR4 deadenylase
complex, and it is believed that, when bound to its target
RNA, it is able to recruit the deadenylase. This shifts the
cellular balance between polyadenylation and deadenylation
towards the latter, impairing translation [15]. Since Not3/5
is also evolutionarily conserved, it is discussed below in the
perspective of its contribution to the Bic-C complexes.

The other invertebrate family member for which there is
substantial functional information is the C. elegans GLD-3.
GLD-3 is involved in germline development and embryoge-
nesis by regulating the time of expression of developmental
factors [23, 29, 30]. GLD-3, via its first KH domain, interacts
with GLD-2, a noncanonical polyA polymerase devoid of an
RNA interaction domain of its own [23, 30]. Although it was
expected that GLD-3 may tether GLD-2 to the RNA, a recent
structural study could not find any RNA binding activity
for the GLD-3 KH region [12]; therefore further studies are

needed to elucidate how GLD-3 participates to C. elegans
development.

In the Drosophila ovary Bic-C is present in cytoplasmic
granules enriched for Trailer Hitch (Tral) and Me31B [31,
32], two proteins marking sponge bodies, ovarian organelles
related to the repression of mRNA translation [33–35].
Mouse and Xenopus Bicc1 in cultured cells are also found
within subcellular structures associated with mRNA silenc-
ing, the processing granules (P granules, [26, 27, 36]),
strongly suggesting that the members of the Bic-C protein
family may share a conserved function in translational
control. For example, P bodies may destabilize mRNAs via
the action of decapping enzymes such as Dcp1 in many
tissues undergoing rapid mRNA turnover, while certain
yeast mRNAs can be reversibly associated with P-bodies
[37]. Further, in metazoans, deadenylation is often the rate-
limiting, first step of mRNA decay [38]. While in the kidney,
high turnover of certain mRNA may be instrumental to
rapidly adapt organ function to the environmental changes,
in tissues with a strong “anabolic” activity such as the ovary it
would not be surprising to find that some maternal mRNAs
are silenced and stored in cellular compartments refractory
to translation during oogenesis, to be deployed later in
the early embryo. Consistent with the possibility that Bic-
C may not function by destabilizing its mRNA targets, no
global changes in Bic-C mRNA stability were observed in the
Drosophila ovary, neither by quantitative RT-PCR of ovarian
total mRNA nor by in situ hybridization (Bic-C negatively
regulates its own mRNA) [15]. While there seems to be a
mild effect on stability of the polycystic kidney disease 2
(Pkd2) mRNA in the kidneys of the Bicc1−/− KO mice, in
this case, no direct association of this mRNA with the Bicc1
protein was formally demonstrated [27]. It is also possible
that only a fraction of the cellular Bic-C pool is involved in
destabilization and degradation of mRNA targets, possibly
constituting a distinct compartment. This scenario would
have escaped detection via traditional biochemical methods
because they cannot preserve the integrity of the tissues
analyzed. Until more regulatory targets for the Bic-C family
members will be identified, validated, and characterized
functionally, this current puzzle will remain unanswered.

3.4. Not3/5: An Evolutionarily Conserved Bic-C Partner
Affecting mRNA Translation. Not3 is one of the subunits
of the CCR4-NOT deadenylase, which is the predominant
deadenylase, at least in the yeast S. cerevisiae [39–41].
Other subunits include CCR4, CAF1, NOT1-5 [40–44]. In
Drosophila homologous genes are present for each of these
subunits, with the exception of NOT3 and NOT5, for which
there is only one gene displaying homology to both proteins
[45]. Interestingly, Not3/5 does not contain any known
protein domain, as identified via Prosite [46].

Drosophila Not3/5 proteins are virtually identical in
12 species, the differences being concentrated in areas of
low-sequence complexity (Figure 3). A BLAST search [7]
reveals that besides insects and vertebrates, there are Not3/5
orthologs, in fungi (S. cerevisiae, Schizosaccharomyces pombe,
as well as the mushrooms Laccaria bicolor, Coprinopsis
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Figure 2: Bic-C orthologs. Clustal W [1, 2] was used to align sequences extracted from the NCBI sequence database. As in Figure 1, the
two canonical (KH) and three noncanonical (KH-like) KH RNA-binding modules are indicated (arrows, top). Domain assignment is as
in [3] except for the fourth KH-related motif and the SAM domains, that are labelled according to the Pfam database [4]. A conserved,
potentially phosphorylated, tyrosine is also indicated (arrowhead, top). Amino acid (aa) color-coding is from Clustal W: red, small aliphatic,
hydrophobic and aromatics; blue, acidic; magenta, basic; green, hydroxyl, sulphydryl, amine, and glycine; grey, unusual aa. Symbols for aa
conservation are from Clustal W: (asterisk ∗): positions with a single, fully conserved residue. (Colon :): conservation between groups
of strongly similar properties-scoring >0.5 in the Gonnet PAM 250 matrix. (Period .): conservation between groups of weakly similar
properties-scoring ≤0.5 in the Gonnet PAM 250 matrix. Highlighted yellow: residues that contribute to RNA binding in the Smaug protein.
Grey highlight denotes mild (versus strong) basic charges. Light blue highlights a charged aa in a conserved position, but an opposite
electrical charge. The Gallus gallus genome also contains a predicted sequence with extensive homology to Bic-C (Table 1) and with a long
extension at the N terminal end. Since there is no experimental evidence of the true starting methionine we did not include it in this
alignment.

cinerea, and Schizophyllum commune), vascular plants (e.g.,
Arabidopsis thaliana, Oryza sativa, Vitis vinifera, and Ustilago
maydis), and mosses (Physcomitrella patens). An alignment
of complete sequences is shown in Figure 3. The conserva-
tion is highest at the N- and C-terminus of the protein (aa 1–
238 and 680–844, with reference to the Drosophila sequence)
where all the family members show extensive identity.
Between aa 330 and 679 the sequences diverge with the
orthologues from the two insects (D. melanogaster and
Anopheles gambiae), the fungi, the higher eukaryotes, and the
plants being more similar with each other than with mem-
bers of a different group. Notably, the vertebrate sequences,
with the exception of zebrafish that contains various small
deletions, have blocks of almost complete identity in this
region (Figure 4). The partial divergence in the central region
of Not3/5 is likely due to the fact that the Drosophila gene
is homologous to both the NOT3 and NOT5 genes and

likely plays the functional roles of both yeast proteins, [45]
a seemingly unique feature of Drosophila [47]. Not3/5 was
recovered in a two-hybrid screen for proteins interacting
with Drosophila Bic-C, and multiple pieces of evidence
support the existence of this interaction in vivo: there is
genetic interaction between Bic-C and twin, the Drosophila
gene encoding for CCR4; other subunits of the CCR4-NOT
complex can be coimmunoprecipitated with Bic-C from
ovary extracts and the Bic-C target mRNAs that were tested
were found with longer polyA tails in Bic-C mutants [15].
Although one study of vertebrate models could not detect
differences in polyadenylation in a presumptive Bic-C target
[27], due to the high homology of the Bic-C and NOT
orthologs it is possible that Bic-C from other species can
interact with NOT homologs and, possibly, other subunits
of the deadenylase complex. These may contribute to the
interaction only in the context of the assembled complex and
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may have therefore escaped detection in the Drosophila two-
hybrid screen. Coimmunoprecipitation studies from tissue
extracts and the precise mapping of the interaction domains
on both proteins will be required to resolve this issue.

3.5. Multiple Bic-C Isoforms. Drosophila Bic-C has three
predicted mRNA isoforms, RA, RB, and RD, that encode
two identical (RA and RB) and one shorter (RD) proteins
lacking the first 120 aa (Figure 1). These mRNA isoforms are
expressed at different times during development (FlyBase):
Bic-C-RA is expressed in the early embryo (0–6 hrs old) and
in the adult female (i.e., most likely in the ovary), and Bic-C-
RB is found mostly in late embryogenesis (7–22 hrs old). This
is also consistent with our earlier report of multiple protein
isoforms [14]. During the larval phases Bic-C is undetectable,
and during pupation Bic-C expression is resumed, with

its RD isoform being the most abundant and remaining
prominent in adult males (FlyBase). The presence of two
distinct mRNAs encoding the same amino acid sequence
at definite developmental stages also suggests the possibility
that they may be subjected to distinct regulation(s) in
different tissues or at different developmental times and
that the Bic-C activity may be required in specific time
windows. This is consistent with a report that Bic-C function
is especially needed at embryonic day (E) 18.5 during mouse
development [27].

Interestingly, the mouse Bicc1 gene and human BICC1
also produce two distinct mRNAs by alternative splicing,
which differ for the presence of exon 21 [26, 48] although
no further functional information is known to date, so it
is difficult to speculate if the presence of multiple Bic-C
isoforms has conserved functional roles.



16 Comparative and Functional Genomics

42
42
32
48
45
43
43
43
43
43
43
43
43
45
43

85
85
75
91
88
86
86
86
86
86
86
86
86
95
86

135
135
125
141
138
136
136
136
136
136
136
136
136
145
136

176
176
166
181
178
177
177
177
177
178
177
177
186
181
172

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Figure 4: Continued.



Comparative and Functional Genomics 17

224
224
214
229
226
225
225
225
225
226
225
225
236
230
221

274
273
259
279
273
274
274
274
274
275
274
253
286
271
271

323
323
309
329
320
324
324
324
324
325
324
286
335
317
321

337
336
324
379
370
361
361
361
345
362
361
307
356
351
364

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana

O. sativa japonica

Figure 4: Continued.



18 Comparative and Functional Genomics

428
420
402
402
402

397
402
320
367
385
405

361
360
348
472
465
444
444
446
364
424
437
347
393
430
453

387
385
374
520
513
470
470
472
390
450
463
363
419
477
503

433
423
416
570
563
516
516
518
436
496
509
392
466
523
552

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Figure 4: Continued.



Comparative and Functional Genomics 19

459
449
440
599
588
540
540
542
460
520
533
418
488
573
587

485
463
449
643
628
567
567
569
487
547
560
446
515
620
629

504
479
464
680
664
587
587
589
507
567
580
468
537
670
676

552
527
513
730
714
637
637
639
557
616
630
518
587
717
726

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Figure 4: Continued.



20 Comparative and Functional Genomics

597
572
558
775
759
682
682
684
602
661
675
563
632
767
776

633
608
594
811
795
718
718
720
652
697
711
599
668
803
812

665
640
630
844
828
751
751
753
688
730
744
632
701
845
856

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica

Magnaportae oryzae 
N. crassa
S. pombe
D. melanogaster
A. gambiae
M. musculus
R. norvegicus
H. sapiens
P. troglodytes
C. familiaris
B. taurus 
D. rerio
C. elegans
A. thaliana
O. sativa japonica
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3.6. Bic-C and Polycystic Kidney Disease. In humans, two
polycystic kidney disease (PKD) forms are caused by muta-
tions in the PKD1 and PKD2 genes (autosomal, dominant
[49–55]) or in PKHD1 (autosomal recessive, [52–55]). The
link between Bic-C malfunction and PKD is compelling:
two mouse models developing polycystic kidneys harbor
mutations of the Bicc1 gene [56]; Bic-C inactivation in Xeno-
pus induces cystic kidneys [27, 57]; recently, a zebrafish
model of PKD was validated that inhibits the Bicc1 function
[58]. Finally, human studies on patients with renal disorders
identified two mutations associated with the BICC1 gene:

one affecting the first KH domain and the other affecting the
SAM domain [48], proving the relevance of the Bic-C animal
models for understanding the etiology of this incurable
disease.

In 3D cultures of mouse IMCD cells, depleting Bicc1 dis-
rupts cadherin-mediated cell adhesion, normal epithelial
polarization, proliferation, and apoptosis that prevent tubu-
lomorphogenesis in vitro [59]. Interestingly, aspects of the
Drosophila phenotype also affect cell migration and may
influence cell-cell interaction and polarization. For example,
migration of the follicle cells (FCs) in the ovary is defective
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in Bic-C mutant [3], resulting in eggs that remain open
at the anterior end. This defect may occur because of
inefficient communication between germ line and somatic
cells, although to date we do not know the molecular pathway
underlying this phenomenon (for an alternate possibility, see
also Section 3.7).

In a recent paper [27] Tran and colleagues report that
in a novel Bicc1−/− mutant mice and in Xenopus depleted
for Bicc1 the Pkd2 mRNA and its cognate protein are
downregulated (29 and 54%, resp.), while both Pkd1 and
Pdhd1 levels are unaffected. In the mouse these effects are
clearest specifically at stage E18.5. The regulation appears
to be mediated via a cellular microRNA, miR-17 [27] that
is also amplified in certain cancers [60]. Here Bicc1 may
relieve the miR-17-mediated repression via a mechanism
that does not involve regulation of the polyadenylation
state of at least the mRNAs tested and may mildly impact
mRNA stability [27]. The fact that the Bicc1 protein may
bind multiple mRNAs and that it may be involved in the
possible antagonistic regulation of the miR-17 complexes,
also assembled on multiple mRNAs, reinforces the view
that the Bic-C orthologs are central to the regulation of
many cellular processes and that many more aspects of their
function await elucidation.

