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  Abstract:   In recent years, a large amount of evidence has 

given a central role to translational control in diseases 

such as cancer, tissue hypertrophy and neurodegenera-

tion. Its deregulation can directly modulate cell cycling, 

transformation and survival response. The aim of this 

review is to describe the interaction between Raf activa-

tion and the main characters of the translational machin-

ery, such as the elongation factor 1A (eEF1A), which has 

been recognized in recent years as one of the most inter-

esting putative oncogenes. A particular emphasis is given 

to an intriguing non-canonical role that eEF1A can play in 

the relationship between the Ras → Raf-1 → MEK1 → ERK-1/2 

and PI3K → Akt signaling pathways. Recently, our group 

has described a C-Raf kinase-mediated phosphorylation 

of eEF1A triggered by a survival pathway induced upon 

interferon alpha (IFN α ) treatment in the human epider-

moid cancer cell line (H1355). This phosphorylation seems 

to be the center of the survival pathway that counteracts 

the well-known pro-apoptotic function of IFN α . Further-

more, we have identified two new phosphorylation sites 

on eEF1A (Ser21 and Thr88) that are substrates for Raf 

kinases  in vitro  and, likely,  in vivo  as well. These residues 

seem to have a significant functional role in the control of 

cellular processes, such as cell proliferation and survival. 

In fact, overexpression of eEF1A2 in gemcitabine-treated 

cancer cells caused the upregulation of phosphoAkt 

and an increase in cell viability, thereby suggesting that 

eEF1A2 could exert its oncogenic behavior by participat-

ing in the regulation of PI3K pathway.  
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   Introduction 
 In mammals, the Raf (rapid accelerated fibrosarcoma) 

kinase isoforms, Raf-1/C-Raf, B-Raf and A-Raf, are encoded 

by three different genes. Raf-1 or C-Raf is a 74-kDa protein, 

ubiquitously expressed in adult tissues, that shows the 

highest expression in muscle, cerebellum, and fetal brain. 

The 94-kDa B-Raf kinase is an ubiquitous protein but is 

prevailingly expressed in testis and neuronal tissue. The 

A-Raf gene product is a protein of 68-kDa and is mainly 

found in the urogenital tract  (1) . 

 Raf kinase isoforms in mammals show similar struc-

tural properties; they are made of three conserved regions 

(CR) owning specific functions. The first conserved region 

(CR1) contains two domains: 1) the Ras-binding domain 

(RBD), required for interaction with Ras and with mem-

brane phospholipids involved in membrane recruitment 

and 2) the cysteine-rich domain (CRD), functioning as sec-

ondary Ras-binding site and also essential for the auto-

inhibition of Raf through the interaction of CR1 with the 

Raf kinase domain  (2) . The second conserved region (CR2) 

contains important inhibitory phosphorylation sites that 

are involved in the negative regulation of Ras binding and 

Raf activation  (3) . The third conserved region (CR3) rep-

resents the C-terminal region. CR3 is the kinase domain, 

including the activation segment, whose phosphorylation 

is fundamental for kinase activation  (4) . 

 Raf kinases represent a link between Ras and the 

MEK-ERK kinases (extracellular signal-regulated kinases) 

of the TKR – Ras – MAPK pathway (TKR, tyrosine kinase 

receptor; MAPK, mitogen-activated protein kinase). 

TKRs, upon activation, recruit the guanine nucleotide 

exchange factor SOS and that, in turn, activates Ras pro-

teins by exchanging guanosine-5′-diphosphate (GDP) for 
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guanosine-5′-triphosphate (GTP). Activated Ras • GTP binds 

to Raf and initiates Raf activation. Active Raf phosphory-

lates and activates MEK, which, in turn, phosphorylates 

and activates ERK. All Raf proteins have MEK1/2 kinases 

as substrates. Whereas the phosphorylation cascade 

Raf → MEK → ERK is linear, activated ERK is instead able to 

interact with a large number (more than 150) of cytosolic 

and nuclear substrates. The activation of Raf represents 

the most intricate step of the TKR – Ras – MAPK signaling 

pathway and involves several events, such as membrane 

recruitment, phosphorylation and protein oligomeriza-

tion. Moreover, this signaling pathway is involved in the 

regulation of several cellular functions like cell prolifera-

tion, differentiation, migration and apoptosis  (5 – 7) .  

