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Life is short, so break the rules, forgive quickly, kiss slowly, love truly, laugh uncontrollably, and 
never regret anything that made you smile. 
Twenty years from now you will be more disappointed by the things you didn’t do than by the 
ones you did. So throw off the bowlines. Sail away from the safe harbor. Catch the trade winds in 
your sails. Explore. Dream. Discover.  
Mark Twain
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Introduction: Control of protein levels by specifi c 
sequences in a transcript’s UTRs

Control of translation in eukaryotic cells is a very complicated and multi-layered process that 
involves hundreds of proteins. A strong link with cancer has emerged over the last decade, 
since many cancer cells have deregulated translation machineries, and several translation 
initiation factors and ribosomal proteins have oncogenic properties. To date, three different 
mechanisms for protein synthesis can be distinguished in eukaryotic cells, one of which is 
by far the most common (canonical scanning) and two are more rare (ribosomal shunting 
and internal ribosome entry). This chapter will mainly focus on internal ribosome entry, 
since Chapter 5 of this thesis describes the discovery of an IRES in the 5’ UTR of Polycomb 
group protein Ring1b. 

Canonical scanning
Under normal circumstances, it is thought that 
translation of the vast majority of transcripts 
occurs via the mechanism of canonical scanning 
(fi gure 1A), a process that has been well-
characterized over the past decades (Kozak, 
1989). Initiation starts with the recognition 
of the 7-methyl guanosine cap (M7GpppN or 
m7G) at the 5’ end of mRNAs by the translation 
initiation complex, eukaryotic initiation factor 
4F (eIF4F) (reviewed in Gingras et al., 1999). 
The eIF4F protein complex is a heterotrimer 
consisting of eIF4G – a scaffolding protein – and 
eIF4E – the actual cap binding unit – and eIF4A 
– a dead box RNA helicase. eIF4F is associated 
with the 40S subunit of the ribosome via eIF3, 
which itself consists of eleven different subunits. 
The 40S subunit consists of the 18S rRNA and 
at least 33 proteins. Most rate-limiting factors 
and initiation-regulating mechanisms in 
translational control are found in the binding 
of the 40S subunit to the mRNA transcript. 
This is also called the scanning subunit since 
it is responsible for scanning the 5’ part of the 
transcript in the 5’ to 3’ direction for an AUG in 
an appropriate context. Once it encounters this 
start signal, all initiation factors dissociate, the 
60S ribosome subunit binds the 40S subunit 
and elongation starts. Elongation is preceded 
by binding of the initiator tRNA Met-tRNAMet 

to the 40S subunit. Each ribosome has three 
binding sites for tRNA: the A-, P-, and E-sites 
(short for aminoacyl-tRNA, peptidyl-tRNA, and 
exit, respectively), which transfer the amino 
acids to the growing polypeptide chain.
Circularization of the mRNA, achieved by 
association of both the poly-A tail binding 
protein (PABP) and the cap-binding protein 
eIF4E with eIF4G, greatly enhances translation. 
In an elegant experiment using atomic force 
microscopy (AFM), it was demonstrated that 
the purifi ed yeast homologues of eIF4G, eIF4E 
and PABP alone were suffi cient to circularize 
capped and polyadenylated RNA (Wells et al., 
1998).
Termination of translation occurs when the 
ribosome encounters the stop codon. The newly 
synthesized polypeptide chain then dissociates 
from the ribosome and the ribosome becomes 
available for initiation of translation of another 
protein again.

