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1. Introduction

Protein biosynthesis is a multi-step process that starts with the transcription of nuclear
DNA, depository of genetic information, into messenger RNA (mRNA) that is used as
template for the following polypeptide chain synthesis, also known as translation. Each step
of this essential process is highly controlled in order to modulate any specific protein
requirement of the cell in response to different stimuli and cellular events. This regulatory
process is called translational control. Deregulation of the core signalling network in
translational control, the phosphatidyl inositol trisphosphate kinase (PI3K), Protein Kinase B
(PKB or Akt), mammalian target of rapamycin (mTOR) and RAS mitogen-activated protein
kinase (MAPK)/MAPK-interacting Kinases (MNK) pathways, frequently occurs in human
cancers and leads to aberrant modulation of mRNA translation. However, investigations on
the contribution of these two pathways to translational regulation led to the interesting
finding that translation factors are also substrate of signalling molecules. Post-translational
modifications, including cleavage and phosphorylation, usually affect translational factors
activity in protein biosynthesis; on the other hand, direct interaction of translational
components with signalling mediators can either activate the pathway in which the
mediator is involved or redirect translation factors to other activities, such as cytoskeletal
rearrangements. These findings shed light on new functions of translation factors, different
from their canonical role in protein synthesis. Taken together, these new functions are an
intriguing step forward to the discovery of molecular mechanisms at the base of cellular
response during “special” conditions such as cancer and drug resistance.

2. Translational machinery

Protein biosynthesis is a process present in all organisms, eukaryotes and prokaryotes,
sharing similar mechanisms. In particular, translation starts at the ribosome and involves
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four different stages: initiation, elongation, termination and recycling [1]. All of these stages
are tightly controlled by specific translation factors. Many of these factors are GTPases that
are activated upon binding to the ribosome on a site called the GTPase-activating centre
(GACQ) [2]. In eukaryotes, at the initiation point, the 40S ribosomal subunit, carrying the
eukaryotic initiation factor 3 (elF3), is bound by a ternary complex consisting of the
eukaryotic initiation factor 2 (elF2), GTP and methionyl initiator tRNA (Met-tRNAj), to form
the 43S preinitation complex (Fig. 1). The recruitment of mRNA is due to the the eukaryotic
initiation factor 4F (eIlF4F) complex formed by the cap-binding protein eukaryotic initiation
factor 4E (elF4E), the scaffold protein eukaryotic initiation factor 4G (elF4G) and the RNA
helicase eukaryotic initiation factor 4A (elF4A), stimulated by the accessory factor
eukaryotic initiation factor 4B (elF4B). 4E binding proteins (4E-BPs) can compete with elF4G
for binding eIF4E thus inhibiting the association with 5' mRNA cap structures. The elF4F
complex, together with the poly(A)-binding protein (PABP), is able to recognise the 5'-
terminal cap or the 3’-terminal poly(A) tract of mRNA and to transfer it to the 43S complex,
resulting now in the 485 complex. Once the first AUG has been recognized, the pre-initiation
complex formed by the initiation factors enables the binding of the 60S ribosomal subunit to
the 40S ribosomal subunit to form the 80S initiation complex, via GTP hydrolysis of elF2-
GTP mediated by the eukaryotic initiation factor 5A (eIF5A) [3]. Many virus infections and
stresses can induce a switch from a cap-dependent to a cap-independent initiation of
translation. In this case the elF2 ternary complex binds to an internal ribosome entry site
(IRES) present on the mRNA 5’ untranslated region (5’ UTR), driving the translation directly
to the 60S association phase [4]. In both cases the complex is now ready to receive the first
elongator tRNA and to start with the elongation stage of the biosynthesis.
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Figure 1. Eukaryotic translation initiation pathway. The initiation of translation in eukaryotes starts
with the dissociation of the 40S ribosomal subunit from the 80S subunit probably promoted by elF3 and
elF1A. Met-tRNA, elF2 and GTP form a ternary complex that binds to the 40S ribosomal subunit to
form the 43 S preinitiation complex. The elF4 factors plus poly(A)-binding protein (PABP) recognize the
mRNA [5"-terminal cap or 3'-terminal poly(A)] and transfer it to the 43 S initiation complex to form the
48 S initiation complex. After the recognition of the first initiation codon by elF4A, in the presence of
elF1 and elF1A, elF5 stimulates GTP hydrolysis by elF2 and the subsequent replacement of the
initiation factors bound to 43S by the 60 S subunit to form the 80 S initiation complex. The released
elF2-GDP is recycled to eIF2-GTP by the GEF elF2B. Adapted from Rhoads R.E. et al. [3].
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The elongation phase of protein synthesis is a cyclic process consisting of basic steps
repeated until the entire coding sequence of the mRNA is translated. In higher eukaryotes
the elongation factors work always as a complex; for instance, the elongation factor 1
complex consists of eEF1A and the three subunit (f, v, 8) of the elongation factor 1B (eEF1B)
[5]. During elongation, a GTP-bound eEF1A transports the new aminoacyl-tRNA (aa-tRNA),
as a ternary complex (Fig.2), to the empty A site of the 80S initiation complex [6]. In particular,
eEF1AeGTP protects the aa-tRNA against hydrolysis and assists the ribosome in making a
correct interaction between the current codon on the mRNA and the anticodon of the
transported aa-tRNA [7]. Such a decoding event triggers the ribosome to induce GTP
hydrolysis on eEF1A [8] and leads to its major conformational change that causes the release of
aa-tRNA and the accommodation of the 3’ end in the peptidyl transferase (PT) centre on the
60S subunit, followed by peptide-bond formation [9]. In parallel, the inactive GDP-bound
eEF1A (eEF1AeGDP) is released from the ribosome. This inactive form of eEF1A, unable to
bind another aa-tRNA, is recycled to the active form (eEF1AeGTP) by exchange factor eEF1B.
eEF1B consists of three subunits and works as a guanine nucleotide-exchange factor (GEF) for
eEF1A [10]. In the following step of elongation, elongation factor 2 (eEF2) catalyzes the
translocation of A and P site tRNAs to the P and E sites respectively, as well as movement of
the mRNA by exactly one codon to allow a new round of elongation [11]. A-site-bound aa-
tRNA reacts with P-site-bound pept-tRNA (peptidyl-tRNA) to form a peptide bond, resulting
in deacylated tRNA in the P site and pept-tRNA prolonged by one amino acid in the A site.
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Figure 2. Elongation cycle in eukaryots. Crucial step in the elongation stage is the selection of the
correct aa-tRNA, based on codon-anticodon interaction. The ribosome supervises this point during an
initial selection of the ternary complex and during proofreading of the aa-tRNA. The initial selection
utilizes the ability of cognate tRNA to stimulate the GTPase activity of eEF1A much faster than non-
cognate and near-cognate tRNA.

When the ribosome come across one of the stop codons, UAA, UAG or UGA, eukaryoyic
release factor 1 (eRF1) is recruited to the ribosome to promote the release of the newly
synthesized polypeptide. After termination, the ribosome dissociates into its constituent
subunits and the mRNA and deacylated tRNA is released thus allowing the ribosome to be
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recycled by eukaryoyic release factor 3 (eRF3) in cooperation with the eukaryotic elongation
factor 2 (eEF2) [1].

3. Signalling transduction and translational control

Since regulatory mechanisms of protein biosynthesis are essential for maintaining a proper
cellular metabolism, it is not surprising that the translation process is closely regulated by
the coordinated activity of multiple intracellular signalling pathways acting at the centre of
translational control. In eukaryotes, the most important pathways regulating the translation
apparatus are the PI3K/Akt/mTOR and the Ras-MAPK signalling cascades [5] that can be
stimulated by nutrient, insulin, growth factors and energy status (Fig. 3). Activation of these
pathways mediates modifications such as changes in the phosphorylation states of
translation factors and specific RNA-binding proteins, resulting in a translational
machinery's activation or inhibition. Given the complexity of these two pathways, already
well reviewed by several groups (we highly recommend Sonenberg N. et al. [5] and Proud
C.G. [12]), in this paragraph we will just give a brief introduction (summarized in Table 1)
of the main regulatory proteins participating in translational control and their influence on
protein synthesis.

