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Eukaryotic initiation factor 6 mediates a continuum 
between 60S ribosome biogenesis and translation
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Eukaryotic ribosome biogenesis and translation are linked processes 
that limit the rate of cell growth. Although ribosome biogenesis and 
translation are mainly controlled by distinct factors, eukaryotic ini-
tiation factor 6 (eIF6) has been found to regulate both processes. 
eIF6 is a necessary protein with a unique anti-association activity, 
which prevents the interaction of 40S ribosomal subunits with 60S 
subunits through its binding to 60S ribosomes. In the nucleolus, 
eIF6 is a component of the pre-ribosomal particles and is required 
for the biogenesis of 60S subunits, whereas in the cytoplasm it medi-
ates translation downstream from growth factors. The translational 
activity of eIF6 could be due to its anti-association properties, which 
are regulated by post-translational modifications; whether this 
anti-association activity is required for the biogenesis and nuclear 
export of ribosomes is unknown. eIF6 is necessary for tissue-specific 
growth and oncogene-driven transformation, and could be a new 
rate-limiting step for the initiation of translation. 
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See glossary for abbreviations used in this article.

Introduction
cell growth and cell-cycle progression require the duplication of 
the ribosomal apparatus and the coordinated translation of specific 
mrnas. in cycling cells, up to 50% of the cellular trans cription 
machinery is estimated to be used for the synthesis of rrna, ribo-
somal proteins and trans-acting factors of ribosome biogenesis 
(Warner, 1999). More than 600 gene products are involved in ribo-
some biogenesis, and at least 67 of them are necessary for the bio-
genesis of the large subunit alone (http://www.yeastgenome.org/
cgi-bin/go/goterm.pl?goid=42254). after the ribosomes have 
been synthesized, both the rate of translation and which mrnas are 

translated are tightly regulated in the cytoplasm, thereby shaping the 
gene-expression profile of a given cell (Sonenberg & Hinnebusch, 
2009). Most of the genes that have been identified in the context 
of ribosome biogenesis do not have a role in translation and vice 
versa. However, a few yeast genes—such as Hcr1/eiF3j (Valasek  
et al, 2001) and rli1/abce1 (Dong et al, 2004; Kispal et al, 2005)—
seem to have a dual role, acting both as initiation factors (iFs) and 
in the maturation of ribosomal subunits. among the genes neces-
sary for both ribosome biogenesis and translation is eIF6, which 
could mediate a continuum between the maturation of the large 
60S subunit in the nucleus and translation in the cytoplasm (Fig 1). 
Furthermore, eiF6 is rate limiting for cell growth and could medi-
ate a new regulatory step in the initiation of translation downstream 
from growth factors. 

eIF6: a unique and tightly regulated protein
the primary sequence of eIF6 was elucidated by expression cloning 
(Si et al, 1997), and was found to encode a protein of 245 amino 
acids that is 77% identical between yeast and humans. Eubacteria, 
in which transcription and translation are coupled, have no eiF6 
homologues. genomic sequencing projects have subsequently 
shown that eIF6 is a single gene in all species studied, with the 
exception of Arabidopsis. the presence of eIF6 pseudogenes has not 
been reported and although truncated isoforms of eiF6 are present 
in some nucleotide databases, they have not been observed at the 
protein level. as such, a strong pressure seems to exist against eiF6 
duplication and/or evolution.

intriguingly, the primary sequence of eIF6 is evolutionarily unique 
and has no conserved motifs, which is consistent with the fact that it 
folds into a unique structure in archaebacteria and Saccharomyces 
cerevisiae (Fig 2). according to the X-ray data (groft et al, 2000), 
eiF6 has a cyclic fold that was named pentein because it is formed 
by five stretches of quasi-identical α/β-subdomains arrayed around a 
fivefold axis of pseudosymmetry. a structure-based sequence align-
ment of all five subdomains of aiF6—the archaebacteria eiF6 ortho-
logue—shows no intramolecular similarity, suggesting that each is 
derived from the evolution of five independent genes. the structure 
has a cavity that contains 16 well-ordered water molecules with a 
limited degree of motility (groft et al, 2000). additionally, the semi-
conserved carboxy-terminal tail was proposed as a candidate region 
for eiF6 regulation due to its flexibility. in summary, eiF6 is a rigid, 
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uniquely folded protein, the structure of which still retains mysteries 
regarding its mechanism of action.