Ribosomal shunting
A second mechanism by which transcripts 
can be translated into proteins is ribosomal 
shunting, also called discontinuous scanning. 
Thought to be very rare in eukaryotic cells, 
many things are unclear about the precise 
factors involved in this process. The mechanism 
has initially been described for heat shock 
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protein 70 (hsp70) (Yueh and Schneider, 2000), 
after which a few other proteins were found to 
be translated via this process, including cellular 
inhibitor of apoptosis 2 (cIAP2) (Sherrill and 
Lloyd, 2008) and beta-site amyloid precursor 
protein-cleaving enzyme 1 (BACE1) (Rogers, 
Jr. et al., 2004). It is thought that the process 
of ribosomal shunting is identical to that of 
canonical scanning up until the scanning 
phase. The ribosomal subunits then encounters 
a stable RNA hairpin-containing structure that 
halts the scanning process or even makes the 
ribosome detach from the transcript; this site 
is referred to as the cap proximal shunt donor. 
This arrest is the followed by intramolecular 
shunting of the ribosomal subunit to a landing 
site – the AUG proximal shunt acceptor – 
downstream of the stable RNA structure 
responsible for blocking the scanning. The 
factors involved in this shunting process are not 
known, but it was found that RNA sequences 
immediately downstream of the RNA hairpin 
are complementary to 3’ sequences of the 18S 
ribosomal subunit RNA. It was proposed, that 
the 18S subunit binds both these sequences 
and the 40S subunit to provide a recruiting 
mechanism back to the transcript after the 
arrest (Chappell et al., 2006). Now the ribosome 
resumes scanning again until the next start 
codon is encountered, after which the ribosomal 
shunting mechanism is again identical tot that 
of canonical scanning. 

Internal Ribosome Entry
Another minority of transcripts however, do 
not follow either one of these mechanisms. In 
1988, two groups found that picornaviruses 
(e.g. encephalomyocarditis virus and poliovirus) 
use a mechanism independent of the 5’ cap 
site of a transcript (Jang et al., 1988; Pelletier 
et al., 1988). Instead, a highly structured 5’ 
untranslated region (UTR) was found to be 
able to recruit the translational machinery on 
its own (fi gure 1D). The element was named 
internal ribosome entry site (IRES) and is since 

then found in many viruses and, later on, 
also cellular RNAs. An IRES is usually several 
hundreds of nucleotides long, harboring strong 
and multiple hairpin loops capable of blocking 
scanning of the transcript by the 40S ribosome 
subunit (reviewed in Hellen and Sarnow, 2001; 
Vagner et al., 2001; Martinez-Salas et al., 2008). 
A second common feature of IRESes is the 
existence of several unused AUGs upstream 
of the IRES or residing in the IRES, sometimes 
even one or more small open reading frames. 
Generally speaking, an IRES circumvents 
many inhibiting or modulating mechanisms in 
translation, since it does not need a cap site 
and can therefore do without eIF4E, the highly 
conserved cap binding subunit of the eIF4F 
translation initiation complex essential for cap 
dependent translation, and the eIF4E binding 
domain of eIF4G (explained in more detail 
below). This makes an IRES a favorable means 
of translation initiation by proteins involved in 
key regulatory processes, whose presence is 
required under circumstances where normal 
(cap-dependent) translation is halted. Not 
only does the IRES provide a way of continuing 
translation, it might also play a role in 
enhancing translation under certain conditions 
or it can function as an extra regulatory layer. 
Supporting the latter possibility is the fi nding 
that internal ribosome entry is not restricted 
to uncapped transcripts only. Several viral 
and cellular transcripts have been found that 
are actually capped, but have 5’ UTRs with a 
signifi cant secondary structure and that do 
not require eIF4E for translation. Most notably, 
these include mRNAs from hepatitis C virus 
(Tsukiyama-Kohara et al., 1992), fi broblast 
growth factor 2 (Vagner et al., 1995), and the 
c-myc transcription factor and proto-oncogene 
(Nanbru et al., 1997). Interestingly, translation 
of the latter two cellular genes can be 
enhanced by eIF4E overexpression – indicating 
cap-dependency – as well as by shutting down 
cap-dependent translation (Kevil et al., 1995; 
Rosenwald et al., 1995). 
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Recently a striking difference between cap-
dependent and IRES-independent translation – 
also named internal initiation – was discovered. 
As mentioned earlier, cap-dependent 
translation is usually greatly enhanced by 
PABP/eIF4E/eIF4G-mediated circularization 
of the RNA. In a recent study it was found, 

that effi cient IRES-mediated translation of 
c-myc and BiP does not require PABP or 
intact eIF4G; the poly-A tail alone seems to be 
enough for effi cient translation (Thoma et al., 
2004). Translation of these transcripts was not 
impaired after depletion of PABP from HeLa 
extracts, leading to the conclusion that the 