The lipid kinase PI3K is an important signalling mediator and its activation produces an
increase of phosphatidyl inositol 3,4-biphosphate that activates downstream effectors such
as the protein kinase B (PKB) also named Akt. The action of PI3K is antagonized by the lipid
phosphatase and tensin homologue deleted on chromosome 10 (PTEN) [13]. Mutations in
PTEN, present in many human tumours, lead to a constitutive activated Akt and mTOR
signalling [14]. In translational control, PI3K plays its regulatory role by the activation of
Akt and the consequent suppression of glycogen synthetase kinase 3 (GSK3) and its
inhibitory activity on elF2B [15]. Moreover PI3K can modulate mTOR signalling through
Akt.

mTOR is a member of the phosphoinositide 3-kinase-related kinase (PIKK) family and
exhibits protein kinase activity; some but not all mTOR functions are specifically repressed
by rapamycin [16]. Rapamycin forms a complex with the immunophilin FK506 binding
protein-12 (FKBP12) that binds to the FKBP12-rapamycin binding (FRB) domain of mTOR
and inhibits its kinase activity. In mammalian cells, two functionally distinct mTOR
complexes exist: mTOR complex 1 (mTORC1), containing mTOR, Raptor, and LSTS8; and
mTOR complex 2 (mTORC2), containing Rictor, LST8, and Sinl. mTORC2 regulation and
function remain largely unknown, although this complex has been linked to cytoskeletal
rearrangements and cell survival through Akt [17]. mTORC1, among its many functions,
promotes protein translation through activation of the S6 kinases (56Ks) and inhibition of
the eukaryotic initiation factor 4E binding protein 1 (4E-BP1) [18]. mTORCI signalling can
be modulated by PI3K through Akt. In particular Akt negatively regulates the tuberous
sclerosis complex 2 (TSC2) GAP activity on the mTORC1 complex. TSC2 is a GTPase-
activating protein (GAP) for the small G-protein Rheb [19] and forms a dimeric complex
with TSC1. Rheb is a G-protein that stimulates mTOR activity [20]. Akt-mediated
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phosphorylation of TSC2 leads to the inhibition of its GAP activity towards Rheb, allowing
Rheb to accumulate in its GTP-bound state and leading to the activation of mTORCI.
mTORCI signalling, through activation of Akt, is also stimulated in case of loss of PTEN
function. Interestingly, stimulation of mTORCI resulting from constitutive Akt activation
leads to a transformed phenotype. In fact, the proliferation of some tumour-derived cell
lines (e.g. those lacking the tumour suppressor PTEN) can be inhibited by rapamycin,
confirming a key role for signalling through mTORC1 [21]. mTORC1 is also linked to a
range of other oncogenes or proto-oncogenes, including Ras, nuclear factor (NF) and the
liver kinase B1 (LKB1) [22]. mTOR pathway can also positively modulates eEF2 activity by
phosphorylating and suppressing the Ca2+/calmodulin-dependent kinase III (CaMKIII)
ability to bind to calmodulin [23]. CaMKIII, also known as calcium/calmodulin-dependent
eukaryotic elongation factor 2 kinase (eEF2K) is a specific calcium/calmodulin-dependent
enzyme that regulates protein synthesis [24]. The only known substrate of this kinase is
eEF2. eEF2K phosphorylates eEF2 on T56 and stops peptide elongation by decreasing the
affinity of eEF2 for the ribosome. Thus, eEF2K-mediated phosphorylation acts as an internal
negative regulator of eEF2 translational activity [25].
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Figure 3. Translational control by signal transduction pathways. Activated signalling pathways
modulate translation factors activity and mRNA-specific binding proteins regulating the rates of protein
synthesis and translation and/or the stability of specific mRNAs. Adapted from Proud C.G. [12].
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Signalling Substrates Effects
PI3K (via Akt and GSK3) elF2B (g subunit) Activity repression
TSC2 mTORCI1 upstream control
mTOR (via mTORC1) 4E-BP1 elF4F complex positive control
S6Ks Activation and translation
promotion
mTOR (unclear mediators) eEF2 kinase eEF2 activation
ERK (via p90rsk) TSC2 mTORCI1 upstream control
eEF2 kinase eEF2 activation
elF4B Association with elF3
p38 MAPK a/b (via MK2) TSC2 mTORCI upstream control
MAPK (via Mnks) ARE-BPs(?) mRNA stability
elF4G Unclear
elF4E Decrease of 5'-cap structure
ARE-BPs(?) binding
mRNA stability
S6Ks S6 Enanched binding to eIF3
elF4B Unclear
eEF2 kinase Inhibition
eEF1A Stimulation
eEF1B Stimulation
AMPK TSC2 mTORCT1 inhibition
eEF2 kinase eEF2 inhibition
PKC eEF1A Increased elongation activity
eEF1B Increased aminoacylation activity
CK2 eEF1B Inhibited interaction with eEF1A

Table 1. Signalling transduction in protein biosynthesis. Overview of the kinases involved in post-
translational modifications on translation factors and related proteins and their effects on translational
control. For more details and references see the text.

Classical MAPKs extracellular signal regulated kinase 1 and 2 (ERK1/2) and p38 MAPK a/b
and c-Jun N-terminal kinase (JNK) pathways are the best understood MAPK signalling
cascades in mammalian cells. The regulation of translational machinery through the MAPK
signalling cascades is clearly connected with extraordinary events such as cancer and
transformation. Each cascade involves downstream kinases that phosphorylate components
of the translational machinery. In particular, ERK1/2 signalling activates p90 ribosomal s6
kinases (p90-) that phosphorylate several translation factors or their regulators, including
TSC2 [26], creating a link between ERK1/2 cascade and mTOR signalling [27]. Moreover
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p90rsk  phosphorylates eEF2 kinase, inhibiting eEF2 kinase activity [28], and elF4B,
promoting its association with elF3 [29]. p38 MAPK a/b regulates the activation of the
MAPK-activated protein kinase 2 (MK2) that mediates phosphorylation of TSC2 too [30].
Interestingly, MK2 is also able to control both the stability and the translation of some
mRNAs, such as the tumour necrosis factor a (TNF-a) mRNA, containing at their 3'UTR a
particular sequence called adenine/uridine-rich element (ARE), important for modulating
the expression of specific proteins. It is likely that this regulating mechanism involves MK2-
mediated modification of ARE binding proteins (ARE-BPs) [31]. MAPK signal-interacting
kinases 1 and 2 (Mnkl and 2) are both substrates for either ERK1/2 or p38 MAPKSs a/b.
During translational control, their activation leads to the phosphorylation of elF4E [32] and
elF4G [5]. Phosphorylation of the former decreases elF4E ability to bind 5'-cap structure
while phosphorylation of the latter has unknown consequences.

Ribosomal S6 kinase (RSK) is involved at different levels in signal transduction. There are
two subfamilies of RSK: p90rsk, also known as MAPK-activated protein kinase-1 (MAPKAP-
K1), and p70rk, also known as S6 Kinases (S6Ks). There are four variants of p90rk in humans
(RSK 1-4) and two known mammalian homologues of S6Ks: S6K1 and S6K2. S6Ks are
implicated in the positive regulation of cell growth and proliferation [33]. Once activated,
S6Ks phosphorylate the S6 protein of the 40S ribosomal subunit and the translation
initiation factor elF4B to promote translation. S6Ks regulate mTOR through a negative
feedback signalling pathway that affects insulin receptor substrate-1 (IRS-1). S6Ks was
shown to directly phosphorylate IRS-1 to inhibit PI3K and Akt activation [34]. S6Ks
activation decreases IRS-1 expression while rapamycin treatment restores IRS-1 expression
[35]. Due to their major function in regulating translation, S6Ks are required also for cell
growth and G1 cell cycle progression. Interestingly, S6K1 activation correlates with
enhanced translation of a subset of mRNAs that contain a 5'-tract of oligopyrimidine (TOP
mRNAs). These mRNAs encode for ribosomal proteins, elongation factors, the poly-A
binding protein and other components of the translational machinery that become
selectively translated by their TOP sequences in response to growth factors. However, S6Ks
are not essential for the regulation of TOP mRNA translation [36].

AMP activated protein kinase (AMPK) is sensitive to the reduction of cellular content of
AMP directly connected to that of ATP. In fact, in case of ATP decrease, cells need to
slowdown protein synthesis in order to save energy; AMPK quickly reacts to this impair
and negatively regulates mTORC1 via TSC2 phosphorylation [37]. Moreover AMPK can
also modulate eEF2 activity by phosphorylating and activating eEF2K. The eEF2
phosphorylation mediated by eEF2K down-regulates eEF2 translational activity [38].