Several studies have characterized the steady-state levels of 
eiF6 in metazoan tissues and shown that the protein is expressed 
at varying degrees; high levels of eiF6 can be detected in the 
brain and epithelia, and low levels in muscle. there is variability 
even within the same organ; eiF6 is strongly expressed in stem 
cells and cycling cells, but undetectable in some postmitotic cells 
(Donadini et al, 2001). the expression of eiF6 can be induced in 
response to different stimuli, such as a rupture of the epithelial 
barrier (Wood et al, 1999), mast-cell activation (cho et al, 1998) 
and t-cell activation (Biffo et al, 1997), implying that tissues with 
a high growth demand have a rapid and sustained increase in eiF6 
expression. the reg ulation of eiF6 expression at a molecular level 
is incompletely understood. the eIF6 gene is at least partly reg-
ulated by gaBp, which is a global regulator of ribosomal protein 
trans cription (Donadini et al, 2006), and could also be regulated 
by dynamic chromatin changes (Vreugde et al, 2006). in addi-
tion, the mammalian torc1 complex integrates signals elici-
ted by nutrients and growth factors to regulate many processes, 
including ribosome biogenesis and trans lation (Mayer & grummt, 
2006), and in mammals the myc oncogene also seems to regulate 
the trans criptional activation of genes associated with ribo somal 
homeo stasis (White, 2008). However, neither rapamycin—an 
effective inhibitor of mtorc1 activity—nor Myc overexpression 
leads to a rapid change in eiF6 levels (a.M. & a.B., unpublished 
data). therefore, a more complete understanding of the factors that 
reg ulate eIF6 gene expression is necessary, especially considering 
the important role of eiF6 in cell growth. the reg ulation of eiF6 

levels has not been linked to post-transcriptional events, such as 
trans lational efficiency or protein stability. We speculate that eIF6 
gene expression is under the control of both global changes that 
induce rapid cell proliferation and additional tissue-specific ele-
ments. However, with the exception of the involvement of gaBp, 
the events that lead to the induction of eIF6 gene expression in 
response to different stimuli are still unclear. 

eIF6 is necessary for ribosome biogenesis
the cloning of the eIF6 gene allowed the first series of genetic stud-
ies, which showed that eiF6 is required for ribosome biogenesis. 
ribosome biogenesis is a complex process that involves several 
trans-acting factors and ultimately leads to the production of mature 
ribosomal subunits—40S and 60S in eukaryotic cells. Most of the 
ribosomal assembly occurs in the nucleolus, and leads to the rapid 
export of the 40S small subunit and the delayed export of the large 
60S subunit. However, the final steps of ribosomal maturation are 
cytoplasmic (Henras et al, 2008). Briefly, the same rrna precursor—
which is known as 35S in S. cerevisiae and 47S in mammals—is trans-
cribed by rna polymerase i and processed into smaller fragments 
that will generate both the 18S rrna that is incorporated into 40S 
subunits, and the 25S and 5.8S rrnas that are incorporated into 60S 
subunits. a third rrna, 5S, is transcribed by rna polymerase iii, and 
is incorporated into 60S subunits. the pre-rrnas are subject to uri-
dine isomerization, which forms pseudo uridine, and to methylation 
inside a common pre-ribosomal particle known as 90S. the process-
ing of rrna requires snornas, which act as guides for the modifying 
enzymes, and essential exonucleases and endonucleases that cleave 
the pre-rrna, leading to the separation of pre-40S particles from 
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Fig 1 | eIF6 in ribosome biogenesis and translational control. In the nucleolus, eIF6 associates with immature large ribosomal subunits (pre-60S) and other 

regulatory proteins (trans-acting factors). eIF6 is found during pre-60S subunit maturation in the nucleoplasm and is exported to the cytosol. Here, eIF6 release 

allows the 60S to join the 40S subunit, and the active, translating 80S complex is formed. eIF6 shuttling between the nucleus and cytoplasm allows the proper 

formation of pre-60S. Whether eIF6 joins the 60S and prevents its premature association with 40S after the termination of translation is unknown.  

eIF6, eukaryotic initiation factor 6; PABP, polyA-binding protein.
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pre-60S particles. the subsequent maturation of the pre-ribosomal 
particles takes place in the cytoplasm and requires trans-acting fac-
tors, which include nucleases, rna helicases and several proteins of 
unknown function (Fatica & tollervey, 2002). 

in this context, three independent studies have shown that the 
deletion of the yeast eiF6 homologue, tif6, leads to a loss of 60S 
ribosomal subunits that can be rescued by the ectopic expres-
sion of human eiF6 (Sanvito et al, 1999; Si & Maitra, 1999; Wood 
et al, 1999). these genetic observations were accompanied by 
biochem ical and morphological evidence, which identified eiF6 
in molecular complexes ranging from the 60S pre-ribosome to the 
almost mature 60S subunit (Fatica & tollervey, 2002; Volta et al, 
2005). in agreement with these findings, a pool of eiF6 was found 
to localize to the nucleolus of both mammalian and yeast cells 
(lebreton et al, 2006; Sanvito et al, 1999). How does eiF6 regulate 
60S biogenesis at a molecular level? rrna pulse-chase experi-
ments have shown that yeast cells depleted of tif6 have defective 
pre-rrna processing, which reduces the formation of mature 25S 
and 5.8S rrnas relative to 18S rrna (Basu et al, 2001). therefore, 
eiF6 might act in the biogenesis of the 60S subunit, rather than in 
its stabilization.