3.7. Other Bic-C Functions. Another hint to Bic-C function
comes again from Drosophila, where the Bic-C mutants
exhibit disrupted pattern of the cortical filamentous actin
in the growing oocyte and abnormal actin-containing
structures in the ooplasm that trap both the dorsal fate
determinant Gurken [61–63] and other proteins that would
normally be secreted [31, 32]. This function requires Trailer
hitch, a protein originally identified in a screen for mutants
for axial polarity that may regulate expression of endo-
plasmic reticulum (ER) exit site components on the ER
surface. A malfunctioning secretory pathway could affect
communication between the oocyte and the overlying FC
and may affect their migration. Since many mRNAs involved
in vesicular trafficking and/or organization of the actin
cytoskeleton were also recovered in Bic-C immunoprecipi-
tates [15], it is possible that their posttranscriptional control
may contribute to the observed Bic-C defects. Lastly, and not
mutually exclusive, the altered actin dynamics exhibited by
the Bic-C and Tral mutants must also add to the observed
inhibition of the normal dumping of nurse cell contents into
the nascent oocyte during late oogenesis.

4. Concluding Remarks

Bic-C is an ancient protein conserved from Drosophila to
man. Its mutation induces a pleiotropic phenotype. In fruit
flies the Bic-C protein binds to RNAs involved in establishing
the embryonic polarity, the Wnt pathway, actin dynamics
and results in many observed defects, including abnormal
development. In the vertebrates the better characterized
aspect of lack of Bic-C function is the induction of cystic
kidneys and the alteration of cell proliferation and three
dimensional organization; however, defects in pancreatic and

liver function and heterotaxia (i.e., randomization of the
left-right symmetry) of the visceral organs have also been
observed [26, 27]. Further, effects on the Wnt pathway have
also been reported in human patients with renal displasia
[48], as well as in mice and frogs [26]. Bicc1 is also expressed
in the nervous system [58] which suggests that there may
be novel aspects of its function ready to be discovered
and that Bic-C homologs may be involved in fundamental,
evolutionarily conserved mechanisms of determination of
polarity, from establishment of the body axes to planar cell
polarity.

The experimental evidence so far also suggests that
Bic-C function may also be required at specific times of
development in many species. Since Bic-C is a negative
regulator of translation, we can expect at least part of the
mutant phenotypes to be linked with inappropriate spatial
and/or temporal regulation of gene expression. Further, Bic-
C has multiple mRNA targets, and it exists in multiple
isoforms in many organisms. At least in the case of one of
the Bic-C interacting partners, the CCR4 deadenylase, it is
proposed that multiple forms of this complex exist in higher
vertebrates [47], as there are documented isoforms for a few
of the complex subunits. Therefore, it is possible that the Bic-
C-CCR4-dependent regulation acts via and is regulated by
combinatorial mechanisms, with variant complexes having
partially redundant function. This could also explain why
all the individual molecular effects/phenotypes described
for Bic-C tend to be mild and why years of concerted
experimental efforts have yielded only a few proven targets
for this gene, since many of the real targets would presumably
not have been highly enriched compared to the controls.

References

[1] M. A. Larkin, G. Blackshields, N. P. Brown et al., “Clustal W
and Clustal X version 2.0,” Bioinformatics, vol. 23, no. 21, pp.
2947–2948, 2007.

[2] M. Goujon, H. McWilliam, W. Li et al., “A new bioinfor-
matics analysis tools framework at EMBL-EBI,” Nucleic Acids
Research, vol. 38, pp. W695–W699, 2010.

[3] M. Mahone, E. E. Saffman, and P. F. Lasko, “Localized
Bicaudal-C RNA encodes a protein containing a KH domain,
the RNA binding motif of FMR1,” The Embo Journal, vol. 14,
no. 9, pp. 2043–2055, 1995.

[4] R. D. Finn, J. Mistry, J. Tate et al., “The Pfam protein families
database,” Nucleic Acids Research, vol. 38, supplement 1, pp.
D211–D222, 2010.

[5] M. Ashburner, P. Thompson, J. Roote et al., “The genetics
of a small autosomal region of Drosophila melanogaster
containing the structural gene for alcohol dehydrogenase—
VII. Characterization of the region around the snail and cactus
loci,” Genetics, vol. 126, no. 3, pp. 679–694, 1990.

[6] P. Lasko, “Posttranscriptional regulation in Drosophila oocytes
and early embryos,” Wiley Interdisciplinary Reviews: RNA, vol.
2, no. 3, pp. 408–416, 2011.

[7] S. F. Altschul, T. L. Madden, A. A. Schäffer et al., “Gapped
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Translation initiation in eukaryotes requires a number of initiation factors to recruit the assembled ribosome to mRNA. The eIF4F
complex plays a key role in initiation and is a common target point for regulation of protein synthesis. Most work on the translation
machinery of plants to date has focused on flowering plants, which have both the eIF4F complex (eIF4E and eIF4G) as well as the
plant-specific eIFiso4F complex (eIFiso4E and eIFiso4G). The increasing availability of plant genome sequence data has made it
possible to trace the evolutionary history of these two complexes in plants, leading to several interesting discoveries. eIFiso4G is
conserved throughout plants, while eIFiso4E only appears with the evolution of flowering plants. The eIF4G N-terminus, which
has been difficult to annotate, appears to be well conserved throughout the plant lineage and contains two motifs of unknown
function. Comparison of eIFiso4G and eIF4G sequence data suggests conserved features unique to eIFiso4G and eIF4G proteins.
These findings have answered some questions about the evolutionary history of the two eIF4F complexes of plants, while raising
new ones.

1. Introduction

In eukaryotes, posttranscriptional gene regulation at the
level of translation initiation is an important mechanism
[1]. The process of translation initiation begins with the
eIF4F complex, made up of the subunits eIF4E, which
recognizes the 7-methylguanosine (m7G) cap on the 5′ end
of mRNA, and eIF4G, which binds to eIF4E and serves
as a scaffold for other initiation factors [2]. eIF4G has
sites for binding poly(A)-binding proteins (PABPs), which
bind to the poly(A)-tail at the 3′ end of the mRNA, effec-
tively allowing the eIF4F complex to circularize the mRNA
molecule [3]. eIF4G also has RNA binding activity which
may promote association with mRNA and improve eIF4E cap
recognition [4]. eIF4G additionally binds the RNA helicase
eIF4A [5], which promotes ATP-dependent unwinding of
RNA secondary structure in a manner promoted by eIF4G
and eIF4B [6]. The 43S preinitiation complex, made up of
the 40S ribosomal subunit, eIF2 bound to GTP and Met-
tRNAMet

i, eIF3, eIF1, eIF1a, and eIF5 [2], is recruited to
the mRNA by eIF4G through contacts with eIF3 [7] as well

as eIF5 and eIF1 [8]. The docking of the 43S preinitiation
complex is followed by scanning for the AUG start codon
and joining of the 60S ribosomal subunit to begin translation
[2]. The placement of the eIF4F complex at the beginning of
this process makes it a key point for regulation of protein
synthesis [9].

Flowering plants have two distinct isoforms of the eIF4F
complex. In addition to the evolutionarily conserved eIF4F
complex made up of eIF4E and eIF4G, they also have a plant-
specific eIFiso4F complex made up of eIFiso4E and eIFiso4G
[10, 11]. Wheat eIF4F and eIFiso4F have been shown to have
differential effects on translation of various RNAs [12]. It
has been reported that eIF4E-binding to eIF4G is very tight
(0.18 nM KD) and eIFiso4E-binding to eIFiso4G is similarly
tight (0.08 nM KD), while mixed complexes of eIF4E to
eIFiso4G and eIFiso4E to eIF4G have∼80–100-fold less tight
binding than their preferred partner; however, the mixed
complexes retain activity in vitro [13]. Arabidopsis thaliana
mutant plants with only a mixed complex of eIFiso4G
and eIF4E are able to survive; but, those plants with only
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Table 1: Distribution of eIF4F subunit genes in Viridiplantae. Nonflowering plants and green algae are bold.

eIF4G eIFiso4G eIF4E eIFiso4E 4EHP eIF4E1b

Arabidopsis thaliana 1 2 1 1 1 2

Arabidopsis lyrata 1 3 1 1 1 2

Thellungiella halophila 1 2 1 1 1 1

Carica papaya 1 1 1 1 1 0

Theobroma cacao 1 2 1 1 1 0

Citrus clementina 1 2 1 1 1 0

Citrus sinensis 1 2 1 1 1 0

Eucalyptus grandis 1 2 1 1 1 1

Solanum tuberosum 2 2 1 1 1 0

Prunus persica 1 2 1 1 1 0

Fragaria vesca 1 2 1 1 1 1

Cucumis sativus 2 2 1 1 1 0

Glycine max 4 4 2 2 2 0

Medicago truncatula 1 1 1 1 1 0

Populus trichocarpa 2 4 1 2 1 0

Ricinus communis 1 1 1 1 1 0

Manihot esculenta 2 2 1 2 2 0

Vitis vinifera 1 2 1 1 1 0

Mimulus guttatus 2 2 1 2 1 0

Aquilegia coerulea 1 2 2 1 1 0

Sorghum bicolor 2 1 1 1 1 0

Zea mays 3 2 2 2 1 0

Setaria italica 2 2 1 1 1 0

Oryza sativa 1 2 1 1 1 0

Brachypodium distachyon 2 1 1 1 1 0

Selaginella moellendorffii 2 2 4 0 1 0

Physcomitrella patens 2 5 4 0 1 0

Chlamydomonas reinhardtii 1 1 1 0 0 0

Volvox carteri 1 1 1 0 0 0

Micromonas pusilla 1 1 1 0 0 0

eIF4G and eIFiso4E do not appear to be able to progress
through a normal developmental program (Mayberry and
Browning, unpublished observations). These results suggest
that unique properties are associated with the two cap-
binding complexes and their subunits in plants.

The increasing amount of sequence data from Viridiplan-
tae (the monophyletic group of green plants, including the
green algae and land plants) has made it possible to ask
questions about the evolutionary history of the eIF4F and
eIFiso4F complexes. Essentially all work to date on the
translation machinery of Viridiplantae has been done in
flowering plants. This work seeks to clarify the distribution
of eIF4F and eIFiso4F subunit genes through Viridiplantae
and identifying sequence traits in order to better understand
the evolutionary significance of these complexes.

2. Materials and Methods

Plant eIF4F/eIFiso4F subunit protein sequences were ob-
tained by BLAST of genome databases including NCBI [14],

Joint Genome Institute [15], Phytozome [16], Sol Genomics
Network [17], the Strawberry Genome [18], and Ca-
cao Genome Database (http://www.cacaogenomedb.org/).
Upstream genomic regions were translated using the
ExPASy Translate tool [19] and were in some cases used
where annotated eIF4G protein sequences may be incom-
plete. eIF4G and eIFiso4G alignments were performed by
ClustalW2 [20] with manual adjustments (see Supplemen-
tary Table 1 in Supplementary Material available online at
doi:10.1155/2012/287814 for a list of genes/loci used). eIF4E
and eIFiso4E alignment and phylogeny were generated by
MAFFT [21].

3. Results and Discussion

3.1. eIFiso4E Appears in Flowering Plants. All flowering
plants with available completed genome sequences encode
eIF4E and eIFiso4E proteins (Table 1). Most Viridiplantae
also encode the conserved additional eIF4E family member
4EHP (also known as nCBP in plants) [22], though it is lost
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in green algae. Additionally, some plants, like A. thaliana,
encode eIF4E-like genes with divergence from the canonical
plant eIF4E sequence which we term eIF4E1b genes (Patrick
and Browning, manuscript in preparation). To address the
lineage of eIF4E and eIFiso4E, a phylogeny of eIF4E genes
from Viridiplantae was constructed (Figure 1).

To our knowledge, it has not been previously noted that
eIFiso4E first appears at the emergence of flowering plants; it
is not present in the genomes of the bryophyte Physcomitrella
patens, the lycophyte Selaginella moellendorffii, or green
algae, and there is no expressed sequence tag (EST) sup-
port for eIFiso4E before angiosperms evolved. Amborella
trichopoda, the earliest diverging angiosperm known [23],
has EST support for both eIF4E and an early eIFiso4E, and
ESTs from other early angiosperms (such as the aquatic
flowering plant Cabomba aquatica, see Figure 1) support a
fully developed flowering plant eIFiso4E.

We have also found that gymnosperms have two forms of
eIF4E, with one resembling the more conserved plant eIF4E
and one being a divergent form of eIF4E that is distinct
from eIFiso4E, which we term eIF4Egs (eIF4E Gymnosperm).
There is currently good EST support for eIF4Egs within
conifers, as well as evidence of its presence in the cycad Cycas
rumphii (Figure 1). Research of the translation machinery
in conifers would be needed to address whether eIF4Egs has
a preferred binding partner in eIFiso4G or eIF4G, creating
a parallel form of eIFiso4F in gymnosperms. It is unclear
whether gene duplication happened in the common ancestor
of gymnosperms and angiosperms, with the duplicated
eIF4E diverging to eIF4Egs in gymnosperms and to eIFiso4E
in angiosperms, or whether parallel gene duplication and
divergence happened in each lineage; it is interesting in either
case that the development of a second distinct eIF4E in plants
seems coincident with transition to seed-based reproduction.