  Ras-dependent activation of Raf 
kinase 
 Inactive Raf is present in the cytosol in a closed confor-

mation with the N-terminal regulatory region folded 

over the catalytic region. The binding of the regulatory 

region to the kinase domain  (8)  is stabilized by binding to 

14-3-3 protein  (9 – 13) . Raf activation is a multistep process 

driven by activated Ras (Ras • GTP) recruiting inactive Raf 

complexed with 14-3-3 and heat shock proteins, from the 

cytosol to the plasma membrane  (14 – 19) . Subsequently, 

Raf is subjected to several additional modifications before 

activation. Both inactive A-Raf and Raf-1 are phosphoryl-

ated on Ser259 within the CR2 region and on Ser621 in 

the C-terminal region and bound to the highly conserved 

chaperonin protein 14-3-3. Ras • GTP then promotes the 

transition of Raf from a closed to an open conformation 

by removing the interaction between the regulatory region 

and kinase domain  (9, 12) . The dephosphorylation of 

Ser259, dissociation of 14-3-3 from CR2 and stabilization of 

the open conformation are associated with Raf membrane 

recruitment  (12, 14, 20 – 22) . The dephosphorylation of 

Ser259 is catalyzed by specific phosphatases (PP2A, PP1) 

 (14, 23 – 25) . Ser259 can be phosphorylated by two kinases, 

PKA and Akt (protein kinase B, PKB). Strong evidence 

suggests that PKA directly phosphorylates Ser259  (10, 26) , 

whereas Akt seems to have a direct as well as an indirect 

effect  (27 – 29) . Recent reports have indicated that PKA can 

phosphorylate additional regulatory Raf-1 residues; Ser43, 

whose phosphorylation interferes with binding to Ras, 

and Ser233, whose phosphorylation in addition to that of 

Ser259, enhances the binding of 14-3-3 and suppresses the 

catalytic activity of Raf  (30) . Raf membrane recruitment 

also facilitates its association with other proteins involved 

in the activation process that stabilize the open and active 

conformation of Raf. 

 The other Raf inactivation-phosphorylation site 

Ser621 is conserved in all Raf isoforms and constitutes 

also an interaction site with 14-3-3  (31, 32) . The phos-

phorylation of Ser621 with Ser259 seems to play differ-

ent roles: 1) it is necessary for the stabilization of Raf in 

its closed inactive conformation; 2) its binding to 14-3-3 

dimers enhances the dimerization of Raf  (34 – 38)  and 

allows the binding of ATP to the Raf catalytic domain 

 (9, 13, 32, 39) . However, phosphorylation of Ser621 alone 

appears to be required for Raf activity, increasing stability 

and preventing proteasomal degradation  (33) . The phos-

phorylation of Ser621 generally occurs by autophospho-

rylation  (33, 39) , although other kinases may be involved 

 (39) . The dephosphorylation of Ser621 is operated by cur-

rently unknown phosphatase(s). 

 Raf activation involves instead additional phospho-

rylation sites, including Ser338 and Tyr340/341 in the 

N-region (negative charge regulatory region), upstream 

of CR3 as well as two putative sites in the activation 

segment of the kinase domain. The phosphorylation 

sites Ser 
338

 SYY 
341

 , are essential for full kinase activation 

and for interaction with the substrate MEK  (40 – 42) . 

Phosphorylation of Ser338 stimulated by growth factor 

is Ras-dependent and is necessary for maximal C-Raf 

activation  (4, 40, 43, 44) . A recent report indicated that 

Ser338 could be an autophosphorylation site induced by 

the dimerization of C-Raf or heterodimerization of C-Raf 

and B-Raf  (45)  or be a target for casein kinase 2 (CK2) 

recruited to Raf-1 and B-Raf by the scaffold kinase sup-

pressor of Ras (KSR)  (46) . Moreover, Ser338 phospho-

rylation seems to synergize with the phosphorylation 

of Tyr340/341. The kinases that can be involved in the 

phosphorylation of Tyr341 include the Src  (47, 17)  and 

JAK family kinases (Janus Kinase)  (48) . Phosphoryla-

tion of Tyr340/341 stimulated by growth factor requires 

Ras-dependent membrane recruitment and Src family 

tyrosine kinases  (18, 19, 40, 45) , and phosphorylation of 

Tyr340/341 and Ser338 is required for maximal Raf activ-

ity  (4, 8, 43, 44) . Mutation of Tyr341 severely compro-

mises Raf-1 kinase activity  (47, 17) . 