Surprisingly, eiF6 has also been shown to be active in ribosome 
biogenesis. Shwachman–Bodian–Diamond syndrome—which is 
characterized by bone-marrow failure and a predisposition to leu-
kaemia—is caused by a deficiency in the conserved SBDS protein. 
Mutations of the yeast orthologue of SBDS, Sdo1, result in an impaired 
biogenesis of the 60S subunit that is rescued by gain-of-function tif6 
mutants (Menne et al, 2007). it therefore appears that tif6 can act as 
a controller of growth in the pathway of ribosome biogenesis and 

export, raising interesting questions about the relationship between 
gain-of-function mutations and their mechanistic role.

intriguingly, a role for eiF6 in mammalian ribosome biogen-
esis has not been formally shown. in mammalian cells, eiF6 can be 
downreg ulated by using sirna until only 25% of wild-type levels are 
expressed. in these conditions, ribosomal biogenesis is still normal, 
but only the cytoplasmic pool of eiF6 is reduced using this technology, 
whereas nucleolar eiF6 is totally retained (gandin et al, 2008). We 
consider these findings to provide evidence that, in mam malian cells, 
a minor pool of eiF6 is sufficient for ribo some biogenesis. Mammalian 
eiF6 is probably needed for ribosome biogenesis given that its total 
depletion results in lethality before embryo implantation (gandin 
et al, 2008), human eiF6 rescues yeast tif6 mutations (Sanvito et al, 
1999; Si & Maitra, 1999; Wood et al, 1999) and mammalian eiF6 is 
nucleolar (lam et al, 2005).

eIF6 as an anti-association factor 
gene expression is shaped at many levels, including translation of 
mrnas into proteins. translation can be divided into four phases: 
initiation, elongation, termination and recycling. Most translational 
control is regulated during initiation, which requires the interplay 
of at least 30 gene products that encode iFs and mirnas, and cis 
sequences in the mrna (Sonenberg & Hinnebusch, 2009). During 
initiation, the small 40S ribosomal subunit associates with the ternary 
complex formed by eiF2–gtp–Met-trnai, leading to the formation 

B

B

A

A

E

E

D

D

C

C

C

C

N

N

Fig 2 | Unique structure of eIF6. The eIF6 protein is highly conserved and has 

a unique star-like structure known as pentein, which is formed by five quasi-

identical α/β-subdomains (A–E) that enclose a cavity filled by 16 ordered 

water molecules (Groft et al, 2000). Here we show top and side views of the 

Saccharomyces cerevisiae structure, in which the cavity is closed. The structure 

of eIF6 is relatively rigid and has no structural homologue. The S. cerevisiae 

eIF6 Protein Data Bank access code is 1G62. eIF6, eukaryotic initiation factor 6.
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Abce1 ABC family protein E1
EF-2 elongation factor-2
Efl1 elongation factor-like 1 protein
eIF6 eukaryotic initiation factor 6
GABP GA-binding protein
Hcr1 high copy suppressor of RPG1
Met-tRNAi initiator methionyl-transfer RNA
miRNA microRNA
Mnk mitogen-activated protein kinase (MAPK)-interacting kinase 
mRNA messenger RNA
mTORC1 mammalian target of rapamycin complex 1
PIC preinitiation complex
PKC protein kinase C
pre-40S 40S precursor particle
pre-60S 60S precursor particle
pre-rRNA precursor ribosomal RNA
RACK1 receptor for active C kinase 1
RISC RNA-induced silencing complex
Rli1 RNase L inhibitor 1
rRNA ribosomal RNA
S6K1 S6 kinase 1
SBDS Shwachman–Bodian–Diamond syndrome
Sdo1 yeast orthologue of Shwachman–Bodian–Diamond  
 syndrome protein
siRNA small-interfering RNA
snoRNA small nucleolar RNA
Tif6 translation initiation factor 6
tRNA transfer RNA
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of the 43S pic, which then associates with the eiF4F complex and 
mrna, thereby constituting the 48S initiation complex. the 48S 
complex scans to find the first initiation codon (atg), and triggers the 
recruitment of the large 60S subunit, leading to the formation of an 
active 80S complex, which translates mrna and elongates the pep-
tide (Sonenberg & Dever, 2003). at a stop codon, the 80S ribosomes 
terminate translation, fall off from the mrna and are recycled to start 
a new round of translation. the 40S ribosomal subunits have been 
long known to bind free 60S subunits in the absence of an mrna, 
leading to an inactive 80S particle that needs to be dissociated into 
free subunits to allow the binding of mrna to the 40S. this process 
is energy consuming and unproductive and, therefore, factors that 
inhibit the association of the 40S and 60S ribosomal subunits in the 
absence of mrna were thought to exist. in this regard, eiF6 was ini-
tially identified on the basis of its anti-association activity in wheat 
germ (russell & Spremulli, 1979) and calf liver (Valenzuela et al, 
1982), where it binds to the 60S subunit and prevents its association 
with the 40S subunit. notably, eiF6 cannot dissociate preformed 80S 
complexes. these early data indicated that eiF6 might be important 
in keeping ribosomes dissociated—either after their bio genesis or 
during their recycling from translated mrna—rather than in stim-
ulating their dissociation. the site of aiF6 binding to 60S has been 
recently mapped to the 40S–60S interface, which is consistent with 
this interpretation (Benelli et al, 2009). Furthermore, although eiF6 is 
dispensable for translation in vitro, russell & Spremulli showed that 
low concentrations of eiF6 have a slight stimulatory effect on trans-
lation, whereas higher concentrations inhibit it (russell & Spremulli, 
1979). this finding indicates that the anti-association activity of eiF6 
must be regulated. 