Figure 1. Cap-dependent and IRES-mediated translation under different conditions
(A) Cap-dependent translation can progress, since 4E-BP is phosphorylated and cannot prevent association 
of eIF4G with eIF4E. The black line depicts an RNA strand with it poly-A tail, the AUG start codon and the m7G 
cap. Note the scaffolding function of eIF4G, the binding of PABP (Poly-A binding protein) to eIF4G, and the 
eIF3 link with the 40S ribosomal subunit.
(B) Cap-dependent translation is halted, since the eIF4E binding domain of eIF4G is cleaved off by a viral 
protease (2Apro or 3Cpro).
(C) Cap-dependent translation is halted, because 4E-BP is dephosphorylated and can therefore bind to eIF4E, 
preventing the association of the latter with eIF4G.
(D) IRES-mediated translation is cap-independent and does not need eIF4E nor the eIF4E binding domain 
of eIF4G. Therefore, IRES-mediated translation can progress even in the presence of viral proteases and 
hypophosphorylated 4E-BP. Note the IRES trans-acting factors (ITAFs), associating with both the IRES and the 
scaffolding protein eIF4G. 

A

DC

B
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PABP/eIF4G bridging complex is dispensable 
for IRES-mediated stimulation of translation by 
the poly-A tail of the transcript. More research 
is necessary, however, to provide a better basis 
for these controversial fi ndings.
To date, several dozens of cellular proteins 
have been found that have an IRES in their 
5’ UTR enabling them to be translated 
under circumstances when cap-dependent 
translation is impaired. For example, VEGF 
and Hif1 have IRESes that are induced by 
oxidative stress (Stein et al., 1998; Lang et al., 
2002), IRES-mediated translation of cat-1 is 
induced by amino acid starvation (Fernandez 
et al., 2001), the recently found p53 IRES 
seems to become more active during DNA 
damage (Grover et al., 2008; Yang et al., 2006), 
and the c-myc IRES is specifi cally active during 
apoptosis (Stoneley et al., 2000), genotoxic 
stress (Subkhankulova et al., 2001) as well as 
G2M transition (Kim et al., 2003). In Chapter 5 
of this thesis, we add another protein to this 
growing list. Polycomb group protein Ring1b 
was found to also harbor an IRES in its 5’ UTR, 
one that is unusually small and highly active 
under all conditions tested. 

The role of eIF4E
Of the dozens of eukaryotic initiation factors 
involved in translation, 4E is the least abundant 
and therefore found to be the rate-limiting 
factor in translation experiments (Duncan et 
al., 1987). Inhibition of eIF4E leads to a strong 
decline in cap-dependent translation in the 
cell, as was demonstrated by depletion of eIF4E 
in cell-free extracts. In the same experiment, 
translation was fully restored by addition of 
recombinant eIF4E (Svitkin et al., 1996). The 
low abundance of eIF4E makes it an attractive 
target for regulatory mechanisms, controlled 
by both the cell as well as by foreign agents 
or viral proteins. Indeed, cellular regulatory 
mechanisms for eIF4E activity were found at 
the transcriptional level, by phosphorylation 
and by binding to inhibitory proteins. 