As above described, the best known mechanisms of translational control involve the
initiation factors (2, 2B, 4B, 4E e 4G), the elongation factor 2 and the S6Ks. Less is known
about the regulation of eEF1A and eEF1B even though several groups have studied the
phosphorylation and regulation of these two factors [39]. Hereafter are summarized the
current knowledge. The casein kinase 2 (CK2) phosphorylates the (3 subunit of eEF1B in vitro
[40] leading to a decreased affinity of eEF1B toward eEF1A. Insulin or phorbol esters are
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able to enhance the phosphorylation of eEF1A and eEF1B in vivo [41]. Experimental results,
including phosphopeptide-mapping, showed that insulin-stimulated multipotential S6
kinase was able to highly phosphorylate eEF1A and two subunits of the eEF1B complex (EF-
1B and EF-18) from rabbit reticulocytes. However, phosphorylation of these proteins by S6
kinase in vitro resulted in a modest stimulation of their activity [42]. eEF1A and eEF1B are
also substrates of protein kinase C (PKC) in vitro and this may explain the ability of phorbol
esters (which activate several PKC isoforms) to increase the phosphorylation of these
proteins in vivo. More precisely, PKCS phosphorylates eEF1A at Threonine 431 (based on
murine sequence) [43]. Phorbol esters also increase the phosphorylation of the valyl-tRNA
synthetase that associates with eEF1A/B. The available evidence suggests that
phosphorylation of eEF1A/B and of valyl-tRNA synthetase by PKC increases their activities
in translation elongation and aminoacylation, respectively. The increased activity of
eEF1A/B appears to result from enhanced GEF activity [44].

3.1. Translational control in apoptosis and tumour therapy

Generally, decrease in protein synthesis is an important adaptive mechanism that allows the
cell to conserve or direct energy to other cellular functions. For example, upon induction of
apoptosis a drastic reduction of protein biosynthesis occurs that precedes the loss of cell
viability and the irreversible commitment to cell death [45, 46]. In fact, prior to and during
the pro-apoptotic signal several factors with translational activity are modified. These
modifications mainly include a specific caspase activity, prevented by the cell-permeable
caspase-inhibitor z.VAD.FMK, and changes in the translation factors phosphorylation rates.
In particular, elF4B as well as elF4GlI, elF4GII and elF3j subunit are substrates of caspase-3
that mediates their cleavage and degradation following several pro-apoptotic stimuli [47]. In
addition, elF2, eIF4E and small 4E-BPs are highly phosphorylated during apoptosis with an
inhibitory effect on protein synthesis [48]. The strong repression of translation initiation
factors should lead to a complete inhibition of protein biosynthesis; however, a certain quote
of cellular mRNA contain in their 5' UTR an IRES region that allows a cap-independent
translation. IRESs directed translation is relatively inefficient under physiological conditions
which favour cap-dependent translation, whereas it functions when cap-dependent
translation is compromised [49]. Thus it is not surprising that cellular genes containing
IRESs in their mRNAs, usually code for proteins that are involved in different cellular
processes, including apoptosis. For instance, cleaved fragments of eIlF4GI are able during
apoptosis to enhance IRES-translation of the apoptotic protease-activating factorl (Apaf-1)
[50]. Another interesting example of translational control during apoptosis is the eukaryotic
initiation factor 5A (elF5A) and its peculiar post-translational modifications. eIF5A activity
is modulated by a series of modifications that trigger the formation of the unusual amino
acid hypusine [N-(4-amino-2-hydroxybutyl) lysine]. Hypusine plays a key role in the
regulation of elF5A function, as only the hypusine-containing eIF5A form is active.
Intracellular hypusine content measures also the activity of eIF5A, as hypusine is contained
only in this factor. Reduction of eI[F5A1 expression or inhibition of hypusine modification
may cause induction or suppression of apoptosis, depending on the biological system [51].
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Besides elFs, also other translation factors are involved in pro-apoptotic signalling. For
example, upon treatment with antitumoural agents, eEF2 was shown to be involved in the
therapeutic mechanism of doxorubicin. Treatment of prostatic cancer cells (PC3) with
doxorubicin suppresses protein synthesis by inhibition of the elongation phase and not the
initiation phase. This effect is probably mediated by a kinase independent phosphorylation
of eEF2. Furthermore, inhibition of elongation activity correlates with decreased expression
of the anti-apoptotic cellular FLICE-like inhibitor protein (cFLIPS), XIAP and survivin, all
characterized by a short half-life and anti-apoptotic activity. These events result in a
sensitization of the cells to the tumour-necrosis-factor-related apoptosis-inducing ligand
(TRAIL) promoting, therefore, the doxorubicin apoptotic phenotype. TRAIL is a member of
the TNF family capable to induce apoptosis in a wide variety of cancer cells upon binding to
pro-apoptotic receptors, whereas it has no effect on the majority of normal human cells
tested. Translation was found significantly inhibited in NIH3T3 cells also during taxol-
induced apoptosis mediated by calpain [52]. Taxol treatment strongly decreased elF4G,
elF4E and 4E-BP1 expression levels. However, a specific inhibitor of calpain, MDL28170,
prevented reduction of elF4G, but not of elF4E or 4E-BP1 levels and did not block taxol-
induced translation inhibition. Conversely, taxol treatment increased eEF2 phosphorylation
in a calpain-independent manner thus supporting a role for eEF2 in taxol-induced
translation inhibition [53].

3.1.1. Eukaryotic elongation factor 1A

Mentioning the relationship between apoptosis and translation, one cannot fail to mention
the peculiar and fascinating role of the eukaryotic elongation factor 1A (eEF1A). In fact,
eEF1A is a GTP binding protein that plays a central role in the elongation cycle of protein
biosynthesis however, several studies suggest that eEF1A displays additional roles in
different cellular processes far from its canonical role [54, 55]. eEF1A forms complexes with
other cellular components like tubulin and actin. It has been observed that eEF1A cross-links
actin filaments and it is implicated in microtubule binding, bundling or severing. Indeed,
eEF1A mutants alter actin cytoskeleton organization but not translation, indicating a direct
role of eEF1A on cytoskeletal organization in vivo [56]. In addition, eEF1A is known to be
involved in several cellular process, including embryogenesis, senescense, oncogenic
transformation, cell proliferation and organization of cytoskeleton [57]. In higher
vertebrates, eEF1A is present in two isoforms (eEF1Al1 and eEF1A2) with a different
expression patterns and encoded by distinct genes [58]. The near-ubiquitous form, eEF1A1,
is expressed in all tissues throughout development but is absent in adult muscle and heart
expressing eEF1A2 instead [58, 59]. eEF1A2 is also found in some other cell types including
large motor neurons, islet cells in the pancreas and enteroendocrine cells in the gut [60, 61].
Despite sharing 92% sequence identity, paralogous human eEF1Al1 and eEF1A2 have
different functional profiles. They exhibit similar translation activities but have different
relative affinities for GTP and GDP [62] and, surprisingly, eEF1A2 appears to show little or
no affinity for the components of the guanine-nucleotide exchange factor (GEF) complex
eEF1B in yeast-two-hybrid experiments [63]. Moreover, as recent structural studies suggest,
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the two eEF1A isoforms display different behavior as tyrosine phosphorylation substrate
that could affect their interaction with different signalling molecules. In fact, while eEF1A1
is able to interact with adaptor proteins containing SH2 domains, eEF1A2 is instead able to
bind both SH2 and SH3 protein containing domains [64] thus suggesting for eEF1A2 a
greater involvement in phosphotyrosine-mediated signalling processes [65]. Interestingly,
the two isoforms play opposite roles during apoptosis. eEF1A1 expression has a marked
pro-apoptotic effect, whereas expression of eEF1A2 correlates with differentiation and
works as an inhibitor of caspase-mediated apoptosis (see next paragraph). In particular,
antisense eEF1A1 provides the cells with significant protection from cell death upon
induction of apoptosis by serum deprivation, vice versa eEF1A1 over-expression leads to a
faster rate of cell death [66]. Moreover, eEF1A1 protein levels undergo rapid increase upon
treatment with lethal doses of H20z; pre-treatment of rat heart myoblast cells H9¢2(2-1) with
transcriptional inhibitors fails to abolish the oxidant-induced increase in eEF1Al.
Furthermore, eEF1A1 mRNA levels remain steady throughout H2O: treatment, suggesting
that the up-regulation of eEF1A1 is mediated post-transcriptionally. Transient depletion of
eEF1A1 protects the cells against H2O2-mediated cytotoxicity in proportion to the degree of
repression of eEF1A1 protein levels thus suggesting that up-regulation of eEF1A1 plays a
role in expediting the execution of the apoptotic program in response to oxidative stress
[67]. Interestingly, upon serum deprivation-induced apoptosis, eEF1A2 protein disappears
and is replaced by eEF1A1l in dying myotubes. In addition, continuous expression of
eEF1A2 protects differentiated myotubes from apoptosis by delaying their death thus
suggesting a prosurvival function for eEF1A2 in skeletal muscle. In contrast, myotube death
is accelerated by the introduction of the eEF1A1 homologues gene [68]. Investigations of
eEF1A1 functional role related to apoptosis seems to be particulary promising as it may
affect both protein synthesis and cytoskeletal organization, fundamental events during
death signalling. A recent example of eEF1A1 involvement in apoptosis suggests that this
protein mediates lipotoxic cell death through a mechanism independent from changes in the
rates of protein synthesis. Since eEF1Al plays an important role in remodelling
microtubules and filamentous actin [56, 69, 70] and because the cytoskeleton undergoes
dramatic changes during apoptosis and cell death, eEF1A1 may mediate cytoskeletal
changes required to execute cell death programs in response to lipotoxic conditions [71].