The role of eIF6 in translation
the yeast experiments ruled out a role of eiF6 in translation. However, 
yeast and mammalian eiF6 have several properties (table 1). among 
them is the mainly cytoplasmic localization of mammalian eiF6, 
which points to a potential role in the control of translation. two 
studies have underscored a role for eiF6 in mammalian translation: 

one suggests that eiF6 can be recruited by the mirna machinery 
(chendrimada et al, 2007), and the other that eiF6 expression is con-
trolled by growth factors and/or mitogens, and positively regulates 
translation (gandin et al, 2008).

mirna-dependent translational repression is a powerful way 
to regulate gene expression. Most studies show that a crucial step 
in mirna-dependent repression is cap-complex formation, which 
occurs before 80S-complex formation (Filipowicz et al, 2008). 
However, it has also been reported that mirna can act down-
stream from and repress the formation of the 80S complex (Wang 
et al, 2008). as eiF6 can repress 80S formation, it is tempting to 
speculate that its recruitment by the mirnas could mediate mirna-
regulated translational repression. indeed, chendrimada and col-
leagues showed that eiF6 regulates mirna-mediated translational 
repression in mammalian Hela cells and during the development of 
Caenorhabditis elegans. Furthermore, eiF6 was reported to associ-
ate with the riSc complex (chendrimada et al, 2007). However, this 
clear-cut mechanism has been challenged by independent experi-
ments that failed to detect eiF6 in the riSc complex (Hock et al, 
2007) and observed that the downregulation of eiF6 in Drosophila 
does not affect mirna-based repression (Eulalio et al, 2008). From 
these data we can arrive at two alternative conclusions: either eiF6 
mediates mirna-translational repression only in specific cellular 
contexts; or the effects of eiF6 on translational repression by mirna 
in C. elegans and Hela cells were due to indirect effects on trans-
lation and growth. it will be crucial to perform in vitro reconstituted 
assays with active eiF6 to further address this issue.

a positive role for eiF6 in global translation is supported by 
results obtained in knockout mice (gandin et al, 2008). eIF6-null 
mice are embryonic lethal; however, heterozygous mice are viable 
and have 50% of the eiF6 protein. intriguingly, this reduction in 
eiF6 occurs only in the cytoplasmic pool, whereas nuclear levels 
are normal, which leads to proper biogenesis of the 60S ribosomal 
subunit. However, the liver of eIF6-heterozygous mice presents an 
accumulation of inactive 80S complexes, and hepatocytes derived 
from such livers have a normal basal level of translation but can-
not upregulate it in response to insulin. impaired translation in 
response to insulin stimulation is also observed in primary fibro-
blasts and adipocytes. the expression of eiF6 is rate limiting for tis-
sue growth, as mice haploinsufficient for eiF6 have smaller livers 
than wild-type animals and reduced white fat mass. the deficit in 
insulin-stimulated translation that occurs in eiF6+/– cells correlates 
with a high insulin sensitivity in tissues. Hepatocytes, adipocytes 
and fibroblasts from heterozygous eiF6 cells show a delayed 
g1-to-S phase progression but are normal in size, and have nor-
mal senescence and apoptosis (gandin et al, 2008). therefore, it 
seems that eiF6 haploinsufficiency could regulate the translation of 
specific mrnas involved in cell-cycle progression, which is unex-
pected considering that the regulation of 60S-subunit availability 
should not interfere with mrna selection. 

the molecular mechanism by which the depletion of eiF6 
reduces translation and generates an increase of vacant 80S com-
plexes (inactive ribosomes) is unknown; however, the mechanism 
whereby it is released from the 60S subunit might be important 
in this context. two models have been independently proposed 
for the release of eiF6 from the 60S subunit (Fig 3). in one model, 
release occurs through interaction with a racK1–pKc complex, 
which phosphorylates eiF6 and allows its release from 60S (ceci 
et al, 2003). racK1 also acts as a scaffold receptor for pKc and 