eIF4E was found to be strongly upregulated at 
the transcriptional level in mouse embryonic 
fi broblasts by treatment with growth factors 
and subsequent logarithmic growth of the 
cells (Rosenwald et al., 1993). A correlation 
in different stages of the cell cycle was found 
between mRNA levels of myc and eIF4E 
during this treatment. It was proposed that 
upregulation of eIF4E was likely to be necessary 
in fast-growing tumor cells. Indeed, several 
studies have pointed to strong correlations 
between elevated mRNA levels of eIF4E, tumor 
progression and malignant transformation 
(Schmidt, 2004; Mamane et al., 2007). Moreover, 
stable myc overexpression results in increased 
levels of eIF4E, and eIF4E and myc cooperate 
in B-cell lymphomagenesis (Ruggero et al., 
2004). Several myc binding sites (E-boxes) were 
identifi ed in the eIF4E promoter (Jones et al., 
1996). 
Dephosphorylation of eIF4E was found 
to be directly related to translation rates. 
More specifi cally, heat-shock induces rapid 
dephosphorylation of eIF4E and a strong decline 
in translational activity (Duncan et al., 1987). Of 
note, the opposite effect is less unambiguous, 
although in most cases phosphorylation of 
eIF4E on Ser209 by Mnk1 kinase seems to 
promote translation (Waskiewicz et al., 1999), 
and in case of several tumor cell lines to be even 
essential for translation (Silva and Wendel, 2008; 
Wendel et al., 2007). Interestingly, the Mink1/2 
kinases are dispensable in mice, making them 
an interesting target for anti-cancer therapies 
(Ueda et al., 2004). In a study where translation 
rates were investigated after the recovery of 
human kidney cells from hypertonic stress, 
hypertonic shock caused inhibition of protein 
synthesis and disaggregation of polysomes 
(Vries et al., 1997). This was associated with the 
dephosphorylation of several initiation factors 
and ribosomal proteins, among which was 
eIF4E. The return of cells to isotonic medium 
rapidly promoted the phosphorylation of 
eIF4E, promoted polysome assembly and 
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increased translation rates. Interestingly, using 
an inhibitor of Mnk1, it was shown that de novo 
initiation of translation and formation of the 
eIF4F initiation complex did not require eIF4E 
phosphorylation. The functional consequences 
of the phosphorylation state of eIF4E in 
translational control is therefore far from 
complete.
Perhaps the most interesting way of inhibiting 
eIF4E and therefore also global protein 
synthesis, is by its binding to inhibitory factors. 
The arguably best-characterized family of these 
is the 4E binding protein (4E-BP) family. These 
small (10 – 12 kDa) and tough (heat and acid 
resistant) proteins compete with eIF4G – the 
scaffolding subunit of eIF4F – for binding to 
eIF4E. Phosphorylation of 4E-BPs prevents their 
binding to eIF4E, allowing eIF4E to associate 
with eIF4G instead, resulting in initiation 
of translation. Overexpression of 4E-BPs, 
generating a lot of hypophosphorylated 4E-
BP and massive binding to eIF4G, results 
in inhibition of cap-dependent translation 
by preventing the formation of eIF4F. Cap-
independent translation is not affected (Poulin et 
al., 1998). Thus, 4E-BP phosphorylation strongly 
stimulates translation. Several proteins, among 
which are tumor suppressors (p53), hormones 
(insulin), growth factors (EGF, IGF, PDGF) and 
cytokines (TNF), have been identifi ed to 
promote 4E-BP phosphorylation, but as many 
factors have been identifi ed promoting 4E-
BP dephosphorylation (Constantinou and 
Clemens, 2005; reviewed in Mamane et al., 
2006), indicating there’s a strictly controlled 
balance between stimulating and inhibiting 
translation. 
Several inhibitors have been identifi ed acting 
in the 4E-BP pathway, of which rapamycin is 
perhaps the best known. Remarkably, dependent 
on the mRNA one looks at and the cell type one 
uses, rapamycin can be either a potent inhibitor 
of cap-dependent translation or no inhibitor at 
all (Pedersen et al., 1997), but in most cases the 
former is true and as such it is often employed 