3.2. Distribution of eIF4G and eIFiso4G in Viridiplantae. The
domain structure of eIF4G in plants is organized similarly to
mammals, with a shared core structure of an eIF4E-binding
site, the HEAT-1/MIF4G and HEAT-2/MA3 domains which
bind eIF4A and contribute to mRNA scanning [24], and a
long N-terminus with little identified structure [25]. Plant
eIF4G differs from mammalian eIF4G in that it lacks the
C-terminal HEAT-3/W2 domain. Plant eIFiso4G is similar
in structure to eIF4G, but lacks the long N-terminus (see
Figure 2).

One of the most interesting questions regarding the
translation machinery of plants is why they contain both
eIF4G and the plant-specific isoform eIFiso4G. In flowering
plants, these proteins form distinct eIF4F (eIF4G with eIF4E)
and eIFiso4F (eIFiso4G with eIFiso4E) complexes, that differ
in their ability to promote translation of structured mRNAs
in vitro [26]. Plant viruses often require one of these
complexes for replication, but not the other, and the genes
for the subunits of eIF4F or eIFiso4F have been identified as
virus resistance genes for many types of plant viruses [27].
Most flowering plants with completed genomes available
have more than one eIFiso4G gene (Table 1); A. thaliana has
two, with the eIFiso4G1 gene being more highly expressed

than eIFiso4G2. They appear to have overlapping functions,
since deletion of either eIFiso4G subunit has little effect, but
simultaneous deletion leads to a severe phenotype [28].

Flowering plants with completed genomes are about
evenly divided between those that have a single copy of eIF4G
and those that have two or more, but it is more common
for the eIFiso4G copy number to be higher than eIF4G than
vice versa (Table 1). A. thaliana has one eIF4G gene, and
interestingly deletion of eIF4G has little effect (Mayberry
and Browning, unpublished observations), in contrast to the
severe growth phenotype of the eIFiso4G double mutant
[28]. Nearly all Viridiplantae species which currently have
sequenced genomes available contain genes for both eIF4G
and eIFiso4G (Chlorella variabilis is a possible exception,
as it appears to encode only eIFiso4G). This evolutionary
conservation suggests that, while the genes have overlapping
functions in translation initiation, each may have important
specific roles in gene regulation as well.

As there was no eIFiso4E present before the evolution
of angiosperms, it is unclear whether the binding partner
of eIFiso4G at the conserved 4E-binding site (see below)
was eIF4E or 4EHP in earlier Viridiplantae. Wheat eIFiso4G
can form a complex with 4EHP that has some capacity to
enhance translation initiation [22]; however, in A. thaliana,
4EHP does not appear to form a complex with eIF4G
(Patrick and Browning, unpublished observations). 4EHP
does not appear to be present in green algae (Table 1),
leaving eIF4E the most likely option to form a complex with
eIFiso4G in that lineage. As the function of eIFiso4G has
only been studied in flowering plants that express eIFiso4E
and form the eIFiso4F complex, research would be necessary
to confirm that eIFiso4G has similar roles in translation
initiation in nonflowering plants.

3.3. The N-Terminus of Plant eIF4G. Due to poor sequence
conservation in the N-terminus, there is often difficulty
annotating the eIF4G start site, especially outside of
angiosperms. Based on available genomic information from
flowering plants, we have been able to identify two conserved
motifs in the N-terminal region, referred to here as the
4G-PN1 and 4G-PN2 sites (plant eIF4G N-terminal motif
1 and 2). 4G-PN1 is 17 amino acids long, with the
consensus sequence PARTSAPPNxDEQKRxQ (Figure 3(a)),
and appears 180 amino acids into A. thaliana eIF4G. 4G-
PN2 is 15 amino acids long, with the consensus sequence
VKITxPxTHEELxLD (Figure 3(b)), and appears 375 amino
acids into the A. thaliana eIF4G. The region N-terminal
of 4G-PN1 and between 4G-PN1 and 4G-PN2 is poorly
conserved at a sequence level in plants but the positions of
the two motifs and length of the intervening sequence are
maintained. The 4G-PN2 motif is followed by a long poorly
conserved region leading into the 4E-binding site and HEAT-
1 domain. The role of these motifs, whether structural or
supporting protein-protein interactions, is not known.

Though the 4G-PN1 and 4G-PN2 motifs are present
upstream of the eIF4G HEAT-1 in almost all available
Viridiplantae genome sequences, they are sometimes not
included in the predicted protein coding sequence. They are
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Arabidopsis thaliana .4E
Arabidopsis lyrata .4E
Thellungiella halophila .4E
Citrus sinensis .4E
Citrus clementina .4E
Theobroma cacao .4E
Ricinus communis .4E
Populus trichocarpa .4E
Manihot esculenta .4E
Prunus persica .4E
Fragaria vesca .4E
Eucalyptus grandis .4E
Cucumis sativus .4E
Glycine max .4E1
Glycine max .4E2
Medicago truncatula .4E
Mimulus guttatus .4E
Sorghum bicolor .4E
Zea mays .4E
Setaria italica .4E
Oryza sativa .4E
Brachypodium distachyon .4E
Amborella trichopoda .4E
Aquilegia coerulea .4E1
Solanum tuberosum .4E
Solanum lycopersicum .4E
Cabomba aquatica .4E
Aquilegia coerulea .4E2
Persea americana .4E
Saruma henryi .4E
Physcomitrella patens .4E1
Physcomitrella patens .4E2
Physcomitrella patens .4E3
Marchantia polymorpha .4E
Adiantum capillus-veneris .4E
Ceratopteris richardii .4E
Picea sitchensis .4E
Picea glauca .4E
Pinus taeda .4E
Pinus contorta .4E
Cryptomeria japonica .4E
Huperzia serrata .4E2
Selaginella moellendorffii.4E
Cryptomeria japonica .4EG
Pinus taeda .4EG
Pinus contorta .4EG
Pinus banksiana .4EG
Picea sitchensis .4EG
Picea glauca .4EG
Pseudotsuga menziesii .4EG
Cycas rumphii .4EG
Physcomitrella patens .4E4
Huperzia serrata .4E1
Chlamydomonas reinhardtii .4E
Volvox carteri .4E
Micromonas pusilla .4E
Ostreococcus RCC809 .4E
Coccomyxa subellipsoidea .4E
Arabidopsis thaliana .iso4E
Thellungiella halophila .iso4E
Citrus sinensis .iso4E
Citrus clementina .iso4E
Manihot esculenta .iso4E1
Manihot esculenta .iso4E2
Ricinus communis .iso4E
Theobroma cacao .iso4E
Eucalyptus grandia .iso4E
Cucumis sativus .iso4E
Chimonanthus praecox .iso4E
Persea americana .iso4E
Liriodendron tulipifera .iso4E
Aquilegia coerulea .iso4e
Prunus persica .iso4E
Fragaria vesca .iso4E
Solanum tuberosum .iso4E
Solanum lycopersicum .iso4E
Populus trichocarpa .iso4E
Cabomba aquatica .iso4E
Glycine max .iso4E1
Glycine max .iso4E2
Medicago truncatula .iso4E
Mimulus guttatus .iso4E
Sorghum bicolor .iso4E
Setaria italica .iso4E
Zea mays .iso4E1
Zea mays .iso4E2
Oryza sativa .iso4E
Brachypodium distachyon .iso4E
Amborella trichopoda .iso4E

Figure 1: Phylogeny of Viridiplantae eIF4E and eIFiso4E. eIF4Egs genes of gymnosperms are labeled eIF4EG. Phylogeny generated by
alignment of eIF4E, eIFiso4E, and eIF4Egs genes using MAFFT version 6 [21].
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Figure 2: Domain organization of eIF4G and eIFiso4G from mammals, angiosperms, and the green algae Chlamydomonas reinhardtii.
Plant eIF4G and eIFiso4G share the core organization of the eIF4E-binding site, HEAT-1/MIF4G domain, H1-CT motif, and HEAT-2/MA3
domain with mammals, but do not have the C-terminal HEAT-3 domain. The eIF3- and eIF4A-binding regions are thought to be maintained
between all shown isoforms. Plant eIF4G has a longer N-terminus than mammals and contains the plant-specific 4G-PN1 and 4G-PN2
motifs as shown. Chlamydomonas eIF4G has a 4G-PN1-like sequence but no 4G-PN2 motif, while other green algae may have a 4G-PN2
motif but no 4G-PN1 motif. eIFiso4G is remarkably well conserved across plants, with the N-terminal XSLRPGG motif maintained from
green algae to angiosperms.

present in the genome of P. patens and S. moellendorffii, as
well as EST evidence supporting their existence in the conifer
Picea glauca, which supports a conserved long N-terminus
for eIF4G at least back to the emergence of land plants.
Further investigation will be needed to determine if there are
alternative splicing and translation initiation sites giving rise
to multiple forms of eIF4G in plants. Supporting proteomic
data is needed as well to fully understand the role of these
motifs.

3.4. eIF4G of Green Algae. Green algae genomes currently
annotate eIF4G as several different lengths, with Chlamy-
domonas reinhardtii being predicted as the same length as
vascular plant eIF4G, but the close relative Volvox carteri
being annotated without the N-terminus though its sequence
is present in the genome. These green algae encode a 4G-
PN1-like motif at the proper location (Figure 3(a)), but
do not appear to have a PN2-like motif. Ostreococcus and
Micromonas species have their eIF4G annotated as severely
truncated, to the point where the 4E-binding sequence is not
included, though it is encoded in the genome. Assuming the
annotations are erroneously short, a 4G-PN2-like motif is
encoded at the proper location upstream of the eIF4G HEAT-
1 domain (Figure 3(b)); however, no 4G-PN1-like motif can
be found.

These lines of evidence support the possibility of a
common Viridiplantae ancentral eIF4G with a full length
N-terminus containing the 4G-PN1 and 4G-PN2 motifs. If
this is the case, either motif may have been lost in some
algae lineages, while both were maintained in the land plant
lineage.

3.5. The H1-CT Site in Plants. The cum2 mutation in A.
thaliana was identified as a point mutation of a proline
residue in eIF4G that inhibits replication of Cucumber mosaic
virus [29]. Interestingly, this mutation occurs at a motif
that is well conserved in eukaryotes, with the proline at this

location conserved in animals and fungi. The motif, found
between the end of the HEAT-1 domain and the predicted
eIF3 binding site, has previously been identified as the H1-
CT motif [25], conserved in fungi and animals, and here
we provide evidence that this motif is conserved in most
eukaryotic eIF4G proteins (Figure 4).

The core shared motif of the H1-CT region in plant
eIF4G and eIFiso4G, which is also well conserved in other
eukaryotes, is RRx5KxIxExHxxA (Figure 4). The residues
around this core are divergent in eIF4G and eIFiso4G, the
eIF4G motif at the site being RRVEGPKKI(D/E)EVHRDA
(Figure 4(a)) and for eIFiso4G being PRREExKAKTIxEHx-
EAExxLG (Figure 4(b)). The H1-CT motif in mammals and
yeast shares similarities with both the eIF4G and eIFiso4G
motifs (Figure 4(c)). The reason for the difference at this
motif in the two plant isoforms is not clear, but it is useful for
differentiation between divergent eIF4G and eIFiso4G genes.

3.6. Is the Origin of eIFiso4G Outside Viridiplantae? A second
site useful for identification of eIFiso4G genes is a conserved
N-terminal sequence of XSLRPGG (Figure 5), with X being
a hydrophobic amino acid (I, V, or L). This sequence is
conserved in eIFiso4G throughout the Viridiplantae lineage,
but is not present in eIF4G. The purpose of this conserved
motif is unknown, as N-terminal truncations of eIFiso4G
lacking this sequence were found to bind eIFiso4E, eIF4A,
synthesize polypeptides, and hydrolyze ATP at wild-type
levels [30].

While eIFiso4G is present in all Viridiplantae, it is not
clear whether the origin of the plant-specific isoform of
eIF4G was before or after the divergence of Viridiplantae.
Interestingly, two heterokonts, the brown algae Ectocarpus
siliculosus and the marine diatom Thalassiosira pseudonana,
encode a sequence similar to the eIFiso4G XSLRPGG motif
at the correct position upstream of an eIF4G HEAT-1
domain. The E. siliculosus gene also bears more similar-
ity to eIFiso4G than eIF4G at the H1-CT motif, while
the T. pseudonana has similarities to both (Figure 4(c)).
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(a)

Setaria italica.4G1
Oryza sativa.4G
Setaria italica.4G2
Mimulus guttatus.4G1
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Solanum tuberosum.4G1
Solanum lycopersicum.4G1
Arabidopsis thaliana.4G
Arabidopsis lyrata.4G
Thellungiella halophila.4G
Vitis vinifera.4G
Carica papaya.4G
Theobroma cacao.4G
Manihot esculenta.4G
Manihot esculenta.4G
Ricinus communis.4G
Populus trichocarpa.4G1
Populus trichocarpa.4G2
Prunus persica.4G
Fragaria vesca.4G
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(b)

Figure 3: The N-terminal motifs of eIF4G. Residues highlighted in green have identity to the consensus sequence, and residues highlighted
in blue have similarity. Genes of nonflowering plants and green algae are shaded grey. (a) The PG-N1 motif with consensus sequence
PARTSAPPNxDEQKRxQ. (b) The PGN-2 motif with consensus sequence VKITxPxTHEELxLD.
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(c)

Figure 4: The H1-CT motif of eIF4G and eIFiso4G. Residues highlighted in green have identity to the shared core sequence
RRx5KxIxExHxxA. The arrow identifies the site of the cum2 mutation in eIF4G. (a) The H1-CT motif of eIF4G. Residues highlighted in
purple have identity to the unique residues of the eIF4G H1-CT motif RRVEGPKKI(D/E)EVHRDA. Genes of nonflowering plants and
green algae are shaded grey. (b) The H1-CT motif of eIFiso4G. Residues highlighted in yellow have identity to the unique residues of the
eIFiso4G H1-CT motif PRREExKAKTIxEHxEAExxLG. Genes of nonflowering plants and green algae are shaded grey. (c) The H1-CT motif
of eIF4G genes of heterokonts, animals, and fungi. Residues are highlighted according to their identity to the shared core motif (green), the
motif of plant eIF4G (purple), or the motif of eIFiso4G (yellow).
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Figure 5: The N-terminal XSLRPGG motif of eIFiso4G. Residues highlighted in green have identity to the consensus sequence, and the
variable hydrophobic residue is highlighted in blue. Genes of nonflowering plants and green algae are shaded grey. Genes of the heterokont
eIF4G sequences containing this motif are shaded in brown.