Table 1 | Comparison of eIF6 features in yeast and mammals

Properties Yeast Mammalian

Essential Yes Yes

Nucleolar localization Yes Yes

Cytoplasmic localization A minor pool Up to 70% 

Function in ribosome 
biogenesis 

Yes, predominant Likely, not 
demonstrated

Anti-association activity Yes Yes

Role in translation No Yes

Expression Constitutive Broad variation among 
cells and tissues

Phosphorylation Yes, on Ser 174
 

Yes, on at least Ser 174 

and Ser 235

Interaction with Asc1/
RACK1

Possible, it can 
purify with Asc1

Yes, direct

Asc1, Cyp1 absence of growth suppressor; eIF6, eukaryotic initiation factor 6; RACK1, 
receptor for active C kinase 1.
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simultaneously binds to the small ribosomal subunit (nilsson 
et al, 2004). in this model, activated pKc would translocate from 
endomembranes to 40S subunits containing racK1, and activate 
60S subunits through the phosphorylation and release of eiF6. 
this speculative model lacks genetic validation, although it is sup-
ported by the facts that pKc-induced eiF6 phosphorylation can 
also be observed during Xenopus development (carotenuto et al, 
2005) and the racK1 platform can regulate translation through 
recruitment of pKcβii (grosso et al, 2008). However, as pKc stim-
ulation by agonists can lead to the activation of other kinases—
including S6K1 and Mnk—that have been reported to act on the 
trans lational machinery directly (Waskiewicz et al, 1997), further 
work is required to establish this possibility. in yeast, an alterna-
tive model for the release of eiF6 from 60S has been proposed; 
an allosteric change in 60S subunits, mediated by the Efl1 protein 
(Senger et al, 2001), would lead to the release of eiF6. this release 
mechanism seems to regulate the maturation of the 60S subunit 
rather than mrna translation (Fig 3). the most notable aspects of 
this elegant mechanism are that Efl1—which bears similarities to 
EF-2—is loosely associated with ribosomes and has a gtpase activ-
ity, and that point mutants of eiF6 can suppress the severe growth 
defect phenotype of Efl1 deletion. therefore, we speculate that 
an Efl1-mediated allosteric change of 60S subunits might also be 
important during the process of translation initiation and not only 
at maturation. as for the racK1–pKc-mediated release of eiF6,  
further work, particularly genetic, is needed to confirm this model.

Conclusions
the eiF6 protein is remarkably conserved, and is almost identi-
cal in species ranging from archaebacteria to humans, and yet 
its sequence and structure are unique. genetic and biochemical 
studies have converged to show that eiF6 is necessary for ribosome 
biogenesis, and can control the association of the small and the 
large ribosomal subunits. in addition, its anti-association activity 
can be controlled by extracellular signalling pathways, and seems 
to be rate limiting for translation downstream from growth-factor 
and oncogene signalling. However, a number of unresolved and 
exciting issues remain to be elucidated (Sidebar a).
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Fig 3 | eIF6 release regulates the interaction of the two ribosomal subunits. Two models for eIF6 release have been described for mammals and yeast. In 

mammalian cells, this event is modulated by the RACK1–PKC complex. PKC is recruited to the 40S subunit by RACK1 and phosphorylates eIF6 on Ser 235, 

leading to its release from 60S. In yeast, a structural rearrangement of the large subunit is mediated by the Efl1 protein, which facilitates the release of Tif6 from 60S 

and its subsequent recycling to the nucleolus. Efl1, elongation factor-like 1 protein; eIF6, eukaryotic initiation factor 6; PABP, polyA-binding protein; PKC, protein 

kinase C; RACK1, receptor for active C kinase 1; Tif6, translation initiation factor 6.

Sidebar A | In need of answers

(i) How is the anti-association activity of eukaryotic initiation factor 6 
 (eIF6) achieved mechanistically?
(ii) Does eIF6 reassociate to the 60S ribosomal subunit after the 
 termination of translation?
(iii) How is the translational activity of eIF6 regulated? 
(iv) Does eIF6 regulate global translation or that of specific classes of 
 messenger RNA?
(v) Does eIF6 affect tumorigenesis in mouse models and humans? 
(vi) Where does mammalian eIF6 interact with the 60S subunit?
(vii) Why do Tif6 point mutants rescue 60S biogenesis in Shwachman– 
 Bodian–Diamond syndrome mutants?
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the initiation factor eiF6 seems to have a role in tumori genesis, 
although its involvement is insufficiently characterized and remains 
puzzling. eiF6 is abundant in colon cancer (Sanvito et al, 2000) and 
aggressive leukaemias (Harris et al, 2004), and it was long thought 
that the upregulation of eiF6 was a by-product of the increased 
growth rate that is a characteristic of these cancers. However, recent 
data have indicated that a 50% reduction of eiF6 leads to a 90% 
reduction in oncogene-mediated transformation by activated ras 
and Myc (gandin et al, 2008). these novel data raise two unexpected 
questions: whether eiF6 is regulating the trans lation of specific 
mrnas involved in tumorigenesis and whether its activity is down-
stream of oncogenic signalling. the fact that eiF6 haplo insufficient 
cells are resistant to oncogenic transformation implies that the trans-
lation of some mrnas, specifically those controlled by growth fac-
tors, is more sensitive to eiF6 depletion than the trans lation of other 
mrnas. this observation is in line with a new, emerging role of 60S 
subunits in directly (or perhaps indirectly) regulating the translation 
of selected mrnas (Barna et al, 2008). the observation that eiF6 
activity affects transformation raises the hope that targeting its bio-
chemical activity could be therapeutically beneficial. the design 
of a high-throughput anti-association assay will make screening for 
compounds that increase or decrease the affinity of eiF6 binding to 
the 60S subunit possible.