 Recently, the homodimerization of C-Raf and heterodi-

merization of C-Raf and B-Raf began to appear as impor-

tant regulatory mechanisms that can strongly increase 

kinase activity and Raf signaling. Even though it is part of 

the physiological activation mechanism  (36) , it is not yet 

known when and at which step the dimerization occurs. It 

may also represent an alternative way for the activation of 

Raf that could be independent from the phosphorylation 

of the N-terminal  (34) .  
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  Raf → MEK → ERK signaling cascade 
 Once activated, Raf induces a downstream signal trans-

duction cascade that initiates with the activation of MEK 

through its phosphorylation on Ser218 and Ser222. These 

two phosphorylations strongly increase the activity of MEK 

 (48)  (Figure  1  ). Increased MEK activity has been seen in a 

variety of leukemias;  in vitro , constitutively activated MEK 

has shown both transforming ability and antiapoptotic 

effects, which suggests that MEK may be another impor-

tant target in this pathway  (49) . All Raf kinases are able 

to bind and phosphorylate MEK  in vitro , but their activi-

ties toward MEK are largely different. B-Raf shows the 

highest activity compared to Raf-1 and A-Raf  (18) . The fact 

that B-Raf shows higher basal activity might be linked to 

its immediate activation upon translocation to the plasma 

membrane due to its constitutive phosphorylation on 

Ser445 (corresponding to the regulated phosphorylation 

site Ser338 on Raf-1) and also to the fact that the regulatory 

tyrosine residue of Raf-1 (Tyr341) is replaced by an aspartic 

acid residue (Asp448) that, because of its negative charge, 

mimics phosphorylation  (44) . Therefore, the activation of 

B-Raf occurs with a mechanism much simpler than that 

of Raf-1, and this might explain why B-Raf is a stronger 

activator of MEK and why B-Raf is a preferred target of 

mutations in human cancers  (50) . In addition, among all 

Raf kinases, B-Raf shows the strongest binding affinity 

toward MEK  (51) . In fact, MEK is normally present in the 

cells as apreformed complex with B-Raf and proteins, and 

these structures are ready to be activated. MEK-Raf-1 inter-

action is also regulated by scaffold proteins like KSR  (46)  

and by phosphorylation. For instance, MEK1 can be phos-

phorylated on Ser298 by PAK1 (Rac effector kinase), which 

enhances the interaction with Raf-1  (52)  and ERK2  (53) , 

whereas the phosphorylation of MEK1 Thr292 by activated 

ERK prevents the phosphorylation of Ser298, thus limiting 
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 Figure 1      INF α  and TKRs signaling pathways. 

 Schematic representation of the apoptotic and survival pathways mediated by INF α R and TKRs, respectively. The effect of INF α R results in a 

reduction of the hypusinated eIF5A1 expression levels, and eIF5A1 activity and in the upregulation of the translation factors eEF1A isoforms. 

The subsequent effect of EGFR is the induction of Ras → Raf → MEK → ERK1/2 signaling cascade. C-Raf and B-Raf activation/dimerization 

phosphorylate translation elongation factors 1A isoforms thus leading to their increase in stability and non-canonical funtions. Phosphoryl-

ated eEF1A2 might regulate phosphoAkt activity, thus participating in the cross-talk between the Ras → Raf → MEK → ERK1/2 and PI3K → Akt 

signaling pathways.    
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the activation of MEK by Raf-1  (54) . Thr292 is present only 

on MEK1, and its phosphorylation down-regulates the 

activity of MEK2 when MEK1-MEK2 dimerize. The observa-

tion that MEK kinase activities of Raf-1 and A-Raf are regu-

lated in a more complicated manner with respect to that 

exerted by B-Raf suggests that both Raf-1 and A-Raf might 

exert their activity also on other not-defined substrates or 

that they are themselves regulators of the activity of B-Raf 

in the activation of the ERK pathway  (55) . 