The red algae Cyanidioschyzon merolae, more closely related
to Viridiplantae [31], encodes two eIF4G genes, but they are
divergent to the point it is not possible to identify them as
either eIF4G or eIFiso4G homologs. The E. siliculosus gene
may contribute evidence of a conserved eIFiso4G outside
of Viridiplantae, but there is not enough support at this
time to definitively state that the origin of eIFiso4G predates
Viridiplantae.

3.7. The 4E-Binding Site of eIF4G and eIFiso4G. As eIF4G
and eIFiso4G prefer to form discrete complexes with eIF4E
and eIFiso4E, respectively [6], we used alignment of known
sequences for angiosperm eIF4G and eIFiso4G to find if they
have distinct 4E-binding motifs and whether the 4E-binding
site in these proteins changed after the evolution of eIFiso4E.
eIF4G has a well-conserved 4E-binding site sequence of
KKYSRDFLLx8LPxxF, which appears in its flowering plant
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Figure 6: The 4E-binding site of plant eIF4G. Residues highlighted in green have identity to the consensus sequence KKYSRDFLLx8LPxxF,
and residues highlighted blue have similarity. Genes of nonflowering plants and green algae are shaded grey.

form as early as the lycophyte S. moellendorffii (Figure 6). The
eIFiso4G site for 4E binding is ERVRYTR(D/E)QLLZLRE (Z
being Glu or Gln) (Figure 7). Interestingly, it seems common
for plants to have one eIFiso4G copy closely matching this
consensus sequence, while other copies may diverge from
this sequence. For example, A. thaliana eIFiso4G1 is close to
the consensus sequence, while eIFiso4G2 diverges at several
residues. eIFiso4G2 copurifies with eIFiso4E and has similar
activity to eIFiso4G1 in vitro [12], so it is unclear at this time
whether these differences are meaningful.

The flowering plant 4E-binding sequence of eIFiso4G
seems nearly fully formed in the bryophyte P. patens, and the
sequence in green algae eIFiso4G is roughly as similar to its
angiosperm counterpart as the green algae eIF4G 4E-binding
site is to its angiosperm version. One might expect the 4E-
binding sites to have evolved after the emergence of eIFiso4E
to each bind their preferred partner and discriminate against
the other, but it seems in both cases the 4E-binding site was
well formed before eIFiso4E evolved and has changed little
since. The discrimination may therefore be at a site on the
large subunit away from the identified 4E-binding site, or it

may have evolved on the 4G-binding interface of eIF4E and
eIFiso4E.

4. Conclusions

The increasing availability of genomic sequences from
Viridiplantae has helped clarify the evolutionary history of
the flowering plant eIF4F and eIFiso4F complexes, but has
also raised many new questions. The discovery that evolution
of eIFiso4G occurred long before eIFiso4E is surprising; in
vitro observations on the eIFiso4F complex of wheat [13–26]
and Arabidopsis [12] as well as the ability for either eIFiso4E
or eIFiso4G gene disruptions to confer resistance to Lettuce
mosaic virus, Plum pox virus, and Turnip mosaic virus in A.
thaliana [32] point to a strongly intertwined role for eIFiso4E
and eIFiso4G. This opens up several questions. Before the
evolution of eIFiso4E, was eIF4E shared between eIF4G and
eIFiso4G, or was 4EHP involved? Does eIFiso4G promote
translation in green algae and early land plants, as it seems to
in flowering plants, or did it have a different role altogether?
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Figure 7: The 4E-binding site of plant eIFiso4G. Residues highlighted in green have identity to the consensus sequence
ERVRYTR(D/E)QLLZLRE, and residues highlighted blue have similarity. Genes of nonflowering plants and green algae are shaded grey.
Plants generally have one copy of eIFiso4G that closely resembles the consensus sequence; this primary copy is highlighted in yellow.
Secondary copies, which are unhighlighted, may diverge from this sequence.

What is the relationship between the evolution of flowering
plants and the coincident appearance of eIFiso4E, which
appears conserved in all available angiosperm sequences?
Future work will hopefully begin to answer these questions
and should build toward an understanding of the function in
flowering plants of the eIF4F and eIFiso4F complexes.

While mutational and deletion studies have been per-
formed on eIFiso4G [30, 33], less analysis has been published
on the activity of different domains of plant eIF4G, and the

role of the N-terminal region remains mysterious. Deletion
of a significant portion of the eIF4G N-terminus has little
effect in vitro on translational activity ([34] and Mayberry
and Browning, unpublished observations) suggesting the N-
terminus may have a regulatory or unknown function. The
identification of two N-terminal motifs in the plant eIF4G
conserved back to at least the evolution of land plants and
possibly as far back as the root of Viridiplantae implies that
the N-terminal region does have some important function.
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Future studies will be necessary to determine whether these
motifs are involved in interactions with other proteins
(possibly to PABP, the binding site of which has not been
identified in plant eIF4G) and to discover whether the N-
terminus contributes to translation initiation or to some
other as yet unrecognized function(s) of eIF4G.
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For years, the study of gene expression regulation of plants in response to stress conditions has been focused mainly on the analysis
of transcriptional changes. However, the knowledge on translational regulation is very scarce in these organisms, despite in plants,
as in the rest of the eukaryotes, translational regulation has been proven to play a pivotal role in the response to different stresses.
Regulation of protein synthesis under abiotic stress was thought to be a conserved process, since, in general, both the translation
factors and the translation process are basically similar in eukaryotes. However, this conservation is not so clear in plants as the
knowledge of the mechanisms that control translation is very poor. Indeed, some of the basic regulators of translation initiation,
well characterised in other systems, are still to be identified in plants. In this paper we will focus on both the regulation of different
initiation factors and the mechanisms that cellular mRNAs use to bypass the translational repression established under abiotic
stresses. For this purpose, we will review the knowledge from different eukaryotes but paying special attention to the information
that has been recently published in plants.

1. Introduction

One of the main responses of cells to stress conditions in-
volves partial or virtually total cessation of energetically con-
sumptive processes normally vital to homeostasis, including
transcription and protein synthesis. Translation consumes a
substantial amount of cellular energy and, therefore, it is one
of the main targets to be inhibited in response to most, if
not all, types of cellular stresses. However, under conditions
where global protein synthesis is severely compromised,
some proteins are still synthesised as part of the mechanisms
of cell survival, as these proteins are able to mitigate the dam-
age caused by the stress and enable cells to tolerate the stress-
ful conditions more effectively [1]. Appearance of abiotic
stresses, as environmental conditions, is in many cases sud-
den. Therefore, a quick response to stress should be estab-
lished to assure cell survival. In such a context, translational
regulation of preexisting mRNAs provides a prompt and

alternative way to control gene expression, as compared to
other slower cellular processes such as mRNA transcription,
processing, and transport to cytoplasm [2].

In animals and yeast, there are many known examples of
global translational inhibition and preferential production
of key proteins critical for survival under different abiotic
insults [3–8]. This scenario also begins to be envisioned
in plants where several studies demonstrate that general
mRNA translation inhibition and selective translation of
some mRNAs are key points in the adaptation process of
plants to different abiotic stresses, including hypoxia, heat
shock, water deficit, sucrose starvation, and saline stress [9].
Thus, in Arabidopsis seedlings subjected to oxygen depri-
vation, mRNAs coding proteins involved in glycolysis and
alcoholic fermentation are efficiently translated, meanwhile
the translation of other constitutively synthesised proteins is
inhibited [10]. In a similar way, a decrease in the de novo
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protein synthesis has been demonstrated in Brassica napus
seedlings after being subjected to heat shock for several
hours. Under these conditions, in an opposite way to the
proteins synthesised under normal conditions, only the
translation of heat shock proteins is observed [11]. Further-
more, a reduction of protein synthesis with an increase in the
synthesis of membrane proteins and of sulphur assimilation
enzymes and transporters has been described in Arabidopsis-
cultured cells subjected to sublethal cadmium stress [12]. In
addition, the translational repression of specific components
of the translation machinery and cell cycle-related mRNAs
has been observed during sucrose starvation using the same
system [13]. Other examples of rapid impairment of de novo
protein synthesis by osmotic stress in Arabidopsis and rice
have recently been published [14].

2. Initiation of Translation: Main Target of
the Translation Regulation in Response to
Abiotic Stress

To date, the different experiments carried out to unravel the
translational phase regulated under stress conditions point
to a regulation mainly at the initiation step. In eukaryotes,
under physiological conditions, the vast majority of mRNAs
initiate translation via a canonical cap-dependent mecha-
nism that begins with the recognition by the eIF4E factor of
the cap structure (7-methyl guanosine) placed at the 5′ end
of the mRNAs to be translated. eIF4E interacts with eIF4G
and with eIF4A, forming the cap binding complex called
eIF4F. This complex allows the further recruitment of the
preinitiation complex 43S, which consists of the small ribo-
somal subunit 40S, the ternary complex eIF2/GTP/tRNA met

i
and the factors eIF3, eIF1 and eIF1A. The resulting pre-
initiation complex scans the mRNAs in the 5′ → 3′ direction
until an initiation codon is found. There the ribosomal
subunit 60S is loaded and the elongation phase begins [15].
However, under abiotic stress conditions this canonical
translation initiation is impeded by different mechanisms
that affect mainly the activity of the initiation factors eIF2α,
eIF4E, and eIF4A [1, 2, 5, 16–18].

3. Regulation of Translational Initiation Factors
under Abiotic Stress

3.1. Translation Regulation by eIF2α Phosphorylation. In
eukaryotes, one of the main mechanisms of translation inhi-
bition in response to stress is the regulation of the subunit
α of the eIF2 factor by phosphorylation. eIF2α phosphory-
lation is mediated by different kinases that are specifically
activated in response to different stresses promoting the
inhibition of translation by hindering the formation of the
eIF2/GTP/tRNA met

i ternary complex [17]. eIF2α kinases and
their activation by stress conditions are different among dif-
ferent eukaryotes. In vertebrates four different eIF2α-kinases,
namely, GCN2, PERK, PKR and HRI that are activated by
nutrient limitation [19], protein misfolding in the endoplas-
mic reticulum (ER) [20], virus infection [21], and heme
group availability [22], respectively, have been described

(Figure 1(a)). However, other eukaryotes have a different
number of these enzymes. For instance, Schizosaccharomyces
pombe has three eIF2α kinases (two distinct HRI and a
GCN2), Drosophila melanogaster and Caenorhabditis elegans
have only two (PERK and GCN2), and Saccharomyces cere-
visiae has only one (GCN2) [23].

A strong inhibition of protein synthesis by eIF2α phos-
phorylation under different stress conditions has also been
reported in plants, demonstrating that this mechanism of
regulation of translation is conserved in these organisms
[24]. Genome-wide searches for the presence of eIF2α
kinases in Arabidopsis and rice suggest that higher plants
only contain a GCN2-like eIF2α kinase [24]. In agreement
with these in silico searches, so far only the eIF2α kinase
GCN2 has been characterized in plants [24, 25], although
some reports also suggest the controversial existence in plants
of an eIF2α kinase with the biochemical properties of the
mammalian PKR [26–29]. Arabidopsis GCN2 is activated
under different stress conditions including amino acid and
purine deprivation, cadmium, UV, cold shock, and wound-
ing (Figure 1(a)), or in response to different hormones in-
volved in the activation of defence response to insect her-
bivores [24, 25]. Although AtGCN2 activity is linked to a
strong reduction in global protein synthesis under the afore-
mentioned conditions, the activity of this enzyme does not
account for the general inhibition of translation under all
stresses in plants, as treatments using NaCl or H2O2 do not
promote actively the phosphorylation of eIF2α. Moreover,
results in Arabidopsis demonstrate that heat shock does not
lead to eIF2α phosphorylation either, confirming previous
results obtained in wheat [30]. Interestingly, heat shock
causes a striking inhibition of protein synthesis in plants,
suggesting that different mechanisms might be involved in
the global protein synthesis inhibition observed under these
conditions.