another important issue is understanding which signalling path-
ways control eiF6 activity and modulate its role in tumori genesis, 
especially because eiF6 is the second clear case—in addition 
to eiF4F—of a rate-limiting iF that is induced downstream from 
growth-factor activity. initiation proceeds through the sequential 
steps of the formation of the 43S pic, the 48S pic and the 80S 
complex. the formation of the 43S pic is rate limiting and is con-
trolled by eiF2 activity, which is regulated by eiF2α kinases (Wek 
et al, 2006). the formation of the 48S pic is regulated by the cap 
complex, eiF4F assembly (which is made possible by mtorc1), 
Mnk1 and ribosomal S6 kinases (Sonenberg & Hinnebusch, 2009). 
in this logical flow of events, we surmise that eiF6 is the third rate-
limiting controller of translation downstream from insulin and 
growth factors, at the level of 80S formation. the identification of 
the signalling pathways that activate eiF6 in vivo is a major under-
taking that will shed light on how extracellular signals regulate the 
translational machinery.

Whether the essential role of eiF6 in ribosome biogenesis requires 
its anti-association activity is also unclear. one can speculate that 
a nucleolar anti-association factor such as eiF6 could prevent the 
improper association of pre-40S and pre-60S, allowing their export 
to the cytoplasm. the development of techniques to trace the trans-
port of single molecules, in this case pre-ribosomes (in the presence 
of eiF6 blockers), will help us to determine whether this is the case. if 
the export of pre-40S is not affected by eiF6, then the function of eiF6 
in ribosome biogenesis is probably independent of its anti-association 
activity. in such a scenario, the observation that the gain-of-function 
mutants of tif6 are able to recover quasi-lethal mutations of two 
proteins in the pathway of 60S biogenesis will assume a new mean-
ing, indicating that eiF6 is a controller of the efficiency of 60S ribo-
somal subunit biogenesis. it will also be important to define whether 
the gain-of-function mutants of tif6 (eiF6) that suppress quasi-lethal 
mutations of Sdo1 and Efl1 in yeast also affect translation, ribosome 
biogenesis, and transformation and tumorigenesis in mammals. in 
this regard, if point mutants of eiF6 can also rescue the phenotype of 
mutations of the SBDS protein in mouse models, and if we are able 

to design in vitro-screening methods to search for modulators of eiF6 
activity, this ancient and evolutionarily conserved gene will become a 
therapeutic target.

thirty years after its biochemical isolation, we know that the 
anti-association activity of eiF6 is important for translational con-
trol downstream from growth factors and insulin, that eiF6 acts in 
the ribosome-biogenesis pathway and that gain-of-function muta-
tions can suppress quasi-lethal mutations. understanding whether 
eiF6 acts in a coordinated pathway or stands on its own, as does its 
unique sequence, will be a major challenge.

acKnoWlEDgEMEntS
S.B. aknowledges p.c. Marchisio for his continuous support. We thank all the 
enthusiastic fellows who worked on eiF6, S. Vavassori for Fig 1 and the italian 
association for cancer research (airc), the association for international 
cancer research (aicr), tElEtHon, Fondazione cariplo for funding.

rEFErEncES
Barna M, pusic a, zollo o, costa M, Kondrashov n, rego E, rao pH, 

ruggero D (2008) Suppression of Myc oncogenic activity by ribosomal 
protein haploinsufficiency. Nature 456: 971–975

Basu u, Si K, Warner Jr, Maitra u (2001) the Saccharomyces cerevisiae TIF6 
gene encoding translation initiation factor 6 is required for 60S ribosomal 
subunit biogenesis. Mol Cell Biol 21: 1453–1462

Benelli D, Marzi S, Mancone c, alonzi t, la teana a, londei p (2009) Function 
and ribosomal localization of aiF6, a translational regulator shared by 
archaea and eukarya. Nucleic Acids Res 37: 256–267 