 Downstream of MEK there are two kinases, ERK1 and 

ERK2, that are activated by phosphorylation on residues 

Thr183 and Tyr185. The phosphorylation allows the dimer-

ization of ERK with other ERK proteins and induces the 

nuclear translocation and activation of a variety of nuclear 

targets. ERK interacts also with cytoplasmic p90RSK, 

whose substrates comprise several transcription factors, 

including cyclic AMP-response element binding protein, 

C-MYC, Ets, activator protein-1 and nuclear factor- κ B (NF-

 κ B), all having diverse cellular effects  (56) . Thus, the ERK 

signaling cascade couples signals from cell surface recep-

tors to transcription factors that regulate gene expression. 

Depending on the stimulus and cell type, this pathway 

can transmit signals that modulate cell proliferation, dif-

ferentiation, angiogenesis or apoptosis  (57) .  

  Kinase-independent functions of 
C-RAF 
 Raf kinase signaling occurs also in a cascade-independent 

manner  (58) . These activities include the antagonization 

of pro-apoptotic factors like MST2, the mammalian sterile 

20-like kinase  (59) , the apoptosis signal-regulating kinase 

1 (ASK1)  (60) , the BCL-2-antagonist of cell death (BAD) 

 (61) , the positive regulation of cell migration via the Rho 

effector kinase Rok- α   (62)  and the activation of the tran-

scription factor NF- κ B  (63, 64) .  

  Raf kinases and protein synthesis 
machinery 
 One of the TKRs that activates the Ras → Raf-

1 → MEK1 → ERK1/2 signaling pathway is the epidermal 

growth factor receptor (EGFR). The increased expression 

of EGFR was found to be associated to IFN α  therapy, in 

combination with chemotherapy and radiation, as a treat-

ment for many cancers. In human epidermoid cancer cells 

(H1355), IFN α  induces growth inhibition and apoptosis, 

 Table 1      Effect of INF α  on the expression levels of eEF1A isoforms in 

H1355 cells.  

eEF1A Time of INF α  treatment (min)

0 10 30

eEF1A1 1.0  ±  0.1 1.0  ±  0.1 1.5  ±  0.07

eEF1A2 1.0  ±  0.1 1.7  ±  0.09 2.4  ±  0.05

   Human lung epidermoid cells H1355 were treated with 2500 IU/ml 

of INF α  and then analyzed by Western blot using anti-eEF1A1 and 

anti-eEF1A2 antibody. Films were then quantified using ImageJ 1.46r 

software (National Institute of Health, Bethesda, MD, USA)  (72) .   

most likely through the activation of caspase cascade 

mediated by c-Jun N-terminal kinase (JNK-1) and/or p38 

MAPK activation and the mitochondrial pathway  (65) . 

Moreover, a concomitant reduction of the hypusinated 

eIF5A1 expression levels and eIF5A1 activity was also 

observed  (66) . Hypusine plays a key role in the regulation 

of eIF5A 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. The reduction of eIF5A1 expression or the 

inhibition of hypusine modification may cause induction 

or suppression of apoptosis, depending on the biological 

system  (67) . These anti-proliferative and pro-apoptotic 

activities are all antagonized by the epidermal growth 

factor (EGF). In particular, Raf-1 activity is increased by 

either EGF or IFN α  and is potentiated after EGF addition. 

 IFN α  treatment induces also an early up-regulation 

of the eukaryotic translation elongation factor 1A (eEF1A) 

without an increase in the levels of its transcripts. This 

finding suggests that the up-regulation of the intracellu-

lar content of eEF1A is post-transcriptionally modulated. 

In higher vertebrates, eEF1A is present in two isoforms 

(eEF1A1 and eEF1A2) with different expression patterns 

and encoded by distinct genes  (68) . The near-ubiquitous 

form, eEF1A1, is expressed in all tissues throughout devel-

opment but is absent in adult muscle and heart, which 

express eEF1A2 instead  (68, 69) . eEF1A2 is also found in 

some other cell types, including large motor neurons, 

islet cells in the pancreas and enteroendocrine cells in 

the gut  (70, 71) . We showed that in H1355, treatment with 

IFN α  increased both eEF1A1 and eEF1A2 expression, but 

to different degrees and with different kinetics. In par-

ticular, eEF1A2 was the most increased isoform, and it 

also showed a timing similar to the one recorded for total 

eEF1A. These data suggest that the eEF1A2 increase was 

largely responsible for the up-regulation of total eEF1A 

(Table  1  ). 