3.2. Translation Regulation by the Association of eIF4E with
Interacting Proteins. The regulation of mammalian eIF4E
under abiotic stress conditions is by far the mechanism that
has been better studied. This regulation in mammals in-
volves the interaction of eIF4E with the 4E-binding pro-
teins (4E-BPs). 4E-BPs show the same conserved eIF4E-
binding domain as eIF4G, so their action mechanism is
based on their capability to compete out the eIF4G-eIF4E
interaction, thereby inhibiting further recruitment of the
ribosome to the mRNA “cap” structure. This mechanism is
regulated by the phosphorylation status of 4E-BPs. Under
physiological conditions, the TOR (target of rapamycin)
kinase phosphorylates 4E-BPs, which turns 4E-BPs unable to
interact with eIF4E. In response to different stresses, TOR
is inhibited and 4E-BPs become dephosphorylated. This
hypophosphorylation state increases the affinity of 4E-BPs
for eIF4E, inhibiting cap-dependent translation and setting
up a switch in the translational initiation mechanism from
cap-dependent to cap-independent [18] (Figure 1(b)).

Regulation of eIF4E activity in budding yeast S. cere-
visiae shares common features with that of mammals. In
S. cerevisiae two functional homologs of the mammaliam
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Figure 1: Regulation of translational initiation factors and transcript-differential translation under abiotic stress conditions. (a) Protein
synthesis inhibition has been observed upon eIF2α phosphorylation both in plants and in other eukaryotes subjected to different abiotic
stress conditions. In plants (right panel), in contrast to vertebrates (the case illustrated) (left panel), only the eIF2α kinase GCN2 has been
described. In yeast and mammals eIF2α phosphorylation mediated by GCN2 promotes the selective translation of some mRNAs as GCN4 or
ATF4, respectively; however, whether eIF2α phosphorylation leads to the stimulation of translation of specific mRNAs is unknown in plants.
(b) In mammals the activity of eIF4E under abiotic stress is regulated by the eIF4E binding to hypophosphorylated forms of the 4E-BPs
(left panel). Such binding promotes cap-dependent translation inhibition and the observation of cap-independent translation. Different
evidences point out that plants can support cap-independent translation under abiotic stress conditions (right panel). However, the role of
eIF4E and TOR in this process has to be elucidated. (c) Some abiotic stress conditions promote the selective translation of mRNAs with low
G+C content in yeast and plants. In yeast (left panel) the involvement of eIF4A in this regulation has been described, although the exact
mechanism regulating the activity of eIF4A is still unclear. In plants (right panel) the role of eIF4A in this process has to be determined.

4E-BPs, p20 and EAP1, have been described [31, 32]. Both
proteins block cap-dependent translation by interfering with
the interaction of eIF4E with eIF4G, a mechanism analogous
to that of the mammaliam 4E-BPs [31, 32]. In addition, TOR
signalling pathway also plays a critical role in yeast, as in
higher eukaryotes, in the modulation of translation initiation
via regulation of eIF4E activity. Indeed, disruption of the
EAP1 gene confers partial resistance to the growth-inhibitory
properties of rapamycin, implicating EAP1 in the TOR
signaling pathway controlling cap-dependent translation in
S. cerevisiae [32].

Cap-independent translation has also been observed
in plants subjected to both abiotic and biotic stresses
(Figure 1(b)). In maize, two cellular mRNAs, the alcohol

dehydrogenase ADH1 and the heat shock protein HSP101,
are translated in a cap-independent manner in oxygen-
deprived roots [33] and during heat stress [34], respectively.
These data, together with the fact that plant viruses use a cap-
independent translation strategy to translate their mRNAs
lacking the cap structure in the host cells [35], demonstrate
that plant translational apparatus is able to support cap-
independent translation under stress conditions. In addition,
TOR also plays an important role in the regulation of protein
synthesis in plants as RNAi reduction of TOR results in
a strong inhibition of translation initiation in Arabidopsis,
while TOR-overexpressing lines show an increase in trans-
lation initiation efficiency [36]. Moreover, in these lines the
expression levels of AtTOR are correlated to the tolerance
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of Arabidopsis to osmotic stress indicating that AtTOR,
possibly by its role in protein synthesis, modulates the re-
sponse to abiotic stress conditions [36].

Regardless these striking parallelisms, the link between
the role of TOR and the regulation of the eIF4E activity
under abiotic stress in plants, if it exists, is far from being
understood (Figure 1(b)). Indeed, no homolog of the 4E-
BPs has been found in the plant genomes available to date.
In spite of that, it has been described that the β subunit
of the nascent polypeptide-associated complex (NAC) and
the plant lipoxygenase 2 (AtLOX2) could putatively act
as 4E-BP analogs since they interact with the Arabidopsis
eIFiso4E in yeast two hybrid assays and these interactions
can be displaced by the addition of AtIF4G in vitro [37, 38].
Moreover, AteIF4E has been proven to coimmunoprecipate
with AtLOX2 from Arabidopsis extracts [38]. However, their
role in the regulation of protein translation has not been
demonstrated, as no evidences for changes in translation
mediated by these proteins or for the regulation of their
activities by TOR have been described either in vitro or in
vivo.

3.3. Translation Regulation by eIF4A. Recently, new alterna-
tive mechanisms for the regulation of translation initiation
under stress conditions which involve the regulation of the
eIF4A RNA helicase have been discovered. A clear example
is shown in yeast [5], where the authors demonstrated that
glucose depletion causes a global translation inhibition due
to a reduction in the amount of eIF4A bound to eIF4G.
Concomitant with this reduction, changes in the levels of
eIF3 associated to eIF4G are observed indicating that eIF4A
could be required for the turnover in the association of
eIF4G-eIF3 complex in a way that modulates translation
initiation. Furthermore, the involvement of the regulation of
eIF4A in translation in the response to lithium stress in S.
cerevisiae has also been described [39] (Figure 1(c)).

As shown for the yeast eIF4A, plant eIF4A activity seems
to be involved in the regulation of translation under abiotic
stress in these organisms, as the overexpression of the pea
DNA helicase 45, which seems to be the eIF4A ortholog,
has been proven to confer high salinity tolerance in tobacco
[40]. However, this observation should be further studied as
the exact mechanism underlying this stress tolerance is not
currently completely understood (Figure 1(c)).

4. Differential Translation of mRNAs in
Response to Abiotic Stress Conditions

Under general translational inhibition conditions induced by
abiotic stresses, some mRNAs involved in triggering stress
responses are able to be selectively and efficiently translated.
These transcripts have special characteristics that allow
them to bypass specifically the different regulation points
of translational inhibition. In this section we will focus
on understanding the features that allow these mRNAs
to circumvent downregulation of translation and we will
deepen our knowledge in the information available in plants.

4.1. Differential Translation Mediated by eIF2α Regulation.
Specific examples of mRNAs immune to eIF2α regulation
under a variety of stress conditions as GCN4 and ATF4
have been characterized in yeast [41] and mammals [42]
(Figure 1(a)). Both mRNAs are able to be translated by a
complex mechanism based on the fact that when eIF2α
is phosphorylated and, therefore, the ternary complex is
scarce, the scanning ribosome fails to initiate translation at
upstream reading frames (uORFs), which are terminated
in premature stop codons. In this case, scanning contin-
ues downstream towards the functional initiation codon
allowing, with this long scanning, the enough time for
ternary complex recruitment and, therefore, to promote the
subsequent translation of the functional peptide [16, 41].

In plants, eIF2α phosphorylation causes a drastic inhibi-
tion of protein synthesis during amino acid starvation that is
correlated with a partial inhibition of mRNA association to
polysomes [24], demonstrating that, under eIF2α phospho-
rylation, there are some transcripts still able to be translated.
However, at the moment, it is not known whether or not
eIF2α phosphorylation leads to stimulation of translation of
specific mRNAs, as reported for other systems (Figure 1(a)).
In plants, no homolog to GCN4 transcription factor has been
characterized and there is no evidence for the involvement of
GCN2 in the transcriptional activation of Arabidopsis genes
homologous to those regulated by GCN4 in yeast [25].

4.2. Differential Translation Mediated by IRESs and CITEs. In
the late 1980s, the study of viral gene expression led to the
discovery of the most studied alternative mode of translation
initiation, the IRES-driven initiation. This mechanism allows
the 40S ribosome to be directly recruited to sequences located
within the 5′-UTR of viral RNAs called Internal Ribome
Entry Sites (IRES) without the need of cap-recognition by
eIF4E [43–45]. Since then, IRES activity has been described
in an increasingly number of cellular transcripts including
those coding for translation initiation factors, transcription
factors, oncoproteins, growth factors, and homeotic and
survival proteins. The presence of these cellular IRESs
(cIRESs) allows the efficient translation of mRNAs under
conditions, where cap-dependent initiation is inhibited or
seriously compromised, as it is the case of abiotic stress or
during physiological processes as mitosis, apoptosis, or cell
differentiation [46, 47].

In plants, three cIRESs have been characterized to
support cap-independent translation in vitro. These cIRESs
have been found within the 5′-leader sequences of the
mRNAs coding for the Arabidopsis ribosomal protein S18
subunit C (RPS18C) [48], the maize heat shock protein
101 (HSP101) [34], and the maize alcohol dehydrogenase
(ADH1) [33]. Two of these mRNAs, the HSP101 and the
ADH1 mRNAs, are efficiently translated under heat shock
and under hypoxia, respectively [33, 34], suggesting an
important role of cIRESs in the mechanism for selective
translation under abiotic stress in plants. Indeed, the 5′-
leader of ADH1 was able to provide efficient translation of
a reporter gene in vivo in Nicotiana benthamiana cells both
under oxygen shortage and heat shock, while translation of
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the same construct lacking this sequence was significantly
reduced [33]. Although promising, the examples of known
plant cIRESs are scarce and, therefore, whether the use of
cIRESs as translational enhancers of specific cellular mRNAs
under abiotic stress is a generalized mechanism in these
organisms remains still an open question.

For years the presence of cIRESs has been considered the
only possible mechanism underlying cap-independent trans-
lation of cellular mRNAs. Interestingly, new mechanisms of
cap-independent translation have been proposed to explain
the translation observed under conditions where eIF4E
activity is reduced [49, 50]. One of them is the translation
of the mouse HSP70 mRNA under heat stress conditions [4].
In this paper, Sun and collaborators demonstrate that the
HSP70 5′-UTR is able to drive the translation of reporter
genes under cap-independent conditions. However, the same
sequence is unable to maintain cap-independent translation
when placed in the intercistronic region of a bicistronic
construct, ruling out the presence of an IRES within the
sequence. Examples of such sequences have been described
within plant viral mRNAs. The mRNAs of a large portion
of all plant viruses lack the cap structure and, therefore, are
forced to be translated in a cap-independent manner. To
do so, in addition to viral IRESs, they use special elements
termed cap-independent translational enhancers (CITEs).
CITEs are able to recruit eIF4E and eIF4G cognates, or
directly the 40S ribosomal subunit to the proximity to the
AUG initiation codon, licensing in such a way the mRNA
to initiate translation in a cap-independent manner [35,
51]. Although the existence of CITE-like elements is still
considered exclusive of plant viral mRNAs, it would not
be surprising if such elements are also discovered in plant
cellular mRNAs. Cellular CITE-like elements, if present,
might provide an alternative to cIRESs to drive translation
of plant mRNAs [33].

Differential translation of some mRNAs under certain
abiotic conditions could also be explained by the binding
of specific RNA binding proteins to certain sequences
within the mRNAs, acting as cap-dependent translational
enhancing factors and cap-dependent enhancers, respec-
tively. Most abiotic stress conditions reduce cap-dependent
initiation and, therefore, enhancers acting synergistically
with the cap could increase selectively the translational rate
of those transcripts containing them. A good example of
cap-dependent enhancing factors is the protein disulfide
isomerase (PDI) that is a key regulator of insulin translation
in response to glucose in mammals [52]. PDI is able to
bind specifically to glucose responsive mRNAs under glucose
stimulation and recruits the poly(A)-binding protein (PABP)
to unknown enhancer elements in their 5′-UTR. Although
how PABP binding could increase translation of such mRNAs
is still unknown, it is reasonable to think that it is by the
interaction of PABP with eIF4G. Cap-dependent enhancers
of translation in plant viruses have also been described
[53–55], being one of the better known examples the Ω
sequence found in plant tobacco mosaic virus (TMV) [56].
This sequence is recognized by the HSP101 that, in turn
and through its interaction with the Ω sequence, recruits
eIF4G subunit to the 5′-UTR of the viral RNA [55].

The Ω sequence has been used to promote translation of
cellular mRNAs enhancing both cap-dependent and cap-
independent translation of the downstream gene by 2–10-
fold. Therefore, these enhancers of cap-dependent trans-
lation could facilitate cap-dependent translation and even
sustain some cap-independent translation under low eIF4E
activity. If these kind of enhancers are also found in plant
cellular mRNAs is a question that remains unanswered but
that should be studied.

4.3. Differential Translation Mediated by eIF4A Regula-
tion. Sequence analysis of polysome-bound mRNAs during
glucose starvation in yeast, where a reduction of eIF4A
association within the initiation complexes was observed,
demonstrates that a common feature of these mRNAs is
the low G+C content immediately upstream of the AUG
[5]. These results suggest that the specific translation of
mRNAs with low secondary structure could be selectively
promoted under low eIF4A activity (Figure 1(c)). However,
other alternative explanations cannot be fully excluded as,
for example, the activation of IRES-driven translation of
unstructured mRNAs by low level of helicase activity [6]
or the possibility that other RNA helicases, with substrate
preference for poorly structured mRNAs, may substitute the
function of eIF4A. In a similar way, a study in Arabidopsis
demonstrated that ribosome loading of mRNAs with high
G+C content is differentially reduced under mild dehydra-
tion conditions [57]. These results may reflect, as in the
previous case, a higher requirement for RNA helicase activity
to initiate translation under stress in plants and may point
to a low mRNA G+C content as a mechanism to bypass the
restrain in eIF4A activity under abiotic stress (Figure 1(c)).