Biffo S, Sanvito F, costa S, preve l, pignatelli r, Spinardi l, Marchisio pc 
(1997) isolation of a novel beta4 integrin-binding protein (p27(BBp)) highly 
expressed in epithelial cells. J Biol Chem 272: 30314–30321 

carotenuto r, De Marco n, Biffo S, Wilding M, Vaccaro Mc, Marchisio pc, 
capriglione t, russo gl, campanella c (2005) phosphorylation 
of p27(BBp)/eiF6 and its association with the cytoskeleton are 
developmentally regulated in Xenopus oogenesis. Cell Mol Life Sci 62: 
1641–1652

ceci M, gaviraghi c, gorrini c, Sala la, offenhauser n, Marchisio pc, Biffo S 
(2003) release of eiF6 (p27BBp) from the 60S subunit allows 80S ribosome 
assembly. Nature 426: 579–584 

chendrimada tp, Finn KJ, Ji X, Baillat D, gregory ri, liebhaber Sa, 
pasquinelli aE, Shiekhattar r (2007) Microrna silencing through riSc 
recruitment of eiF6. Nature 447: 823–828 

cho SH, cho JJ, Kim iS, Vliagoftis H, Metcalfe DD, oh cK (1998) 
identification and characterization of the inducible murine mast cell gene, 
imc-415. Biochem Biophys Res Commun 252: 123–127 

Donadini a, giodini a, Sanvito F, Marchisio pc, Biffo S (2001) the human 
itgB4Bp gene is constitutively expressed in vitro, but highly modulated 
in vivo. Gene 266: 35–43 

Donadini a, giacopelli F, ravazzolo r, gandin V, Marchisio pc, Biffo S 
(2006) gaBp complex regulates transcription of eiF6 (p27BBp), an essential 
trans-acting factor in ribosome biogenesis. FEBS Lett 580: 1983–1987 

Dong J, lai r, nielsen K, Fekete ca, Qiu H, Hinnebusch ag (2004) the 
essential atp-binding cassette protein rli1 functions in translation  
by promoting preinitiation complex assembly. J Biol Chem 279:  
42157–42168

Eulalio a, Huntzinger E, izaurralde E (2008) gW182 interaction with 
argonaute is essential for mirna-mediated translational repression and 
mrna decay. Nat Struct Mol Biol 15: 346–353 

Fatica a, tollervey D (2002) Making ribosomes. Curr Opin Cell Biol 14: 
313–318 

Filipowicz W, Bhattacharyya Sn, Sonenberg n (2008) Mechanisms of post-
transcriptional regulation by micrornas: are the answers in sight? Nat Rev 
Genet 9: 102–114 

gandin V, Miluzio a, Barbieri aM, Beugnet a, Kiyokawa H, Marchisio pc, 
Biffo S (2008) Eukaryotic initiation factor 6 is rate-limiting in translation, 
growth and transformation. Nature 455: 684–688 

groft cM, Beckmann r, Sali a, Burley SK (2000) crystal structures of 
ribosome anti-association factor iF6. Nat Struct Biol 7: 1156–1164 

grosso S, Volta V, Sala la, Vietri M, Marchisio pc, ron D, Biffo S (2008) 
pKcbetaii modulates translation independently from mtor and through 
racK1. Biochem J 415: 77–85 

www.emboreports.org


©2009 EuropEan MolEcular Biology organization EMBo reports Vol 10 | no 5 | 2009 465

reviewseiF6 as a rate-limiting step in translation and growth 
A.Miluzio et al

Harris Mn, ozpolat B, abdi F, gu S, legler a, Mawuenyega Kg, tirado-
gomez M, lopez-Berestein g, chen X (2004) comparative proteomic 
analysis of all-trans-retinoic acid treatment reveals systematic 
posttranscriptional control mechanisms in acute promyelocytic leukemia. 
Blood 104: 1314–1323 

Henras aK, Soudet J, gerus M, lebaron S, caizergues-Ferrer M, Mougin a, 
Henry y (2008) the post-transcriptional steps of eukaryotic ribosome 
biogenesis. Cell Mol Life Sci 65: 2334–2359 

Hock J, Weinmann l, Ender c, rudel S, Kremmer E, raabe M, urlaub H, 
Meister g (2007) proteomic and functional analysis of argonaute-
containing mrna–protein complexes in human cells. EMBO Rep 8: 
1052–1060 

Kispal g et al (2005) Biogenesis of cytosolic ribosomes requires the essential 
iron–sulphur protein rli1p and mitochondria. EMBO J 24: 589–598

lam yW, trinkle-Mulcahy l, lamond ai (2005) the nucleolus. J Cell Sci 118: 
1335–1337 

lebreton a, Saveanu c, Decourty l, rain Jc, Jacquier a, Fromont-racine M 
(2006) a functional network involved in the recycling of nucleocytoplasmic 
pre-60S factors. J Cell Biol 173: 349–360 

Mayer c, grummt i (2006) ribosome biogenesis and cell growth: mtor 
coordinates transcription by all three classes of nuclear rna polymerases. 
Oncogene 25: 6384–6391 