 siRNA dowregulation of EF1A rescued the apoptosis 

induced by IFN α , which suggests a role for eEF1A in the 
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regulation of apoptosis. The increase of eEF1A levels medi-

ated by INF α  was also associated to a phosphorylation of 

eEF1A mediated by Raf kinase. As further evidence, C-Raf 

inhibitor (BAY 43 – 9006) treatment induced a decrease of 

eEF1A phopsphorylation and increased apoptosis. These 

data suggest the existence of an anti-apoptotic network 

between the translational factor 1A and the Ras-dependent 

signaling pathway  (72) . The activation of C-Raf and B-Raf 

by IFN α  was presumably indirect and induced by up-reg-

ulation of EGFR. Moreover, C-Raf has been demonstrated 

to protect eEF1A from ubiquitin-mediated degradation 

 (72) . Interestingly, both eEF1A1 and eEF1A2 were singu-

larly phosphorylated by B-Raf  in vitro , whereas phospho-

rylation by C-Raf required the presence of both isoforms. 

Two new eEF1A phosphorylation sites have been identi-

fied: Thr88 and Ser21. The former was specifically medi-

ated by B-Raf on eEF1A1, whereas the latter was present 

on both eEF1A isoforms and mediated by both the B- and 

C-Raf kinases. Thr88 phosphorylation was also identi-

fied on eEF1A1, expressed in proliferating COS 7 cells and 

thus suggesting that this post-translational modification 

is isoform-specific and probably due to structural differ-

ences between eEF1A1 and eEF1A2 (Table  2  )  (73) . Further 

analyzed, phosphoThr88 seems to stabilize the elonga-

tion complex  in vivo . In contrast, the phosphorylation of 

Ser21  –  residue that belongs to the first GTP/GDP-binding 

consensus sequence (G14HVDSGKST in both eEF1A1 and 

eEF1A2)  –  could potentially prevent the binding of eEF1A 

to guanine nucleotides, thus allowing a switch of eEF1A 

activity from protein biosynthesis to different non-canon-

ical functions  (74) . These findings are also supported 

by other evidence. In fact, expression of activated Raf-1 

protein kinase in isogeneic squamous carcinoma cells 

was associated with an increase in the steady-state mRNA 

levels of eEF1A. In addition, the overexpression of eEF1A 

in human fibroblasts renders these cells susceptible to 

transformation by chemical carcinogens, which suggests 

eEF1A has a role in carcinogenesis  (75) . 

 In conclusion, in H1355, the upregulation of eEF1A 

intracellular content mediated by IFN α  is associated with 

an increase in the phosphorylation of eEF1A. This effect 

is mediated by Raf kinases and appears to have a pro-sur-

vival function. Therefore, eEF1A is an antiapoptotic factor 

with activity that links the protein synthesis machinery to 

the growth-factor-elicited survival pathway.  

  PI3K signaling pathway 
 A possible functional role exerted by the increased expres-

sion of eEF1A, in particular that of eEF1A2 during cell sur-

vival, could be the control of Akt function. In fact, another 

important pathway that is triggered by the binding of 

growth factors and cytokines to cell surface receptors is 

the PI3K signaling pathway  (76) . This pathway is paralleled 

by the Ras → Raf-1 → MEK1 → ERK1/2 signaling pathway 

and represents a major mitogenic and survival signaling 

pathway (Figure 1). The lipid kinase PI3K, a serine-threo-

nine kinase known as protein kinase B (PKB), is a hetero-

dimeric enzyme made of a regulatory subunit consisting 

of p85, and a catalytic subunit p110. Activation of PI3K is 

induced by a large number of growth factors, including 

insulin, insulin-like growth factors (IGF) and platelet-

derived growth factors (PDGF) as well as chemokines and 

cytokines  (76) . In resting cells, PI3K has a cytoplasmic 

localization and is recruited by activated TKRs through 

the Src homology 2 domains of p85. PI3K activation is 

 Table 2      Raf-mediated phosphorylation of eEF1A1 and eEF1A2.  