in experimental settings (Beretta et al., 1996). 
Rapamycin acts intracellularly by binding 
to FKBP12, an immunophilin with peptidyl-
prolyl cis-trans isomerase (PPIase) activity, and 
subsequently to mTOR (mammalian target of 
rapamycin), inactivating it. Several inhibitors 
of mTOR, a kinase downstream of the Akt 
pathway and capable of stimulating translation 
by phosphorylating 4E-BP, are promising 
candidates for anti-cancer therapies, some of 
which are currently undergoing clinical trials 
(Mamane et al., 2006; Garcia-Maceira and 
Mateo, 2008; Smolewski, 2006; Mita et al., 2003; 
Shor et al., 2008). 
An interesting fi nal way of targeting the eIF4E 
subunit, is indirectly. Certain viruses employ 
proteases that cleave off the eIF4E binding 
domain of eIF4G (fi gure 1B & D), thereby 
preventing association of eIF4E with eIF4G, and 
as a consequence blocking the assembly of 
the eIF4F initiation complex (Haghighat et al., 
1996). These proteases, which are also useful 
in experimental settings, are discussed in more 
detail below.  

Viral IRESes
Since viral proteins themselves are often 
translated via IRESes, viruses would greatly 
benefi t from shutting down cap-dependent 
translation in a cell, leaving the host’s 
ribosomes fully available to the virus. Indeed, 
all picornaviruses and many other viruses 
have been found to harbor IRES-driven 
transcripts. In fact, IRESes were fi rst identifi ed 
in picornaviruses (Pelletier et al., 1988). 
None of the transcripts of these viruses has 
a capped 5’ end, ruling out cap-dependent 
translation. Since then, a complex picture of 
cap-independent translation strategies by 
viruses has become apparent (reviewed in 
Martinez-Salas et al., 2008). Among others, 
viral IRESes have now been identifi ed in 
poliovirus (Pelletier et al., 1988), hepatitis A 
virus (Glass et al., 1993), encephalomyocarditis 
virus (Jang et al., 1988), cricket paralysis virus 



44

Control of Protein Levels by 5’ UTRs Chapter 2

(Wilson et al., 2000), human immunodefi ciency 
virus (Buck et al., 2001), and Kaposi’s sarcoma-
associated herpes virus (Bieleski and Talbot, 
2001). 
Picornaviruses, being the fi rst organism in 
which viruses were identifi ed, have been a 
well-studied model organism for IRESes since 
then. Their genome consists of 7000 – 8500 
nucleotides in a single-strand RNA molecule 
enveloped by a capsid. The genome is a single 
open reading frame (ORF) fl anked by extensive 
5’ and 3’ UTRs of up to 1200 nucleotides. Their 
IRESes are generally between 300 and 500 
nucleotides long and located in the 5’ UTR, 
exhibiting signifi cant secondary structure and 
containing numerous unused AUG codons. 
Remarkably, these two features are generally 
considered to be inhibitory for translation. 
Translation of picornavirus transcripts however 
is very effi cient, even when cap-dependent 
protein synthesis is abolished (Belsham and 
Sonenberg, 1996). 
To hijack the host cell’s cap-dependent 
translation machinery, viruses use several 
different strategies. As mentioned above, 
some viruses (e.g. rhinovirus, poliovirus) 
employ proteases (protease 2A or 3C, also 
referred to as 2Apro and 3Cpro) that cleave 
off the eIF4E binding domain of eIF4G, 
preventing the assembly of the eIF4F initiation 
complex and effi ciently shutting down protein 
synthesis (Haghighat et al., 1996). Experiments 
in HeLa cells with 2Apro and 3Cpro under 
the control of a tetracycline promoter led to 
rapid apoptosis (Calandria et al., 2004). 2Apro 
and 3Cpro are interesting tools in molecular 
biology, since they only cleave off the subunit 
responsible for cap-binding, leaving the rest 
of the complex intact, including the domain 
in eIF4G responsible for binding to eIF3, 
the initiation factor that recruits eIF4G to 
the 40S ribosomal subunit. Recently, it was 
established that 2Apro and 3Cpro not only act 
as proteases, but also have a positive effect on 
viral RNA stability, translation, negative-strand 