Menne tF, goyenechea B, Sanchez-puig n, Wong cc, tonkin lM, ancliff 
pJ, Brost rl, costanzo M, Boone c, Warren aJ (2007) the Shwachman–
Bodian–Diamond syndrome protein mediates translational activation of 
ribosomes in yeast. Nat Genet 39: 486–495 

nilsson J, Sengupta J, Frank J, nissen p (2004) regulation of eukaryotic 
translation by the racK1 protein: a platform for signalling molecules on the 
ribosome. EMBO Rep 5: 1137–1141 

russell DW, Spremulli ll (1979) purification and characterization of a 
ribosome dissociation factor (eukaryotic initiation factor 6) from wheat 
germ. J Biol Chem 254: 8796–8800 

Sanvito F, piatti S, Villa a, Bossi M, lucchini g, Marchisio pc, Biffo S (1999) 
the beta4 integrin interactor p27(BBp/eiF6) is an essential nuclear matrix 
protein involved in 60S ribosomal subunit assembly. J Cell Biol 144: 
823–837 

Sanvito F, Vivoli F, gambini S, Santambrogio g, catena M, Viale E, Veglia F, 
Donadini a, Biffo S, Marchisio pc (2000) Expression of a highly conserved 
protein, p27BBp, during the progression of human colorectal cancer. 
Cancer Res 60: 510–516 

Senger B, lafontaine Dl, graindorge JS, gadal o, camasses a, Sanni a, 
garnier JM, Breitenbach M, Hurt E, Fasiolo F (2001) the nucle(ol)ar tif6p 
and Efl1p are required for a late cytoplasmic step of ribosome synthesis. Mol 
Cell 8: 1363–1373 

Si K, Maitra u (1999) the Saccharomyces cerevisiae homologue of 
mammalian translation initiation factor 6 does not function as a translation 
initiation factor. Mol Cell Biol 19: 1416–1426 

Si K, chaudhuri J, chevesich J, Maitra u (1997) Molecular cloning and 
functional expression of a human cDna encoding translation initiation 
factor 6. Proc Natl Acad Sci USA 94: 14285–14290 

Sonenberg n, Dever tE (2003) Eukaryotic translation initiation factors and 
regulators. Curr Opin Struct Biol 13: 56–63 

Sonenberg n, Hinnebusch ag (2009) regulation of translation initiation in 
eukaryotes: mechanisms and biological targets. Cell 136: 731–745 

Valasek l, Hasek J, nielsen KH, Hinnebusch ag (2001) Dual function of 
eiF3j/Hcr1p in processing 20 S pre-rrna and translation initiation. J Biol 
Chem 276: 43351–43360 

Valenzuela DM, chaudhuri a, Maitra u (1982) Eukaryotic ribosomal subunit 
anti-association activity of calf liver is contained in a single polypeptide 
chain protein of Mr = 25,500 (eukaryotic initiation factor 6). J Biol Chem 
257: 7712–7719 

Volta V, ceci M, Emery B, Bachi a, petfalski E, tollervey D, linder p, 
Marchisio pc, piatti S, Biffo S (2005) Sen34p depletion blocks trna splicing 
in vivo and delays rrna processing. Biochem Biophys Res Commun 337: 
89–94 

Vreugde S, Ferrai c, Miluzio a, Hauben E, Marchisio pc, crippa Mp, Bussi M, 
Biffo S (2006) nuclear myosin Vi enhances rna polymerase ii-dependent 
transcription. Mol Cell 23: 749–755 

Wang B, yanez a, novina cD (2008) Microrna-repressed mrnas contain 
40S but not 60S components. Proc Natl Acad Sci USA 105: 5343–5348 

Warner Jr (1999) the economics of ribosome biosynthesis in yeast. Trends 
Biochem Sci 24: 437–440 

Waskiewicz aJ, Flynn a, proud cg, cooper Ja (1997) Mitogen-activated 
protein kinases activate the serine/threonine kinases Mnk1 and Mnk2. 
EMBO J 16: 1909–1920 

Wek rc, Jiang Hy, anthony tg (2006) coping with stress: eiF2 kinases and 
translational control. Biochem Soc Trans 34: 7–11 

White rJ (2008) rna polymerases i and iii, non-coding rnas and cancer. 
Trends Genet 24: 622–629 

Wood lc, ashby Mn, grunfeld c, Feingold Kr (1999) cloning of murine 
translation initiation factor 6 and functional analysis of the homologous 
sequence ypr016c in Saccharomyces cerevisiae. J Biol Chem 274:  
11653–11659

Anne Beugnet

Viviana Volta

Annarita Miluzio

Stefano Biffo

www.emboreports.org

	Glossary 
	Introduction
	eIF6: a unique and tightly regulated protein
	eIF6 is necessary for ribosome biogenesis
	eIF6 as an anti-association factor 
	The role of eIF6 in translation
	Conclusions
	Fig 1
	Fig 2
	Fig 3
	Table 1
	Sidebar A 
	ACKNOWLEDGEMENTS
	REFERENCES
	Annarita Miluzio
	Viviana Volta
	Anne Beugnet
	Stefano Biffo