3.2. Anti-apoptotic activity in cancer cells. Role of translation factors

Several factors of the translational machinery are involved at different levels in tumour
progression with a strong support of the anti-apoptotic activity characteristic of cancer cells.
In general, survival of most mammalian cells is dependent on extracellular signals that
suppress programmed cell death. Recent studies have shown that survival factors prevent
apoptosis trough the activation of PI3 kinase (PI3k) pathway [72] and its downstream
effector, the protein-serine/threonine kinase Akt [73]. PI3k/Akt signalling acts upstream of
mitochondria preventing the release of cytochrome ¢ and subsequent activation of cytosolic
caspases [74]. However, the targets of PI3k/Akt signalling that promote cell survival remain
to be fully elucidated. Interestingly, expression of the non-phosphorylable elF2B mutant
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prevents cytochrome c release upon inhibition of PI3k whereas, inhibition of translation
with cycloheximide induced cytochrome c release. Regulation of translation resulting from
phosphorylation of elF2B thus appears to affect the apoptotic cascade upstream of
mitochondria, most likely interfering with PI3k/Akt signalling [75]. The mTOR/elF4F axis is
also an important contributor to tumour maintenance and progression program in terms of
anti-apoptotic activity. Suppression of mTOR activity and that of the downstream
translation regulators, including elIF4E, delayes breast cancer progression, onset of
associated pulmonary metastasis in vivo and breast cancer cell invasion and migration in
vitro. elF4E regulates the recruitment of mRNA to ribosomes, and thereby globally regulates
cap-dependent protein synthesis. However, its over-expression contributes to malignancy
by selectively enabling the translation of a limited pool of mRNAs that generally encode for
proteins involved in cellular growth, angiogenesis, survival and malignancy. Translation of
vascular endothelial growth factor (VEGF), matrix metallopeptidase 9 (MMP9) and cyclin
D1 mRNAs, encoding for products associated with the metastatic phenotype, is indeed
inhibited upon eIF4E suppression. Transgenic elF4E-expressing mice show a marked
increase in tumourigenesis by developing tumours of various histologies. Thus, eIlF4E acts
as an oncogene in vivo [76]. Moreover, over-expressed elF4E prevents Myc-dependent
apoptosis, at least in part, through a cyclin D1-dependent process [77] and in part by its
ability to increase cellular levels of BclXt, a key apoptotic antagonist [78].

Because high level of protein synthesis is one of the characteristics of cancer cells, the
elongation cycle has recently gained much more attention in this field as it seems to be
directly involved in cell survival. eEF2, a critical enzyme of the elongation cycle, has been
investigated as a target for new therapies and as a potential contributor to the success of
conventional therapies. Interestingly, eEF2 is highly expressed in lung adenocarcinoma
(LADC), but not in the non-tumour lung tissue. High eEF2 expression correlates with a
significantly higher incidence of early tumour recurrence, and a significantly bad prognosis.
Silencing of eEF2 expression increases mitochondrial elongation, cellular autophagy and
cisplatin sensitivity. Moreover, eEF2 was found sumoylated and this sumoylation correlates
with drug resistance. In particular, sumoylation of eEF2 is essential for protein stability and
cell survival against cisplatin in LADC cells. Taken together, these results suggest eEF2 as an
anti-apoptotic marker in LADC [79]. eEF2 protein is also over-expressed in 92.9% of gastric
and 91.7% of colorectal cancers with no mutations in any of the exons of the eEF2 gene.
Over-expressed eEF2 significantly enhances the cell growth through promotion of G2/M
progression in cell cycle, activating Akt and cdc2 (G2/M regulator), and inactivating eEF2
kinase (negative regulator of eEF2). Conversely, knockdown of eEF2 inhibits cancer cell
growth and induces G2/M arrest. These results provide a novel linkage between
translational elongation and cell cycle mechanisms [80]. The implication of eEF2K (CaMKIII)
in cancer was suggested by the observation that this kinase is up-regulated in various types
of tumours such as malignant glioma and breast cancer. Inhibition of eEF2K results in a
decreased viability of tumour cells. eEF2K was previously demonstrated to phosphorylate
and in turn down-regulate eEF2 activity. However, eEF2K is not only a negative regulator of
protein synthesis but also a positive regulator of autophagy, under environmental or
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metabolic stresses. Similarly, aberrant activation of Akt promotes cell growth, survival and
proliferation, and is associated with cancer development and progression. Akt represents an
attractive target for therapeutic intervention against cancer. Akt inhibitors, such as the
allosteric small molecule MK-2206, induce either apoptosis or autophagy. Interestingly,
recent studies demonstrated that silencing of eEF2K, upon Akt inhibition, can blunt
autophagy and augment apoptosis, thereby modulating the sensitivity of cancer cells to Akt
inhibitors. Thus, targeting eEF2K reinforces the anti-tumour efficacy of Akt inhibitors, such
as MK-2206, by promoting the switch from autophagy to apoptosis [81].

As widely demonstrated, eEF1A is also clearly connected with cancer progression and
survival. In humans, eEF1A2 shows oncogenic properties when over-expressed; moreover,
it is implicated in ovarian, breast, pancreatic, liver and lung cancer thus becoming one of the
most intriguing putative oncogenes in the last decade [82]. Notably, eEF1A2 can either
directly or indirectly activate the Akt signalling pathway. Previous studies assessed a
direct interaction between eEF1A2 and phosphorylated Akt 1 and 2 (pAkt) in breast
cancer. eEF1A2 regulates pAkt levels promoting cell survival, tumour progression and
motility [83]. In mouse fibroblast cell line NIH3T3, eEF1A2 interacts with peroxiredoxin-I
(Prdx-I), resulting in increased activation of Akt, reduced activation of caspases 3 and 8,
and protection against apoptotic death [84]. Moreover, downregulation of eEF1A2
expression leads to decreased expression of pAktl and to less extent of pAkt2 and
promotes apoptosis [85]. Thus, eEF1A2 interaction with pAkt represents an important
mechanism for the regulation of Akt-dependent survival signalling pathways in cancer
[85, 86].

4. Survival and chemotherapy failure

Many chemotherapeutic agents exert their cytotoxic effects through the induction of
apoptosis however, despite the fact that many tumours initially respond to therapy, tumor
cells can subsequently survive by gaining resistance to these treatments. Therefore,
emergence of drug resistance during chemotherapy is a major cause of cancer relapse and
consequent therapy failure. In the last years there is an increase evidence that also
translation factors participate in the control of tumor chemoresistance with mechanisms not
yet well understood. For example, the initiation factor 4E (elF4E) that is overexpressed in
many solid tumors, plays a role not only in cell growth and proliferation but also in the
apoptotic response and in the acquisition of drug resistance [87]. In fact, e[F4E controls the
translation on an increasing number of mRNAs encoding proteins with notable functions in
all aspects of malignancy, including angiogenesis and invasiveness through the activation of
the ras and phosphatidylinositol 3-kinase/AKT anti-apoptotic pathways [78, 88, 89]. These
findings clearly suggest that eIF4E is a promising target for anticancer therapy.