5. Unique Features of Regulation of
Translation Initiation in Plants

It is well known that plants have unique translational char-
acteristics as the existence, in addition to the canonical eIF4E
and eIF4G factors, of IF(iso)4E and eIF(iso)4G isoforms.
In Arabidopsis, one eIF(iso)4E and two eIF(iso)4Gs have
been described; however, the number of these isoforms
varies between plant species. eIF(iso)4E and eIF(iso)4G iso-
forms interact specifically between them to form eIF(iso)4F
complexes [58]. The ability of the eIF(iso)4F complexes to
support translation initiation of specific mRNAs has been
proven different to that of the eIF4F complexes, suggesting
that certain mRNA features allow different transcripts to
interact preferentially with either complexes [59, 60]. Indeed,
Lellis and coworkers have recently demonstrated that the
double-mutant in the two Arabidopsis eIF(iso)4G factors
displays strong phenotypes in growth and development,
which, in the apparent absence of general protein synthesis
inhibition, could be caused by the selective translation
of specific genes [61]. Moreover, in maize it has been
demonstrated that eIF(iso)4E is particularly required for
the translation of stored mRNAs from dry seeds, and that
eIF4E is unable to fully replace this eIF(iso)4E function [62].
If eIF4F and eIF(iso)4F complexes regulate translation of
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different sets of mRNAs, this would mean a plant-specific
layer of gene expression regulation that is worth studying in
depth.

6. Conclusion

The conservation of mechanisms to globally inhibit protein
synthesis concomitant to mRNA translation reprogramming
under different stresses points out to the fundamental impor-
tance of translation regulation during the response to abiotic
stresses in all eukaryotes. Although we already know that
there are multiple parallel mechanisms across eukaryotes
that modulate translation under abiotic stresses, we are still
far away from understanding completely this regulation, as
new alternative mechanisms taking part in this regulation
are still being described. In plants, the study of translational
regulation under stress is still in its infancy, and some of
the most conserved regulators have not been found in these
organisms yet. A considerable effort should be done in
this respect, since understanding how plants respond to
environmental conditions can only be fulfilled by a complete
knowledge of how translation is regulated.
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The composition of the cellular proteome is under the control of multiple processes, one of the most important being translation
initiation. The majority of eukaryotic cellular mRNAs initiates translation by the cap-dependent or scanning mode of translation
initiation, a mechanism that depends on the recognition of the m7G(5′)ppp(5′)N, known as the cap. However, mRNAs encoding
proteins required for cell survival under stress bypass conditions inhibitory to cap-dependent translation; these mRNAs often
harbor internal ribosome entry site (IRES) elements in their 5′UTRs that mediate internal initiation of translation. This
mechanism is also exploited by mRNAs expressed from the genome of viruses infecting eukaryotic cells. In this paper we discuss
recent advances in understanding alternative ways to initiate translation across eukaryotic organisms.

1. Alternative Translation Initiation
Mechanisms: An Important Layer of
Gene Expression Control

The coding capacity of eukaryotic genomes is much larger
than anticipated. Many layers of gene expression control
operate at the posttranscriptional level, as illustrated by
the RNA splicing process, the noncoding RNAs regulatory
elements, and the large repertoire of factors that contribute
to control mRNA transport, localization, stability, and trans-
lation. Translation control is one of the posttranscriptional
cellular processes that exert a profound impact on the
composition of the cellular proteome. This is particularly
relevant to maintain homeostasis in response to stress
induced by a large variety of environmental factors, as well as
during development or disease [1]. In addition, these layers
of gene expression control contribute to increase the coding
capacity of the genome by generating different polypeptides
from the same transcriptional unit.

The majority of cellular mRNAs initiate translation by
a mechanism that depends on the recognition of the

m7G(5′)ppp(5′)N structure (termed cap) located at the
5′end of most mRNAs (Figure 1(a)). This manner of initiat-
ing translation involves a large number of auxiliary proteins
termed eukaryotic initiation factors (eIFs) [1]. The 5′cap
structure is recognized by eIF4E that, in turn, is bound to the
scaffold protein eIF4G and the RNA helicase eIF4A (within a
trimeric complex termed eIF4F). Additionally, eIF4G further
interacts with eIF3 and the poly(A)-binding protein (PABP)
that is bound to the poly(A) tail of the mRNA. Separately, the
40S ribosomal subunit associates with the ternary complex
(TC) consisting of the initiator methionyl-tRNAi and eIF2-
GTP, leading to the formation of the 43S complex that is
stabilized by eIF1A and eIF3. Following assembly of the
43S complex into the eIF4F-bound mRNA, scanning of the
5′UTR region commences until the first AUG codon is
encountered, leading to the formation of the 48S initiation
complex. At this step, eIF1 is displaced and eIF5 mediates the
hydrolysis of eIF2-bound GTP; joining of the 60S subunit
is then mediated by eIF5B yielding the 80S ribosome that
gives rise to the start of polypeptide synthesis. For a review
on the translation initiation process, see [1] and references
therein.
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Various alternative mechanisms to initiate translation
are, however, operative during cellular stress [1, 2]. Fur-
thermore, atypical mRNAs that lack the cap structure at
the 5′end or the poly(A) tail at the 3′end employ specific
mechanisms to initiate translation. Histones are among the
most abundant proteins in eukaryotic cells, despite having
mRNAs with an organization that is incompatible with the
conventional scanning initiation model. Peculiar features
of metazoan histone mRNAs are that they harbor a short
5′UTR and lack a poly(A) tail. Instead, these mRNAs harbor
a conserved stem loop near the 3′end (Figure 1(b)) that
is recognized by the stem-loop-binding protein (SLBP). In
addition, the open reading frame of mouse histone mRNA
contains two structural elements critical for translation
initiation. One of them binds to eIF4E without the need
of the cap, such that the 43S complex is recruited to
this site and loaded near the AUG start codon [3]. This
process is assisted by a second structural element located
downstream of the initiator triplet that sequesters the cap,
facilitating the direct loading of the ribosome on the cognate
codon.

A different example of unconventional RNA organization
is presented by a plant viral RNA, the pea enation mosaic
virus, that initiates translation using a cap-independent
mechanism. This mRNA does not possess a cap at the 5′end
even though it requires eIF4E for translation initiation. In
this particular case, the RNA structure adopts a pseudoknot
structure that projects a guanosine residue into the cap-
binding pocket of eIF4E [4].

In addition to the 5′-cap and 3′-poly(A) tail, eukary-
otic mRNAs can contain upstream open reading frames
(uORFs) (Figure 1(c)), 3′cap-independent translation ele-
ments (3′CITEs) (Figure 1(d)), or internal ribosome entry
site (IRES) elements (Figures 1(e), 1(f), and 1(g)). These
types of structural elements can act as sensors of envi-
ronmental factors, mediate efficient translation of some
viral mRNAs, or control translation of mRNAs that encode
proteins performing critical roles during cell death, DNA-
damage response, or in the differentiation process of higher
eukaryotes and algae [5–10]. In general, these structural
elements act as strong barriers to scanning ribosomes in the
5′UTR of mRNAs. Hence, their presence is incompatible
with the scanning model of translation initiation, and the
corresponding mRNAs have evolved different manners to
initiate translation using nonconventional mechanisms.

One extensively analyzed uORF-containing mRNA is
that encoding the yeast transcription factor GCN4. Trans-
lation of this particular mRNA is strongly enhanced dur-
ing nutrient deprivation, an event that induces eIF2α-
phosphorylation leading to low levels of TC and, thus,
inhibiting cap-dependent translation. However, GCN4
mRNA overcomes the translation inhibitory effects of four
uORFs under low TC levels by allowing a fraction of
posttermination 40S subunits to reinitiate at the authentic
GCN4 start codon [1]. In mRNAs subjected to polyamine-
responsive translation regulation, uORFs act as sensors of
polyamine levels [10]. Finally, in many other mRNAs, uORFs
are obstacles that block or delay scanning ribosomes causing
a strong reduction of protein synthesis, as exemplified in the
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Figure 1: Schematic representation of eukaryotic mRNAs. (a)
Features of a conventional mRNA. The red circle at the 5′end
depicts the cap (m7Gppp); A(n) depicts the poly(A) tail at the 3′end.
(b) (c) Schematic of atypical RNA structures, stem loops (black
hairpin), or uAUGs, respectively, located in mRNAs translated via
cap-dependent initiation. (d) RNA structural elements located in
the 3′untranslated region of viral RNAs mediating cap-independent
translation (3′CITE). Different types of IRES elements found in the
viral RNA of picornaviruses (e), hepatitis C (f), and dicistroviruses
(g) are schematically depicted in red.

5′ terminal region of p53 mRNA or the embryonic form of
the chicken proinsulin mRNA [5, 6].

Consistent with the fact that mRNA translation operates
on functionally circularized molecules, regulatory elements
also are located at the 3′UTR; this is the case of 3′CITE ele-
ments which are particularly abundant in plant RNA viruses
[7, 11, 12] and promote cap-independent translation by
means of complex RNA structures that generate functional
bridges between the 5′ and 3′UTRs of the mRNA.

In summary, translation initiation mechanisms affecting
the efficiency of protein synthesis of a given mRNA are
diverse and, importantly, more frequent than anticipated,
sometimes giving rise to the expression of different polypep-
tides from a single transcriptional unit. Therefore, presence
of any of these regulatory elements can seriously complicate
efforts to accurately define the sites of translation initiation
at the genomewide scale.
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2. IRES Elements in Eukaryotic Organisms and
Their Viruses

IRES elements are specialized RNA regulatory sequences
governing cap-independent translation initiation in eukary-
otic mRNAs that are translated during cellular stress, that
is, when cap-dependent translation is compromised [2,
13, 14]. IRES elements, initially reported in the genomic
RNA of two picornaviruses (namely, poliovirus (PV) and
encephalomyocarditis virus (EMCV)), drive internal initi-
ation of translation in the mRNA of all members of the
Picornaviridae family [15–20] (Table 1). Soon after their
discovery, IRES elements were also found in other RNA
viruses infecting mammals, such as hepatitis C (HCV),
pestiviruses [21, 22], or retroviruses [23–27], as well as in
RNA viruses infecting invertebrates [28–33], plants [34–39],
and protozoa [40, 41]. Recently, IRES-dependent transla-
tion in mRNAs transcribed from DNA viruses belonging
to the Herpesviridae family has been reported [42–45]
(Table 1).

As expected from the fact that viruses require compo-
nents of the host machinery to translate their genome, IRES
elements have been found in mRNAs encoded in the genome
of the host (Table 2). Thus, IRES-dependent translation
initiation has been described in mRNAs expressed in animal
cells, both vertebrate and invertebrate [46–69], plants, and
yeasts [70–73]. Not surprisingly, various examples of IRES
elements reported in animal cells, plants, or yeasts drive
internal initiation of translation in mRNAs that encode pro-
teins performing similar functions or belonging to the same
regulatory pathway, for example, nutrient deprivation, apop-
tosis, or heat-shock (see Table 2). Published IRES elements
are available at (http://iresite.org/) (http://140.135.61.9/ires/)
[74, 75].

The ability of being translated under conditions
inhibitory to cap-dependent initiation, though with different
efficiency, is a general feature of all IRES-containing mRNAs.
With notable exceptions [23, 37], IRES elements are located
in the 5′UTR of mRNAs upstream of the initiator codon.
Other features such as long length of the 5′UTR (200 to
500 nucleotides), heavy RNA structure, high GC content,
initiation at non-AUG codons, ignored AUGs upstream of
the functional start codon are often but not universally found
[46, 53, 76, 77]. For instance, some IRES elements found
in plant RNA viruses, D. melanogaster and S. cerevisiae,
have a high AU content [37, 62, 63, 73]. In this regard, the
5′UTR sequences of mRNAs are highly divergent [78]. This
is consistent with the great sequence diversity of the currently
known IRES elements (http://rfam.sanger.ac.uk/) found in
mRNAs of different organisms, including viruses, protozoa,
yeast, plants, and animals. Furthermore, this lack of sequence
conservation creates serious problems to predict the presence
of IRES elements in eukaryotic mRNAs using computational
methods. Therefore, defining critical hints (short primary
sequences, tertiary structure elements, unique RNA-binding
protein motifs, etc.) of model IRES elements is crucial to
accurately predict putative IRES elements at the genomic
level.

3. Types of IRES Elements

Two picornavirus RNAs, PV and EMCV, contain the first
reported IRES elements [15, 16]. This property was later
extended to all picornavirus RNAs as well as to several
positive-strand RNA viruses, such as HCV, pestiviruses,
and dicistroviruses [79]. Nevertheless, it is remarkable that
despite performing the same function, viral IRES elements
differ in nucleotide sequence, RNA secondary structure, and
trans-acting factors requirement. A distinctive feature of the
picornavirus IRES is their long length that varies between
350 to 450 nucleotides, depending on the virus genera.
Furthermore, picornavirus IRES elements are classified in
four types (termed I, II, III, and HCV-like) according to their
RNA structure organization. The genome of picornaviruses
consists of a single-stranded RNA of positive polarity that
harbors a short poly(A) tail at the 3′end (Figure 1(e)).
However, picornavirus RNAs differ from cellular mRNAs in
having a long, heavily structured 5′UTR and a viral-encoded
protein (VPg) covalently linked to the 5′end instead of cap,
hence, incompatible with the cap-dependent mechanism of
translation initiation. Not surprisingly, translation of the
viral genome is governed by the IRES element using a cap-
independent mechanism that is resistant to the action of
viral proteases. Picornavirus-encoded proteases execute the
processing of the viral polyprotein but also recognize as
substrates several host factors. Among the host factors prote-
olyzed during infection are eIF4G and PABP [80, 81], which
are key components of the cap-dependent translation initia-
tion machinery. Thereby, cleavage of host factors induces the
shut-off of cap-dependent translation in infected cells.