eEF1A substrate Raf kinase Identified phosphopeptide Phosphorylated residue

1 eEF1A1 B-Raf K.pSTTTGHLIYK.C pS21

2 eEF1A1 B-Raf K.YYVpTIIDAPGHRDFIK.N pT88

3 eEF1A2 B-Raf K.pSTTTGHLIYK.C pS21

4 eEF1A1 C-Raf DD a  –  – 

5 eEF1A2 C-Raf DD K.pSTTTGHLIYK.C pS21

6 eEF1A1 + eEF1A2 C-Raf DD K.pSTTTGHLIYK.C b pS21

7 eEF1A1  – K.YYVpTIIDAPGHRDFIK.N pT88

8 eEF1A1  – K.p(YY)VTIIDAPGHR.D pY85 or pY86

    a C-Raf DD (constitutively active C-Raf, Bosch et al. 1997)  (73) . 

  b Phosphopeptide not specifically assigned to any two eEF1A isoforms. 

 1 – 6 Purified recombinant eEF1As and Raf kinases were used in a phosphorylation assay  in vitro . 

 7 – 8 eEF1A1 overexpressed in COS7 cells. Phosphorylated eEF1As isolated by SDS-PAGE were then analyzed by mass spectrometry for the 

presence of phosphopeptides (Sanges et al. 2012)  (74) .   
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considered to be a survival signal as it protects cells from 

apoptosis. PI3K produces the phosphatidylinositide lipids 

(PI-3,4,5-P 
3
 ), which can stimulate several kinases includ-

ing Akt, whose activation protects cells from apotosis  (77) . 

Akt is regulated through both localization and phospho-

rylation. In fact, Akt is characterized by the presence at its 

NH 
2
 -terminus of a pleckstrin homology (PH) domain that 

is crucial for its activation by growth factor stimulation. 

The phosphorylated product of PI3K, PI-3,4,5-P 
3
  (phos-

phatidylinositol 3,4,5-trisphosphate), binds to the PH 

domain of Akt, thus causing a conformational change and 

membrane localization. An Akt conformational change 

allows its phosphorylation on Thr308 and Ser473. These 

modifications are required for the activation of Akt  (78) ; 

in fact, phosphatase treatment of Akt  in vitro  inactivates 

Akt toward its substrates. The kinase that phosphoryl-

ates Thr308 is the phosphatidylinositol dependent kinase 

(PDK1), whereas there are several candidates that can 

phosphorylate Ser473, the most likely being the mTORC2 

 (79) . Phosphorylation of Ser473 PI3K can also be stimu-

lated by activated Ras, which directly binds p110  (80) . 

PTEN is a lipid phosphatase known as phosphatase and 

tensin homologue deleted on chromosome 10 that is nega-

tively regulated by the PI3K signaling pathway  (81) . The 

catalytic activity of PTEN consists of the removal of the 

phosphate at the 3 ′  position of PI-3,4,5-P 
3
  and its conver-

sion to PI-4,5-P 
2
 . Following this reaction, the cellular levels 

of PI-3,4,5-P 
3
  are reduced and, as consequence, there is a 

block of PI3K activation. Thus, PTEN regulates cell growth 

and survival by acting as tumor suppressor. 

 Activated Akt controls cell proliferation, cell survival, 

translation, cell size and cell metabolism. Therefore, Akt 

is a proto-oncoprotein that, when activated, directly phos-

phorylates and regulates molecules involved in these pro-

cesses. The constitutive activation of Raf – MAPK leads to 

the inhibition of Akt with a cross-talk mechanism that is 

still unknown. One plausible mechanism would involve a 

negative regulator of Akt activity that could be up-regu-

lated by MAPK signaling. Interestingly, in the presence of 

cyclohexamide, an inhibitor of de novo protein synthesis, 

Raf was unable to inhibit Akt phosphorylation, which sug-

gests that Raf – MAPK signaling requires protein synthesis 

for the inhibition of AKT  (82) . Therefore, to assay if the 

overexpression of eEF1A2 could act on the regulation of 

Akt activity, we assayed the phosphoAkt expression levels 

in Hek293 cell line after treatment of the cells with gemcit-

abine. It is known that gemcitabine generally synergisti-

cally potentiates the antitumor effect of several drugs by 

inducing the activation of the caspase-dependent apop-

totic pathway, but also by suppressing the Akt survival 

pathway by inhibiting Akt activity  (83) . We found that 

 Table 3      Levels of phospho-Akt (Ser473) in gemcitabine-treated 

Hek293 cells. a   

Gemcitabine
( μ M)