Also translation elongation factors can be involved in the regulation of drug resistance. For
instance, eEF2 is phosphorylated at Thr56 by eEF2K thus terminating peptide elongation by
decreasing its affinity for the ribosome. eEF2K is up-regulated in several types of
malignancies, including gliomas, and affects the sensitivity of cancer cells to treatment with
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the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). This ligand is
considered a promising candidate as an anticancer agent based on its ability to trigger rapid
apoptosis and its specific cytotoxicity in malignant cells by binding to the death receptors
DR4 (TRAIL-RI) and DR5 (TRAIL-RII). Inhibition of eEF2K by RNA interference (RNAi) or
by a pharmacological inhibitor (NH125) recovers sensitization of tumour cells to TRAIL-
induced apoptosis through down-regulation of the anti-apoptotic protein, Bcl-xt [90]. These
results indicate a possible therapeutic strategy for enhancing the efficacy of TRAIL against
malignant cells by targeting eEF2 kinase.

Taken togheter, these studies suggest a role for translation factors and translational control
signalling pathways in drug resistence and chemotherapy failure. The elucidation of basic
molecular mechanisms leading to chemoresistance is an essential step in the development of
new anti-neoplastic therapies.

4.1. Interferon alpha chemotherapy resistance. A new mechanism mediated by
eEF1A

Since the advent of genetic engineering technology, recombinant IFNa has been largely
employed in solid tumours treatments. To date, interferon therapy is used in combination
with chemotherapy and radiation as a treatment for many cancers, and several clinical trials
are currently ongoing. However, IFNa displays a limited activity, and several cancers are
resistant to its anti-tumour function having developed mechanisms not completely
elucidated yet. In human epidermoid cancer cells, IFNa induces growth inhibition and
apoptosis most likely through the activation of caspase cascade mediated by JNK-1 and/or
p38 MAPK activation and the mitochondrial pathway [91]. Furthermore, a concomitant
reduction of the hypusinated eIlF5A1 expression levels and eIlF5A1 activity is also observed
(Figure 4) [92]. These anti-proliferative and pro-apoptotic activities are all antagonized by
the epidermal growth factor (EGF); notably, IFNa was found to increase the functional
expression of the epidermal growth factor receptor (EGFR), participating itself in the EGF-
mediated survival pathway. Moreover, the increase of EGFR leads to an hyperactivation
of the Ras-dependent MAPK (Ras->Raf-1->Mek1->Erk-1/2) signalling further stimulated
by the addition of EGF and with a prominent role in the antiapoptotic effects exerted by
EGF. In particular, Raf-1 activity is increased by either EGF or IFNa and is potentiated
after EGF addition. Raf-1, also known as C-Raf, is a member of the Raf kinase family
of serine/threonine-specific protein kinases, composed by three members: Raf-A, B-Raf
and C-Raf. It functions downstream of the Ras subfamily of membrane associated
GTPases to which it binds directly. Once activated, C-Raf can phosphorylate and activate
the protein kinases MEKI1 and MEK2 that in turn phosphorylate to activate
ERK1 and ERK2. Interestingly, C-Raf is known to exert both kinase-dependent and
kinase-independent tumour-promoting functions in several cancers [93]. Our studies
correlate its increased activity in human epidermoid cancer cells, during the survival
response upon IFNoa treatment, with the over-expression and post-translational
modifications of eEF1A.
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Figure 4. INFa and EGF signaling pathway. Schematic representation of the apoptotic and survival
pathways mediated by INFaR and EGFR, respectively and their interaction with translation factors.

In particular, in human epidermoid lung cancer cells H1355, we found that upon treatment
of the cells with INFa, both eEF1A1 and eEF1A2 protein levels increased but with a different
degree since eEF-1A2 was the most up-regulated isoform. These data suggested that eEF1A2
increase was largely responsible for the upregulation of total eEF1A. To investigate the
potential role of the increase in eEF1A protein levels, the apoptotic response to IFNa
treatment was evaluated in H1355 cells in which eEF1A was down modulated by siRNA. In
cells expressing low levels of eEF1A, the apoptotic cell death induced by IFNa was
potentiated thus suggesting that eEF1A participate in these cells in the regulation of
apoptosis. The increase of eEF1A levels mediated by INFa was also associated to
phosphorylation of eEF1A on serine and threonine residues. These post-translation
modifications have shown to be directly involved in the EGF-mediated survival response
(see above) since the C-Raf inhibitor (BAY 43-9006) induces a decrease of eEF1A
phopsphorylation. These data suggest the existence of an anti-apoptotic network between
the translational factor 1A and the Ras-dependent signalling [94]. More specifically, we
found that both eEF1A1 and eEF1A2 were singularly phosphorylated by B-Raf in vitro,
whereas phosphorylation by C-Raf required the presence of both isoforms. Two new
phosphorylation sites have been identified: T88 and S21. The former was specifically
mediated by B-Raf on eEF1A1, whereas the latter was present on both eEF1A isoforms and
mediated by both B- and C-Raf kinases. T88 phosphorylation was also identified on eEF1A1
expressed in proliferating COS 7 cells thus suggesting that this post-translational
modification is isoform specific and probably due to structural differences between eEF1A1
and eEF1A2. PhosphoT88 might stabilize in vivo the elongation complex and improve then
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protein biosynthesis. In contrast, phosphorylation of 521, that belongs to the first GTP/GDP-
binding consensus sequence (G14HVDSGKST in both eEF1Al and eEF1A2), could
potentially prevent the binding of eEF1A to guanine nucleotides thus switching eEF1A activity
to different non-canonical functions. The finding that C-Raf required the presence of both
eEF1A isoforms for its phosphorylation activity in vivo suggested that this switch might be
regulated by the formation of a potential eEF1A heterodimer. Remarkably, eEF1A
dimerization has been already described for Tetrahymena eEF1A. In this case, eEF1A bundles
filamentous actin (F-actin) through dimer formation whereas eEF1A monomer do not [95]. A
3D model of the eEF1A1/eEF1A2 heterodimer was generated using as template the structure of
yeast eEF1A (PDB ID: 1F60, chain A). As reported in Figure 5, the obtained docking model
supports the possibility of a heterodimer between eEF1A1 and eEF1A2. In particular, this
model shows that the M-domain of one isoform is in contact with the G-domain of the other
and vice versa. The heterodimer formation somehow could induce a conformational change in
one or in both eEF1A isoforms that allows the phosphorylation of S21. These speculations are
confirmed by the finding that neither eEF1A1 nor eEF1A2, which were expressed in normal
proliferating COS 7 cells, where the mitogenic cascade is particularly strong, showed any
modifications of S21. However, phosphorylation on serine 21 might occur in tumour cells
following the activation of a signal transduction pathway inducing tumourigenesis [96].

The discovered mechanism might gives a potential key resolution for the IFNa therapy
resistance in lung cancer cells. Connection between translational control and mitogenic
cascade open a new intriguing field of research in which studying the underlying
mechanism of a potential Raf mediated regulation of eEF1A. The link between protein
synthesis machinery and growth factor-elicited survival pathway represents an important
molecular target to improve strategies based on apoptosis induction.

M-domain G-domain

M-domain

Figure 5. Imitation of a 3D model of an eEF1AleeEF1A2 heterodimer. The heterodimer representation
was obtained from the molecular docking pdb file (r-1.pdb) using PyMol software (DeLano Scientific
LLC, San Carlos, CA, USA). In both eEF1A isoforms, the position of 521 and T88 are highlighted.



66 Apoptosis

5. Conclusions

Events that cause alterations in protein synthesis and translational control have a particular
role in the molecular mechanisms underlying cancer development and progression.
Interestingly, several translation factors can be directly involved in signal transduction
pathways, interact with oncogenes or probably act themselves as oncogenes. Alterations in
translational control are also often associated with the molecular events participating in cell
transformation, tumour development and progression, apoptosis induction or inhibition. All
together, these evidences give translational control a central role in tumourigenesis and
response to anti-neoplastic therapies. Thus, a deeper investigation of the specific changes in
the translation apparatus for certain types of human cancers, in relation to their stage, grade,
histopathology and exposure to standard anticancer therapies should be carried out.
Understanding molecular alterations in translational control in each of these contexts can
furnish possible indications to improve the use of therapeutic strategies in human cancer. In
conclusion, we think that one possible way to improve tumour therapies is to better clarify
specific cancer-associated changes in the translation machinery. This research could
probably give the opportunity to develop selective anti-tumour translation inhibitors
directed towards specific translational targets.