Picornavirus elements IRES belonging to types I and II
require the C-terminal end of eIF4G, eIF4A, and eIF3 to
assemble 48S initiation complexes [82–84]. Type III IRES
require intact eIF4G, and, in contrast, the HCV-like IRES
does not need eIF4G to assemble 48S complexes [18]. In
addition to eIFs, auxiliary factors termed IRES transacting
factors (ITAFs) contribute to modulate (either stimulate
or repress) picornavirus IRES activity. In support of the
relevance of factors different than eIFs for internal initiation,
transcripts encompassing the region interacting with eIFs do
not possess IRES activity [85], indicating that interaction
with eIFs is necessary but not sufficient for IRES function.

The HCV viral RNA does not possess poly(A) tail;
instead, a poly(U) tract and a complex RNA structure are
located near the 3′end (Figure 1(f)). The HCV IRES element
is located close to the 5′end of the viral genome and differs
profoundly in RNA structure organization from picornavirus
IRES belonging to types I, II, and III. Specifically, the HCV
IRES (340 nucleotides) is arranged in structural domains II,
III, and IV, including a pseudoknot upstream of the AUG
start codon [86] which is conserved with pestivirus IRES ele-
ments [22]. Domain III participates in the interaction with
eIF3 and the 40S subunit, while domain II helps to accom-
modate the mRNA in the tRNA-exit site of the ribosome and
mediates eIF2 release during 80S assembly [87, 88]. Interest-
ingly, HCV-like IRES elements with similar eIF requirement
have been found in some picornavirus genera [18, 89, 90],
which presumably arose by recombination events.
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Table 1: Distribution of IRES elements in viral mRNAs.

Host Virus family/genus Virus/IRES name Reference

Mammals

Picornaviridae/Enterovirus Poliovirus (PV) [15]

Picornaviridae/Cardiovirus Encephalomyelitis virus (EMCV) [16]

Picornaviridae/Aphthovirus Foot-and-mouth disease virus (FMDV) [17]

Picornaviridae/Teschovirus Porcine teschovirus-1 (PTV-1) [18]

Picornaviridae/Kobuvirus Aichivirus (AiV) [19]

Picornaviridae/Senecavirus Seneca Valley virus (SVV) [20]

Flaviviridae/Hepacivirus Hepatitis C virus (HCV) [21]

Flaviviridae /Pestivirus Classical swine fever virus (CSFV) [22]

Retroviridae/Lentivirus Human immunodeficiency virus-2 (HIV-2) [23]

Retroviridae/Lentivirus Human immunodeficiency virus-1 (HIV-1) [24]

Retroviridae/Retrovirus Moloney murine leukemia virus (MoMLV) [25]

Retroviridae/Lentivirus Feline immunodeficiency virus (FIV) [26]

Retroviridae/Retrovirus Mouse mammary tumor virus (MMTV) [27]

Herpesviridae/Cytomegalovirus Human cytomegalovirus latency (pUL138) [42]

Herpesv./Lymphocryptovirus Epstein-Barr virus (EBNA-1) [44]

Herpesv./Mardivirus Herpes virus Marek’s disease (MDV RLORF9) [45]

Papovaviridae/Polyomavirus SV40 polycistronic 19S (SV40 19S) [43]

Insects

Dicistroviridae/Cripavirus Rhopalosiphum padi virus (RhPV) [28]

Dicistroviridae/Cripavirus Cricket paralysis virus (CrPV) [29]

Dicistroviridae/Cripavirus Ectropis obliqua picorna-like virus (EoPV) [31]

Dicistroviridae/Cripavirus Plautia stali intestine virus (PSIV) [32]

Dicistroviridae/Cripavirus Triatoma virus (TrV) [33]

Dicistroviridae/Aparavirus Bee paralysis dicistrovirus (IAPV, KBV) [30]

Plants

Comoviridae/Nepovirus Black currant reversion virus (BRV) [34]

Tombusviridae/Carmovirus Pelargonium flower break virus (PFBV) [35]

Tombusviridae/Carmovirus Hibiscus chlorotic ringspot virus (HCRSV) [38]

Tobamovirus Crucifer-infecting tobamovirus (CrTMV) [36]

Luteoviridae/Polerovirus Potato leaf roll polerovirus (PLRV) [37]

Potyviridae/Potyvirus Tobacco etch virus (TEV) [39]

Protozoa
Totiviridae/Giardiavirus Giardiavirus (GLV) [40]

Totiviridae/Leishmaniavirus Leishmania RNA virus-1 (LRV-1) [41]

A unique type of IRES element is located in the intergenic
region (IGR) of the genome of dicistroviruses (Figure 1(g)).
This RNA region spans about 200 nucleotides and adopts a
tertiary structure including three pseudoknots that function-
ally substitute the initiator tRNA during internal initiation
[29, 91]. The IGR mimics a tRNA anticodon loop base-
paired to mRNA and a translation elongation factor, facili-
tating initiation without the help of eIFs. A unique feature of
these IRES elements is to initiate protein synthesis at non-
AUG codons (CUU, GCU, CCU, CUC, depending on the
dicistrovirus genus) [92, 93], with preference for alanine-
coding triplets.

IRES elements were reported in various cellular mRNAs
that remained attached to polysomes under conditions
inhibitory to cap-dependent translation [51, 94]. These
mRNAs contain a cap at the 5′end although they are trans-

lated at very low levels and have the capacity to switch to an
IRES-dependent mechanism when cap-dependent initiation
is impaired. This process is assisted by ITAFs, a group of
RNA-binding proteins that are thought to help in the proper
folding of the IRES region facilitating the mRNA recruitment
to the translation machinery.

Thus, attending to the essential requirements for internal
initiation, IRES elements can be grouped in two main
categories: (a) those that do not need proteins to assemble
the initiation complex (e.g., the IGR of dicistroviruses that
adopts a docking structure capable of fitting in the ribosomal
subunit [95]) and (b) those that do need factors to recruit the
ribosome (typically, picornaviruses, HCV, and cellular IRES
elements [60, 96, 97]). Within the second category, distinct
groups can be made depending on the RNA structural motifs
and proteins required for activity.
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Table 2: Distribution of IRES elements in cellular mRNAs.

Organism Protein function IRES name Reference

Mammals

Apoptotic proteins Apaf-1 [60]

XIAP [56]

HIAP2/c-IAP1 [57]

DAP5 [58]

Bcl-2 [61]

Oncogene c-myc [77]

Amino acid starvation CAT-1 [46]

Nutrient signaling INR [59]

Differentiation LEF-1 [65]

PDGF2 [66]

Hypoxia HIF-1a [50]

VEGF [55]

FGF2 [53]

Heat shock BiP [51]

BAG-1 [49]

Cold shock CIRP [48]

DNA damage response p53 [47]

SHMT1 [54]

Mitosis PITSLREp58 [50]

CDK1 [61]

Insects

Apoptotic proteins, Rpr, hid [62]

Heat shock hsp70 [63]

grim, skl

Homeotic protein Antennapedia [64]

Insulin signaling dFoxO [67]

dInR [68]

Alcohol dehydrogenase Adh-Adhr [69]

Plants
Heat shock HSP101 [70]

Alcohol dehydrogenase ADH [71]

Yeast

Nitrogen assimilation URE-2 [72]

glucose starvation GPR1, NCE102 [73]

YMR181a, MSN1

BOI1, FLO8, GIC1

4. RNA Structural Motifs Found in
IRES Elements

RNA structure plays a fundamental role in viral IRES-
dependent translation initiation [13]. In support of this,
mutations leading to the disruption of specific RNA structure
motifs impaired IRES activity while the corresponding
compensatory mutations restored IRES function [21, 98].
Furthermore, RNA structure of viral IRES elements is
organized in modules which are phylogenetically conserved
[99–102], providing evidence in favour of a distribution of
functions among the different RNA domains [103, 104].

Examples of structural motifs found in IRES elements are
the pseudoknots (Pks). These are tertiary motifs that play
important role in the IRES of HCV, bovine viral diarrhea
virus (BVDV), and classical swine fever virus (CSFV) [22].

Three different Pks conform the IGR of cricket paralysis
virus (CrPV) and plautia stali intestine virus (PSIV), as well
as other dicistroviruses [91, 93]. Giardiavirus (GLV) and
tobacco etch virus (TEV) IRES elements also contain Pk
structures [39, 40]. While these IRES elements are located
in genetically distant RNA viruses, the Pk structure is con-
served, indicating that the RNA organization is biologically
relevant for internal initiation. Some cellular IRES elements
were reported to contain Pk structures, as illustrated by c-
myc and L-myc [77, 105]. In further support of the role of
RNA structure for IRES-dependent translation, the zipper
model proposed for the cationic amino acid transporter
CAT-1 mRNA suggested that RNA structure modification via
translation of an upstream uORF induces the formation of
the active IRES [46].

Evidence for tight links between RNA structure and
biological function are provided by the conservation of
structural motifs within IRES elements of highly variable
genomes. Specifically, the purine-rich GNRA and RAAA
motifs (N stands for any nucleotide, and R, purine), as
well as the G : C-rich stems that hold these motifs are
conserved between aphthovirus and cardiovirus [106, 107].
In the case of foot-and-mouth disease virus (FMDV),
the prototype of the aphthovirus genus, the central IRES
domain is a self-folding region that has been proposed to
instruct the functional conformation of the whole IRES
element [85, 108, 109]. Along this idea, RNA structural
analysis provided evidence for stem loops whose structural
conformation depends on distant interactions within this
domain, involving residues of the GNRA motif [110]. Thus,
it is likely that RNA structural motifs located in the apical
region of the central domain could constitute a signature of
picornavirus type II IRES elements.

The GNRA motif of picornavirus IRES adopts a tetraloop
conformation at the tip of a stem loop [111–113]. This
motif is essential for IRES activity in FMDV and EMCV
[114, 115], showing a strong preference for GUAA in
the case of the FMDV IRES [108]. This observation,
together with the lack of genetic variability within the apical
stem and the covariation observed in the adjacent stems,
pointed towards their joint contribution to IRES activity.
Importantly, mutational analysis of the invariant apical stem
revealed a better performance of G : C than C : G base-pairs,
demonstrating the relevance of the three-dimensional RNA
conformation for IRES activity [106].

Although related RNA viruses share the overall organiza-
tion of their genomic RNA, viral IRES is organized in high-
order structures that differ between distant families. Cryo-
electron microscopy studies of the HCV IRES and the IGR
provided information on the capacity of these RNAs to be
accommodated in the interface of the ribosomal subunits
[88, 95]. Even though the IGR of CrPV and the HCV
IRES exhibit different structural organization, they interact
with the ribosomal protein RpS25 [116] and induce similar
conformational changes in the 40S ribosomal subunit. This
finding opens the possibility that IRES elements could
possess a universal structural motif mediating its direct inter-
action with the 40S subunit. This putative universal RNA
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motif still remains elusive, but it could be a promising tool to
search for unidentified IRES elements at the genomic level.

Concerning the identification of structural motifs con-
served between genetically distant RNAs, the IRES region
of FMDV, EMCV, CrPV, HCV, CSFV, and BVDV contains
a structural element recognized as substrate of the RNase
P ribozyme [117–119]. RNase P is a nuclear structure-
dependent endonuclease involved in the processing of the
tRNA precursor, that also recognizes as substrate viral RNAs
containing tRNA-like structures at the 3′end. The RNase P
cleavage site in the FMDV IRES maps within an internal
region that is involved in tertiary interactions; in addition,
defective IRES mutants bearing modified RNA structures
exhibited a differential response to ribozyme cleavage both
in vitro and in transfected cells [119, 120]. The significance of
the RNase P recognition motif in IRES elements is unknown
since there is no proof for its direct involvement in the
translation process. However, it does not constitute an RNA
processing motif in transfected cells [121], consistent with
the fact that the picornavirus infection cycle, as well as that
of HCV and pestivirus, occurs in the cytoplasm of infected
cells; therefore, the viral RNA has no access to RNase P.

The possibility that this structural motif constitutes
a remnant of an ancient tRNA-like structure, similar to
that found in the IGR IRES, is open to further investi-
gations. Indeed, the evolutionary origin of IRES elements
is unknown, but it has been proposed that this mode of
initiating protein synthesis could be operating earlier than
the cap-dependent [122]. In keeping with this hypothesis,
the IRES property of self-interacting with the ribosome is
a very attractive idea, also consistent with the finding that
IRES activity is sensitive to changes in ribosome composition
[123–126].