Control Clone C Control Clone C

48 h 72 h

0.00 0.200  ±  0.02 0.360  ±  0.04 0.750  ±  0.08 0.380  ±  0.04

0.87 0.180  ±  0.02 0.390  ±  0.04 0.250  ±  0.03 0.300  ±  0.03

1.75 0.063  ±  0.05 0.350  ±  0.04 0.210  ±  0.02 0.420  ±  0.04

   Levels of phosphoAkt were evaluated after Western blot with anti-

phospho Akt (Ser473) by densitometric analysis of the film with 

ImageJ 1.46r software and normalized with the corresponding levels 

of GAPDH evaluated on the same filters with anti-GAPDH antibody. 

 Values are averages of two independent experiments. 

  a Lamberti A., unpublished results.   

the expression of the eEF1A2 isoform (cloneC), normally 

expressed in this cell line at very low levels (control), was 

accompanied by a corresponding increase of phosphoryl-

ated Akt, detected with an antibody anti-phospho(Ser473)-

Akt (Sigma, St. Louis, MO, USA), as compared to the same 

cells where no expression of eEF1A2 was induced (Table 

 3  ). This effect was also associated with an inhibition of 

apoptosis of approximately 70% as evaluated by cyto-

fluorimetric analysis (Becton Dickinson; Palo Alto, CA, 

USA) with propidium iodide (Sigma, St. Louis, MO, USA), 

thus confirming the oncogenic properties of eEF1A2. 

 Similar behavior exerted by eEF1A2 was also described 

in BT549 human breast cancer cells  (84) . In fact, filopodia 

formation in eEF1A2-expressing cells was dependent on 

the activity of PI3K, ROCK and Akt kinases. Furthermore, 

eEF1A2 expression was sufficient to activate Akt in a PI3K-

dependent fashion, and inactivation of eEF1A2 by short 

interfering RNA reduced Akt activity. In addition, eEF1A2 

expression stimulated cell migration and invasion in a 

largely PI3K- and Akt-dependent manner. Moreover, it has 

been shown that eEF1A is a pAkt-interacting protein that 

regulates pAkt levels  (85) . Because eEF1A is overexpressed 

in breast cancer, the increased eEF1A levels might influ-

ence proliferation, survival and invasion, depending on 

the relative concentration of Akt isoforms. Indeed, eEF1A2 

interacts specifically with Akt2. These data suggest that 

eEF1A2 regulates oncogenesis through Akt- and PI3K-

dependent cytoskeletal remodeling  (86) .  

  Conclusion 
 Molecular events causing alterations in protein synthesis 

and translational control have a particular role in the mole-

cular mechanisms underlying cancer development and 

progression. Interestingly, several translation factors can be 
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directly involved in signal transduction pathways, interact 

with oncogenes or probably act themselves as oncogenes. 

One of the molecules involved in these alterations is eEF1A, 

which, in addition to its canonical involvement in protein 

synthesis, is also associated with molecular events partici-

pating in cell  transformation, tumor development and pro-

gression and apoptosis induction or inhibition. In particular, 

the eEF1A2 isoform seems to possess oncogenic properties 

as it is involved in cancer progression. Both eEF1A isoforms 

might play a role in the cross-talk mechanisms underlying 

the antagonism between the Ras → Raf-1 → MEK1 → ERK1/2 

and the PI3K → Akt signaling pathways. Up-regulation and 

phosphorylation of eEF1A1 and eEF1A2 by C-Raf and/or 

B-Raf increase the stability of these molecules and could 

represent a regulatory switch for other functional roles of 

eEF1A, such as a direct or indirect regulator of Akt activity. 

 A more thorough investigation concerning specific 

changes in the translation apparatus for certain types of 

human cancers in relation to their stage, grade, histopa-

thology and exposure to standard anticancer therapies 

should be conducted. In conclusion, we think that one of 

the possible ways to improve tumor therapies is to clarify 

the specific cancer-associated changes in the transla-

tion machinery. This research could probably provide an 

opportunity to develop selective anti-tumor inhibitors 

selectively directed against translation factors.   
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