Author details

Carmen Sanges, Nunzia Migliaccio, Paolo Arcari and Annalisa Lamberti

Department of Biochemistry and Medical Biotechnologies, University of Naples Federico 1I, Naples,
Italy

CEINGE, Advanced Biotechnologies scarl, Naples, Italy

Acknowledgement

This work was supported by funds from Programmi di Ricerca Scientifica di Rilevante
Interesse Nazionale 2008 (2008BKRFBH_003) and PON Ricerca e Competitivita' 2007-2013
(PONO01_02782). CS and PA were recipients of ‘Deutsch-Italienisches Hochschulzentrum’
(Progetto Vigoni 2008-2009). We are also grateful to Dr. Piero Ocone for valuable discussion
and ideas.

6. References

[1] Noble CG, Song H. Structural studies of elongation and release factors. Cell. Mol. Life
Science 2008;65:1335-1346.

[2] Ramakrishnan V. Ribosome structure and the mechanism of the translation. Cell
2002;108:557-572.

[3] Rhoads RE. Signal transduction Pathways that regulate eukaryotic protein synthesis. J.
Biol. Chem. 1999;22:30337-30340.

[4] Komar AA, Hatzoglou M. Internal ribosome entry sites in cellular mRNAs: mystery of
their existence. J. Biol. Chem. 2005;280:23425-23428.



Translational Control in Tumour Progression and Drug Resistance 67

[5] Sonenberg N, Hinnebusch AG. Regulation of translation initiation in eukaryotes:
mechanisms and biological targets. Cell 2009;136:731-745.

[6] Stark H, Rodnina MV, Rinke-Appel ], Brimacombe R, Wintermeyer W, Heel M.
Visualization of the elongation factor Tu on the E. Coli ribosome. Nature 1997;389:403-
406.

[7] Pape T, Wintermeyer W, Rodnina M. Induced fit in initial selection and proofreading of
aa-tRNA on the ribosome. EMBO 1999;18:3800-3807.

[8] Nilsson ], Nissen P. Elongation factor on the ribosome. Curr. Op. Struc. Biol.
2005;15:349-354.

[9] Nissen P, Hansen J. The structural basis of ribosome activity in peptide bond synthesis.
Science 2000;289:920-930.

[10] Andersen GR, Valente L, Pedersen L, Kinzy TG, Nyborg J. Crystal structures of
nucleotide exchange intermediates in the eEF1A-eEF1Ba complex. Nature Struc. Biol.
2001;8: 531-534.

[11] Rodnina MV, Savelsbergh A, Katunin VI, Wintermeyer W. Hydrolisi of GTP by
elongation factor G drives tRNA movement on the ribosome. Nature 1997;385:37-41.

[12] Proud CG. Signalling to translation: how signal transduction pathways control the
protein synthetic machinery. Biochem J. 2007;403:217-234.

[13] Maehama T, Dixon JE. The tumor suppressor, PTEN/MMACI, dephosphorylates the
lipid second messenger, phosphatidylinositol 3,4,5-trisphosphate. ] Biol Chem. 1998;273:
13375-8.

[14] Zhang S, Yu D. PI(3)king apart PTEN's role in cancer. Clin Cancer Res. 2010;16:4325-30.

[15] Welsh GI, Miller CM, Loughlin, AJ, Price NT, Proud CG. Regulation of eukaryotic
initiation factor eIF2B: glycogen synthase kinase-3 phosphorylates a conserved serine
which undergoes dephosphorylation in response to insulin. FEBS Lett. 1998;421:125-
130.

[16] Wullschleger S, Loewith R, Hall MN. TOR signalling in growth and metabolism. Cell
2006;124:471-484.

[17] Jacinto E, Loewith R, Schmidt A, Lin S, Riiegg MA, Hall A, Hall MN. Mammalian TOR
complex 2 controls the actin cytoskeleton and is rapamycin insensitive. Nat. Cell Biol.
2004;6:1122-1128.

[18] Nojima H, Tokunaga C, Eguchi S, Oshiro N, Hidayat S, Yoshino K, Hara K, Tanaka ],
Avruch ], Yonezawa K. The mTOR partner, raptor, binds the mTOR substrates, p70 S6
kinase and 4E-BP1, through their TOS (TOR signalling) motifs. J. Biol. Chem.
2003;278:15461-15464.

[19] Manning BD, Cantley LC. Rheb fills a GAP between TSC and TOR. Trends Biochem.
Sci. 2003;28:573-576.

[20] Long X, Lin Y, Ortiz-Vega S, Yonezawa K, Avruch J. Rheb binds and regulates the
mTOR kinase. Curr. Biol. 2005;15:702-713.

[21] Easton JB, Houghton PJ. mTOR and cancer therapy. Oncogene 2006;25:6436—6446.

[22] Sabatini DM. mTOR and cancer: insights into a complex relationship. Nat. Rev. Cancer
2006;6:729-734.

[23] Browne GJ, Proud CG. A novel mTOR-regulated phosphorylation site in elongation
factor 2 kinase modulates the activity of the kinase and its binding to calmodulin. Mol
Cell Biol. 2004;24:2986-2997.



68

Apoptosis

[24] Ryazanov AG, Shestakova EA, Natapov PG. Phosphorylation of elongation factor 2 by
EF-2 kinase affects rate of translation. Nature. 1988;334:170-173.

[25] Ryazanov AG. Ca2+/calmodulin-dependent phosphorylation of elongation factor 2.
FEBS Lett. 1987;214:331-334.

[26] Rolfe M, McLeod LE, Pratt PF, and Proud CG. Activation of protein synthesis in
cardiomyocytes by the hypertrophic agent phenylephrine requires the activation of
ERK and involves phosphorylation of tuberous sclerosis complex 2 (TSC2). Biochem. J.
2005;388:973-984.

[27] Ma L, Chen Z, Erdjument-Bromage H, Tempst P, Pandolfi, PP. Phosphorylation and
functional inactivation of TSC2 by Erk: implications for tuberous sclerosis and cancer
pathogenesis. Cell 2005;121:179-193.

[28] Wang L, Proud CG. Regulation of the phosphorylation of elongation factor 2 by MEK-
dependent signalling in adult rat cardiomyocytes. FEBS Lett. 2002;531:285-289.

[29] Shahbazian D, Roux PP, Mieulet V, Cohen MS, Raught B, Taunton ], Hershey JW, Blenis
J, Pende M, Sonenberg N. The mTOR/PI3K and MAPK pathways converge on elF4B to
control its phosphorylation and activity. EMBO J. 2006,25:2781-2791.

[30] Li Y, Inoki K, Vacratsis P, Guan KL. The p38 and MK?2 kinase cascade phosphorylates
tuberin, the tuberous sclerosis 2 gene product, and enhances its interaction with 14-3-3.
J. Biol. Chem. 2003;278:13663-13671.

[31] Hitti E, Iakovleva T, Brook M, Deppenmeier S, Gruber AD, Radzioch D, Clark AR,
Blackshear PJ, Kotlyarov A, Gaestel M. Mitogen-activated protein kinase-activated
protein kinase 2 regulates tumour necrosis factor mRNA stability and translation
mainly by altering tristetraprolin expression, stability, and binding to adenine/uridine-
rich element. Mol. Cell. Biol. 2006;26:2399-2407.

[32] Scheper GC, van Kollenburg B, Hu ], Luo Y, Goss DJ, Proud CG. Phosphorylation of
eukaryotic initiation factor 4E markedly reduces its affinity for capped mRNA. J. Biol.
Chem. 2002;277, 3303-3309.

[33] Thomas G. The S6 kinase signalling pathway in the control of development and growth.
Biol Res. 2002;35:305-313.

[34] Harrington LS, Findlay GM, Gray A, Tolkacheva T, Wigfield S, Rebholz H, Barnett J,
Leslie NR, Cheng S, Shepherd PR, Gout I, Downes CP, Lamb RF The TSC1-2 tumour
suppressor controls insulin-PI3K signalling via regulation of IRS proteins. J. Cell Biol.
2004;166:213-223.