Another possibility to explain the presence of tRNA-
like motifs within viral IRES elements is that they were
inherited from RNA replication signals accommodated to
assist in the translation process. In plant RNA viruses, tRNA-
like structures located at the 3′end of the viral genome
control cap-independent translation initiation and viral
RNA replication [11, 127]. RNA-RNA interactions between
the 3′and the 5′UTR of the viral genome assist in these
processes. In this regard, long-range RNA-RNA interactions
between the 5′ and the 3′end of some viral genomes have
been observed [128, 129]. Consistent with a functional link
between the ends of the viral RNA, IRES activity is stimulated
by the 3′UTR [130, 131]. In picornavirus RNAs, the 3′UTR is
composed of two stem loops and a short poly(A) tail that are
required for replication and infectivity [132]. Furthermore,
the insulin-like growth factor II mRNA-binding protein 1
(IGF2BP1) was identified among the proteins identified in
complexes assembled with RNAs that contained the HCV
IRES and the 3′UTR. This protein coimmunoprecipitates
with eIF3 and the 40S subunit [133], suggesting that it
enhances HCV IRES activity by recruiting the ribosomal sub-
units to a pseudo circularized RNA. Thus, bridging of 5′ and
3′ends involves direct RNA-RNA contacts and RNA-protein
interactions. These results provide a mechanistic basis for
translation stimulation and replication of the viral RNA

resembling the synergistic stimulation of cap-dependent
translation.

5. RNA-Protein Interactions Controlling
IRES Activity

The lack of conserved features among distantly related IRES
elements has led to the view that different IRES elements
could recruit the ribosomal subunits assisted by unique
sets of ITAFs. Along this idea, riboproteomic approaches
have facilitated the identification of various proteins inter-
acting with different IRES elements [134]. Most ITAFs are
RNA-binding proteins previously identified as transcription
regulators, splicing factors, RNA transport, RNA stability,
or translation control proteins [133, 135, 136]. Typical
examples of multifunctional proteins that act as ITAFs are the
polypyrimidine tract-binding protein (PTB), the poly-r(C)
binding protein (PCBP2), the SR splicing factor (SRp20), the
far upstream element binding protein 2 (FBP2), the lupus La
antigen (La), or Gemin5, among others [136–140].

The IRES elements of HCV and HIV-1 differ from those
of picornaviruses not only in RNA structure but also in some
factor requirement. Assembly of the HCV IRES-48S initia-
tion complex requires eIF3, but not eIF4G [96]. Consistent
with this, eIF3 has been identified by mass spectrometry of
IRES-bound protein complexes [135, 141]. Other proteins
bound to HCV and picornavirus IRES are PTB, PCBP
2, nucleolin, Gemin5, upstream of n-ras (unr), heteroge-
neous nuclear RNA-binding protein (hnRNP) A1/A2, La
autoantigen (La), NS1-associated protein, as well as several
RNA helicases DEAH-box polypeptide 9 (DHX9) [134].
Gemin5 binds directly to FMDV and HCV IRES regions and
down regulates translation efficiency. Additionally, Gemin5
binds m7GTP [142], explaining its down regulation of cap-
dependent translation [140]. In contrast, the HIV-1 IRES
is stimulated by hnRNP A1/2, the RNA helicase DEAD/H
Box 3 (DDX3), the human Rev-interacting protein (hRIP),
and the nuclear RNA-binding protein Src-associated in
mitosis (Sam68) [143].

Cellular IRES elements are typically present in mRNAs
encoding stress response proteins, such as those needed dur-
ing nutrient deprivation, temperature shock, hibernation,
hypoxia, cell cycle arrest, or apoptosis (Table 2) [2, 14, 57,
144]. However, with the exception of polypyrimidine tracts,
conservation of primary sequence is not readily detected
between viral and cellular IRES elements [145]. The obser-
vation that cellular IRES elements do not share overall struc-
tural similarity [146] has led to the view that short motifs
may control the interaction with transacting factors needed
to recruit the mRNA to 40S subunits. In favor of this hypoth-
esis, PTB stimulates the IRES of the apoptotic protease-
activating factor 1 (apaf-1), BCL2-associated athanogene
(BAG)-1, and the hypoxia-inducible factor (HIF1a) [50,
147], allowing the synthesis of proteins that mediate cell
survival under apoptosis, hypoxia, nutrient deprivation, or
cell growth dysregulation. Proteins interacting with the lym-
phoid enhancer factor (LEF-1) IRES recently identified using
biotin-tagged RNAs combined with stable isotope labeling
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with amino acids in cell culture (SILAC)-based quantitative
mass spectrometry [65] include the splicing-related pro-
tein proline and glutamine-rich SFPQ/PSF, the non-POU
domain-containing octamer-binding nuclear RNA-binding
protein (nonO/p54nrb), PCBP 2, HuR, and the oncopro-
tein DEK (named by the initials of a patient affected of
acute myeloid leukemia). Investigating whether the proteins
identified in intracellular IRES-ribonucleoprotein complexes
perform the same or different functions from those found in
IRES complexes assembled in vitro requires further work.

Since ITAFs usually act in large complexes with various
factors within the cellular compartments, proteins inter-
acting with different targets may lead to distinct effects
depending on the target RNA and the other partners of
the complex. Thus, changes in the abundance, posttransla-
tional modifications, or subcellular location of ITAFs could
be responsible for the distinct IRES response to stress
conditions. For example, the kinase PITSLREp58 IRES is
specifically activated during mitosis, while mPer 1 translation
oscillates during circadian rhythmic period [148, 149]; the
Apaf IRES is activated during apoptosis, while the X-linked
inhibitor of apoptosis protein (XIAP) is inhibited [150].
Relocalization of hnRNP A1 mediates internal initiation of
c-myc, unr, cyclin D1, vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF-2), Apaf-1, and
XIAP mRNAs [151]. In contrast, death-associated protein
(DAP 5), nuclear factor NF45, G-rich RNA sequence bind-
ing factor (GRSF-1), fragile-X mental retardation protein
(FMRP), dyskeratosis congenita (DKC1), heterogeneous
nuclear ribonucleoprotein D-like protein (JKTBP1), or zinc-
finger protein (ZNF9) are IRES-specific [57, 61, 152–154].
Hence, individual mRNAs seem to use different mechanisms
to evade the global repression of protein synthesis.

6. Perspectives towards the Identification
of IRES Elements at Genomewide Scale in
Eukaryotes

A functional assay testing the cap-independent capacity and
the ability to resist cap-inhibitory conditions is the usual way
to identify IRES elements in mRNAs. This is a cumbersome
task in terms of genomewide scale identification of IRES
elements in eukaryotic genomes. To facilitate this task,
short conserved structural motifs identified in model IRES
elements could provide a tool to search for putative IRES
at a genomic level. In considering critical features of IRES
elements, signals that may be suggestive of functional IRES
could be the presence of polypyrimidine tracts, pseudoknots
near the start codon, or hairpin-loops mimicking those
present in the IRES of picornavirus, HCV, or the IGR of
dicistrovirus RNAs. Although none of these features individ-
ually are sufficient to define a functional IRES element, the
presence of one (or more) of these motifs may provide hints
to select potential IRES in mRNAs.

The question that remains unresolved is what are the
distinctive features of IRES elements that may allow their
accurate prediction at the genomewide scale, even though

computer programs have being designed to predict IRES ele-
ments using bioinformatics tools (http://140.135.61.9/ires/)
[75]. From our point of view this question is still far
from being answered; however, the detailed molecular,
biochemical, and structural characterization of model IRES
elements will provide critical hints to reveal the presence of
similar elements within eukaryotic genomes.
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[133] S. Weinlich, S. Hüttelmaier, A. Schierhorn, S. E. Behrens, A.
Ostareck-Lederer, and D. H. Ostareck, “IGF2BP1 enhances
HCV IRES-mediated translation initiation via the 3′UTR,”
RNA, vol. 15, no. 8, pp. 1528–1542, 2009.

[134] A. Pacheco and E. Martinez-Salas, “Insights into the biology
of IRES elements through riboproteomic approaches,” Jour-
nal of Biomedicine and Biotechnology, vol. 2010, Article ID
458927, 12 pages, 2010.

[135] A. Pacheco, S. Reigadas, and E. Martı́nez-Salas, “Ribopro-
teomic analysis of polypeptides interacting with the internal
ribosome-entry site element of foot-and-mouth disease viral
RNA,” Proteomics, vol. 8, no. 22, pp. 4782–4790, 2008.

[136] P. Vazquez-Pianzola, H. Urlaub, and R. Rivera-Pomar, “Pro-
teomic analysis of reaper 5′ untranslated region-interacting
factors isolated by tobramycin affinity-selection reveals a role
for La antigen in reaper mRNA translation,” Proteomics, vol.
5, no. 6, pp. 1645–1655, 2005.

[137] S. K. Jang and E. Wimmer, “Cap-independent translation of
encephalomyocarditis virus RNA: structural elements of the
internal ribosomal entry site and involvement of a cellular
57-kD RNA-binding protein,” Genes and Development, vol.
4, no. 9, pp. 1560–1572, 1990.

[138] K. M. Bedard, S. Daijogo, and B. L. Semler, “A nucleo-
cytoplasmic SR protein functions in viral IRES-mediated
translation initiation,” The EMBO Journal, vol. 26, no. 2, pp.
459–467, 2007.

[139] J. Y. Lin, M. L. Li, and S. R. Shih, “Far upstream element bind-
ing protein 2 interacts with enterovirus 71 internal ribosomal
entry site and negatively regulates viral translation,” Nucleic
Acids Research, vol. 37, no. 1, pp. 47–59, 2009.

[140] A. Pacheco, S. Lopez de Quinto, J. Ramajo, N. Fernandez,
and E. Martinez-Salas, “A novel role for Gemin5 in mRNA
translation,” Nucleic Acids Research, vol. 37, pp. 582–590,
2009.

[141] Y. Yu, H. Ji, J. A. Doudna, and J. A. Leary, “Mass spectromet-
ric analysis of the human 40S ribosomal subunit: native and
HCV IRES-bound complexes,” Protein Science, vol. 14, no. 6,
pp. 1438–1446, 2005.

[142] S. S. Bradrick and M. Gromeier, “Identification of gemin5 as
a novel 7-methylguanosine cap-binding protein,” PLoS ONE,
vol. 4, no. 9, article e7030, 2009.

[143] J. Liu, J. Henao-Mejia, H. Liu, Y. Zhao, and J. J. He,
“Translational regulation of HIV-1 replication by HIV-1 Rev
cellular cofactors Sam68, eIF5A, hRIP, and DDX3,” Journal of
NeuroImmune Pharmacology, vol. 6, pp. 308–321, 2011.

[144] P. Pan and F. van Breukelen, “Preference of IRES-mediated
initiation of translation during hibernation in golden-
mantled ground squirrels, Spermophilus lateralis,” American
Journal of Physiology, vol. 301, pp. R370–R377, 2011.

[145] M. Bushell, M. Stoneley, Y. W. Kong et al., “Polypyrimidine
tract binding protein regulates IRES-mediated gene expres-
sion during apoptosis,” Molecular Cell, vol. 23, no. 3, pp. 401–
412, 2006.

[146] X. Xia and M. Holcik, “Strong eukaryotic IRESs have weak
secondary structure,” PLoS ONE, vol. 4, no. 1, article e4136,
2009.

[147] H. C. Dobbyn, K. Hill, T. L. Hamilton et al., “Regulation
of BAG-1 IRES-mediated translation following chemotoxic
stress,” Oncogene, vol. 27, no. 8, pp. 1167–1174, 2008.

[148] B. Schepens, S. A. Tinton, Y. Bruynooghe et al., “A role for
hnRNP C1/C2 and Unr in internal initiation of translation
during mitosis,” The EMBO Journal, vol. 26, no. 1, pp. 158–
169, 2007.

[149] K. H. Lee, K. C. Woo, D. Y. Kim et al., “Rhythmic interaction
between period1 mRNA and hnRNP Q leads to circadian
time-dependent translation,” Molecular and Cellular Biology,
vol. 32, pp. 717–728, 2012.

[150] N. H. Ungureanu, M. Cloutier, S. M. Lewis et al., “Internal
ribosome entry site-mediated translation of Apaf-1, but
not XIAP, is regulated during UV-induced cell death,” The
Journal of Biological Chemistry, vol. 281, no. 22, pp. 15155–
15163, 2006.

[151] A. Cammas, F. Pileur, S. Bonnal et al., “Cytoplasmic relo-
calization of heterogeneous nuclear ribonucleoprotein A1
controls translation initiation of specific mRNAs,” Molecular
Biology of the Cell, vol. 18, no. 12, pp. 5048–5059, 2007.

[152] S. M. Lewis, S. Cerquozzi, T. E. Graber, N. H. Ungureanu, M.
Andrews, and M. Holcik, “The eIF4G homolog DAP5/p97
supports the translation of select mRNAs during endoplas-
mic reticulum stress,” Nucleic Acids Research, vol. 36, no. 1,
pp. 168–178, 2008.

[153] M. A. Sammons, A. K. Antons, M. Bendjennat, B. Udd, R.
Krahe, and A. J. Link, “ZNF9 activation of IRES-mediated
translation of the human ODC mRNA is decreased in
myotonic dystrophy type 2,” PLoS ONE, vol. 5, no. 2, article
e9301, 2010.

[154] C. Bellodi, N. Kopmar, and D. Ruggero, “Deregulation of
oncogene-induced senescence and p53 translational control
in X-linked dyskeratosis congenita,” The EMBO Journal, vol.
29, no. 11, pp. 1865–1876, 2010.