[35] Pende M, Um SH, Mieulet V, Sticker M, Goss VL, Mestan J, Mueller M, Fumagalli S,
Kozma SC, Thomas G. S6K1(-/-)/S6K2(-/-) mice exhibit perinatal lethality and
rapamycin-sensitive 5'-terminal oligopyrimidine mRNA translation and reveal a
mitogen-activated protein kinase-dependent S6 kinase pathway. Mol. Cell Biol.
2004;24:3112-3124.

[36] Dufner A, Thomas G. Ribosomal S6 kinase signalling and the control of translation.
Exp. Cell Res. 1999;253:100-109.

[37] Hardie DG, Scott JW, Pan DA, Hudson ER. Management of cellular energy by the
AMP-activated protein kinase system. FEBS Lett. 2003;546:113-120.

[38] Browne GJ, Finn SG, Proud CG. Stimulation of the AMP-activated protein kinase leads
to activation of eukaryotic elongation factor 2 kinase and to its phosphorylation at a
novel site, serine 398. J. Biol. Chem. 2004;279:12220-12231.



Translational Control in Tumour Progression and Drug Resistance 69

[39] Browne GJ, Proud CG. Regulation of peptide-chain elongation in mammalian cells. Eur.
J. Biochem. 2002;269:5360-5368.

[40] Sheu GT, Traugh JA. A structural model for elongation factor 1 (EF-1) and
phosphorylation by protein kinase CKII. Mol. Cell. Biochem. 1999;191:181-186.

[41] Traugh JA. Insulin, phorbol ester and serum regulate the elongation phase of protein
synthesis. Prog. Mol. Subcell. Biol. 2001,26:33-48.

[42] Chang YW, Traugh JA. Phosphorylation of elongation factor 1 and ribosomal protein S6
by multipotential S6 kinase and insulin stimulation of translational elongation. J. Biol
Chem. 1997;272:28252-28257.

[43] Kielbassa K, Miiller H], Meyer HE, Marks F, Gschwendt M. Protein kinase C delta-
specific phosphorylation of the elongation factor eEF-alpha and an eEF-1 alpha peptide
at threonine 431. J. Biol. Chem. 1995;270:6156-6162.

[44] Peters HI, Chang YW, Traugh JA. Phosphorylation of elongation factor 1 (EF-1) by
protein kinase C stimulates GDP/GTP-exchange activity. Eur. J. Biochem. 1995;234:550-
556.

[45] Zhou BB, Li H, Yuan ], Kirschner MW. Caspase-dependent activation of cyclin-
dependent kinases during Fas-induced apoptosis in Jurkat cells. Proc. Natl. Acad. Sci. U
S A. 1998;95:6785-6790.

[46] Scott CE, Adebodun F. 13C-NMR investigation of protein synthesis during apoptosis in
human leukemic cell lines. J. Cell. Physiol. 1999;181:147-152.

[47] Morley SJ, Coldwell MJ, Clemens M]J. Initiation factor modifications in the preapoptotic
phase. Cell Death and Differentiation 2005;12, 571-584.

[48] Holcik M, Sonenberg N. Translational control in stress and apoptosis. Nat. Rev. Mol.
Cell Biol. 2005;6:318-327.

[49] Graber TE, Holcik M. Cap-independent regulation of gene expression in apoptosis. Mol
Biosyst. 2007;3:825-834.

[50] Hanson PJ, Zhang HM, Hemida MG, Ye X, Qiu Y, Yang D. IRES-Dependent
Translational Control during Virus-Induced Endoplasmic Reticulum Stress and
Apoptosis.  Front. Microbiol. Published online 2012 March 19. DOL
10.3389/fmicb.2012.00092.

[51] Caraglia M, Park MH, Wolff EC, Marra M, Abbruzzese A. eIlF5A isoforms and cancer:
two brothers for two functions? Amino Acids. Published online 03 December 2011. DOI
10.1007/s00726-011-1182-x

[52] White SJ, Kasman LM, Kelly MM, Lu P, Spruill L, McDermott PJ], Voelkel-Johnson C.
Doxorubicin generates a pro-apoptotic phenotype by phosphorylation of elongation
factor 2. Free Radic. Biol. Med. 2007;43:1313-1321.

[53] Pineiro D, Gonzalez VM, Hernandez-Jimenez M, Salinas M, Martin ME. Translation
regulation after taxol treatment in NIH3T3 cells involves the elongation factor (eEF)2.
Exp. Cell. Res. 2007;313:3694-3706.

[54] Mateyak MK, Kinzy TG. eEF1A: thinking outside the ribosome. ]J. Biol. Chem.
2010;285:21209-21213.

[55] Ejiri S. Moonlighting functions of polypeptide elongation factor 1: from actin bundling
to zinc finger protein R1-associated nuclear localization. Biosci. Biotechnol. Biochem.
2002;66:1-21.



70

Apoptosis

[56] Gross SR, Kinzy TG. Translation elongation factor 1A is essential for regulation of the
actin cytoskeleton and cell morphology Nature Structural & Molecular Biology
2005;12:772-778.

[57] Lamberti A, Caraglia M, Longo O, Marra M, Abbruzzese A, Arcari P. The translation
elongation factor 1A in tumorigenesis, signal transduction and apoptosis: Review
article. Amino Acids 2004;26:443-448.

[58] Lund A, Knudsen SM, Vissing H, Clark B, Tommerup N. Assignment of human
elongation factor lalpha genes: EEF1A maps to chromosome 6ql14 and EEF1A2 to
20q13.3. Genomics 1996,36:359-361.

[59] Lee S, Francoeur AM, Liu S, Wang E. Tissue-specific expression in mammalian brain,
heart, and muscle of S1, a member of the elongation factor-1 alpha gene family. J. Biol.
Chem. 1992;267:24064-24068.

[60] Chambers DM, Peters ], Abbott CM. The lethal mutation of the mouse wasted (wst) is a
deletion that abolishes expression of a tissue-specific isoform of translation elongation
factor 1a, encoded by the Eefla2 gene. Proc. Natl. Acad. Sci. USA. 1998;95:4463-4468.

[61] Newbery HJ, Loh DH, O'Donoghue JE, Tomlinson VA, Chau YY, Boyd JA, Bergmann
JH, Brownstein D, Abbott CM. Translation elongation factor eEF1A2 is essential for
post-weaning survival in mice. ] Biol Chem. 2007;282:28951-28959.

[62] Kahns S, Lund A, Kristensen P, Knudsen CR, Clark BF, Cavallius J. The elongation
factor 1 A-2 isoform from rabbit: Cloning of the cDNA and characterization of the
protein. Nucleic Acids Res. 1998;26:1884-1890.

[63] Mansilla F, Friis I, Jadidi M, Nielsen KM, Clark BFC, Knudsen CR. Mapping the human
translation elongation factor eEF1H complex using the yeast two-hybrid system.
Biochem. J. 2002;365, 669-676.

[64] Schlessinger J. SH2/SH3 signaling proteins. Curr. Opin. Genet. Dev. 1994;4:25-30.

[65] Panasyuk G, Nemazanyy I, Filonenko V, Negrutskii B, El'skaya AV. A2 isoform of
mammalian translation factor eEF1A displays increased tyrosine phosphorylation and
ability to interact with different signalling molecules. Int. J. Biochem. Cell. Biol.
2008;40:63-71.

[66] Duttaroy A, Bourbeau D, Wang XL, Wang E. Apoptosis rate can be accelerated or
decelerated by over-expression or reduction of the level of elongation factor-1 alpha.
Exp. Cell. Res. 1998;238:168-176.

[67] Chen E, Proestou G, Bourbeau D, Wang E. Rapid up-regulation of peptide elongation
factor EF-lalpha protein levels is an immediate early event during oxidative stress-
induced apoptosis. Exp. Cell. Res. 2000;259:140-148.

[68] Ruest LB, Marcotte R, Wang E. Peptide elongation factor eEF1A-2/S1 expression in
cultured differentiated myotubes and its protective effect against caspase-3-mediated
apoptosis. J. Biol. Chem. 2002;277:5418-5425.

[69] Lamberti A, Sanges C, Longo O, Chambery A, Di Maro A, Parente A, Masullo M, Arcari
P. Analysis of nickel-binding peptides in a human hepidermoid cancer cell line by Ni-
NTA affinity chromatography and mass spectrometry. Protein Pept Lett. 2008;15:1126-
1131.

[70] Pittman YR, Kandl K, Lewis M, Valente L, Kinzy TG. Coordination of eukaryotic
translation elongation factor 1A (eEF1A) function in actin organization and translation



Translational Control in Tumour Progression and Drug Resistance 71

elongation by the guanine nucleotide exchange factor eEF1Balpha. ]J. Biol. Chem.
2009;284:4739-4747.

[71] Borradaile NM, Buhman KK, Listenberger LL, Magee C]J, Morimoto ET, Ory DS,
Schaffer JE. A critical role for eukaryotic elongation factor 1A-1 in lipotoxic cell death.
Mol. Biol. Cell. 2006;17:770-778.

[72] Yao R, Cooper GM. Requirement for phosphatidylinositol-3 kinase in the prevention of
apoptosis by nerve growth factor. Science 1995;267:2003-2006.

[73] Datta, SR, Brunet A, Greenberg ME. Cellular survival: a play in three. Akts. Genes Dev.
1999;13:2905-2927.

[74] Kennedy SG, Kandel ES, Cross TK, Hay N. Akt/protein kinase B inhibits cell death by
preventing the release of cytochrome c from mitochondria. Mol. Cell. Biol. 1999;
19:5800-5810.

[75] Pap M, Cooper GM. Role of Translation Initiation Factor 2B in Control of CellSurvival
by the Phosphatidylinositol 3-Kinase/Akt/GlycogenSynthase Kinase 3B Signaling
Pathway. Mol. Cell. Biol. 2002;22:578-586.

[76] Nasr Z, Robert F, Porco JA Jr, Muller W], Pelletier J. eIF4F suppression in breast cancer
affects maintenance and progression. Oncogene. Published online 2012 Apr 9. DOI:
10.1038/0nc.2012.105.

[77] Tan A, Bitterman P, Sonenberg N, Peterson M, Polunovsky V. Inhibition of Myc-
dependent apoptosis by eukaryotic translation initiation factor 4E requires cyclin D1.
Oncogene 2000;19:1437-1447.

[78] Wendel HG, De Stanchina E, Fridman JS, Malina A, Ray S, Kogan S, Cordon-Cardo C,
Pelletier J, Lowe SW. Survival signalling by Akt and eIF4E in oncogenesis and cancer
therapy. Nature 2004;428:332-337.

[79] Chen CY, Fang HY, Chiou SH, Yi SE, Huang CY, Chiang SF, Chang HW, Lin TY,
Chiang IP, Chow KC. Sumoylation of eukaryotic elongation factor 2 is vital for protein
stability and anti-apoptotic activity in lung adenocarcinoma cells. Cancer Sci.
2011;102:1582-15809.

[80] Nakamura J, Aoyagi S, Nanchi I, Nakatsuka S, Hirata E, Shibata S, Fukuda M,
Yamamoto Y, Fukuda I, Tatsumi N, Ueda T, Fujiki F, Nomura M, Nishida S, Shirakata
T, Hosen N, Tsuboi A, Oka Y, Nezu R, Mori M, Doki Y, Aozasa K, Sugiyama H, Oji Y.
Over-expression of eukaryotic elongation factor eEF2 in gastrointestinal cancers and its
involvement in G2/M progression in the cell cycle. Int. J. Oncol. 2009;34:1181-1189.

[81] Cheng Y, Ren X, Zhang Y, Patel R, Sharma A, Wu H, Robertson GP, Yan L, Rubin E,
Yang JM. eEF-2 kinase dictates cross-talk between autophagy and apoptosis induced by
Akt Inhibition, thereby modulating cytotoxicity of novel Akt inhibitor MK-2206. Cancer
Res. 2011;71:2654-2663.

[82] Lee MH, Surh YJ. eEF1A2 as a putative oncogene. Ann. N.Y. Acad. Sci. 2009;1171:87

[83] Pecorari L, Marin O, Silvestri C, Candini O, Rossi E, Guerzoni C, Cattelani S, Mariani
SA, Corradini F, Ferrari-Amorotti G, Cortesi L, Bussolari R, Raschella G, Federico MR,
Calabretta B. Elongation Factor 1 alpha interacts with phospho-Akt in breast cancer
cells and regulates their proliferation, survival and motility. Mol. Cancer. Published on
line: 3 August 2009. DOI:10.1186/1476-4598-8-58.



72

Apoptosis

[84] Chang R, Wang E. Mouse translation elongation factor eEF1A-2 interacts with Prdx-I to
protect cells against apoptotic death induced by oxidative stress. ]J. Cell. Biochem.
2007;100:267-278.

[85] Amiri A, Noei F, Jeganathan S, Kulkarni G, Pinke DE, Lee JM. eEF1A2 activates Akt and
stimulates Akt-dependent actin remodeling, invasion and migration. Oncogene
2007;26:3027-3040.

[86] Tomlinson VA, Newbery HJ, Wray NR, Jackson ], Larionov A, Miller WR, Dixon JM,
Abbott CM. Translation elongation factor eEF1A2 is a potential oncoprotein that is over-
expressed in two-thirds of breast tumours. BMC Cancer. Published on line: 12
September 2005. DOI:10.1186/1471-2407-5-113.

[87] Graff JR, Konicek BW, Carter JH, Marcusson EG. Targeting the Eukaryotic Translation
Initiation Factor 4E for Cancer Therapy. Cancer Res. 2008;68:631-634.

[88] Lazaris-Karatzas A, Smith MR, Frederickson RM, Jaramillo ML, Liu YL, Kung HF,
Sonenberg N. Ras mediates translation initiation factor 4E-induced malignant
transformation. Genes Dev 1992;6:1631-1642.

[89] Li S, Perlman DM, Peterson MS, Burrichter D, Avdulov S, Polunovsky VA, Bitterman
PB. Translation initiation factor 4E blocks endoplasmic reticulum mediated apoptosis. J.
Biol. Chem. 2004;279:21312-21317.

[90] Zhang Y, Cheng Y, Zhang L, Ren X, Huber-Keener KJ, Lee S, Yun ], Wang HG, Yang
JM. Inhibition of eEF-2 kinase sensitizes human glioma cells to TRAIL and down-
regulates Bcl-xL expression. Biochem. Biophys. Res. Commun. 2011;414:129-134.

[91] Caraglia M, Vitale G, Marra M, Budillon A, Tagliaferri P, Abbruzzese A. Alpha-
interferon and its effects on signalling pathways within cells. Curr Protein Pept Sci.
2004;5:475-85.

[92] Caraglia M, Passeggio A, Beninati S, Leardi A, Nicolini L, Improta S, Pinto A, Bianco
AR, Tagliaferri P, Abbruzzese A. Interferon alpha2 recombinant and epidermal growth
factor modulate proliferation and hypusine synthesis in human epidermoid cancer KB
cells. Biochem. J. 1997;324:737-741.

[93] Caraglia M, Leardi A, Corradino S, Ciardiello F, Budillon A, Guarrasi R, Bianco AR,
Tagliaferri P. alpha-Interferon potentiates epidermal growth factor receptor-mediated
effects on human epidermoid carcinoma KB cells. Int ] Cancer. 1995;61:342-7.

[94] Lamberti A, Longo O, Marra M, Tagliaferri P, Bismuto E, Fiengo A, Viscomi C, Budillon
A, Rapp UR, Wang E, Venuta S, Abbruzzese A, Arcari P, Caraglia M. C-Raf antagonizes
apoptosis induced by IFN-alpha in human lung cancer cells by phosphorylation and
increase of the intracellular content of elongation factor 1A. Cell Death Differ.
2007;14:952-962.

[95] Bunai F, Ando K, Ueno H, Numata O. () Tetrahymena eukaryotic translation elongation
factor 1A (eEF1A) bundles filamentous actin through dimer formation. J Biochem.
2006;140:393-399.

[96] Sanges C, Scheuermann C, Zahedi RP, Sickmann A, Lamberti A, Migliaccio N, Baljuls
A, Marra M, Zappavigna S, Rapp U, Abbruzzese A, Caraglia M, Arcari P. Raf kinases
mediate the phosphorylation of eukaryotic translation elongation factor 1A and
regulate its stability in eukaryotic cells. Cell Death Dis. Published online 1 March 2012.
DOI:10.1038/cddis.2012.16.