initiation and replication in HeLa cells. The 
authors propose that since other viral proteins 
were not required for the observed effects, it is 
likely that cellular proteins modifi ed by 2Apro 
mediate these effects (Jurgens et al., 2006). 
Another method of shutting down cap-
dependent translation used by certain viruses, 
is to infl uence signaling pathways culminating 
at eIF4E, by changing the phosphorylation 
status of eIF4E or 4E-BP. As explained 
above, hypophosphorylated forms of eIF4E 
and hyperphosphorylated forms of 4E-BP 
stimulate translation (fi gure 1A). Infection with 
both encephalomyocarditis virus (EMCV) and 
poliovirus inhibit 4E-BP1 phosphorylation 
(Gingras et al., 1996). Dephosphorylation 
of 4E-BP1 temporally coincided with the 
shutdown of protein synthesis by EMCV. 
Infection with adenovirus and infl uenza virus 
also causes dephosphorylation of eIF4E (Kleijn 
et al., 1996). In this study, a strong temporal 
correlation with the moment of virus entry 
into the host cell was established. However, 
as is the case with EMCV and poliovirus, the 
precise mechanisms by which the viruses go 
about this dephosphorylation, remains unclear. 
Interestingly, a recent study demonstrated 
that human cytomegalovirus (HCMV) infection 
activates signaling in the mTOR kinase pathway, 
causing hyperphosphorylation of 4E-BP and 
promotion of cap-dependent translation 
(Kudchodkar et al., 2006). Although this effect 
is the opposite of what many viruses with IRES-
drive transcripts do, it might give a clue in what 
direction we should look to unravel the viral 
mechanism that changes the phosphorylation 
status of 4E-BP during infection.

Cellular IRESes
Shortly after the identifi cation of the fi rst viral 
IRESes, a cellular IRES was found in the 5’ 
UTR of the GRP78 (78 kDa glucose-regulated 
precursor, also known as immunoglobulin heavy 
chain binding protein, BiP, or steroidogenesis-
activator polypeptide) (Macejak and 
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Sarnow, 1991). Subsequent studies tried to 
fi nd indications about the extend of IRES-
regulated cellular proteins. An interesting fi rst 
indication was that fi ve percent of all mRNAs 
remained associated with polyribosomes 
during poliovirus-induced shutdown of cap-
dependent translation (Johannes et al., 1999). 

The authors stated that it is likely that many of 
these mRNAs are translated via IRES-mediated 
mechanisms. A more recent study fi nds three 
percent in MCF7 cells during TRAIL-induced 
apoptosis (Bushell et al., 2006). Nowadays it 
is believed that as many as ten percent of all 
cellular proteins harbor IRES-like structures in 

gene name species IRES size (nt) function/involved in

AML1/RUNX1 Homo sapiens 1561 proliferation 1

Apaf-1 Mus musculus 583 apoptosis
AQP4 Homo sapiens 284 membrane channel
BCL2 Homo sapiens 1137 apoptosis
c-myc Homo sapiens 393 proliferation, differentiation
Cat-1 Rattus norvegicus 224 amino acid transporter
Cyclin D1 Homo sapiens 209 cell cyclus control
ELG1 Homo sapiens 460 genome stability maintenance
FGF1 Homo sapiens 434 proliferation
FMR1 Homo sapiens 252 RNA metabolism
Hif1α Mus musculus 257 cellular metabolism
hSNM1 Homo sapiens 918 exonuclease
IGF2 Homo sapiens 121 proliferation
Kcna4 Mus musculus 1197 voltage-gated potassium channel
L-myc Homo sapiens 52 proliferation, differentiation
LEF1 Homo sapiens 1167 differentiation
c-myb Homo sapiens 150 proliferation
MYT2 Homo sapiens 156 topoisomerase
n-myc Homo sapiens 320 proliferation, differentiation
NRF Homo sapiens 637 infl ammation inhibitor
ODC1 Rattus norvegicus 303 amino acid metabolism
p27kip1 Homo sapiens 152 cell cycle regulation
DAP5 Homo sapiens 306 translation initiation factor 2

PDGF2/c-sis Homo sapiens 1022 proliferation
PIM1 Homo sapiens 396 proliferation
RBM3 Mus musculus 22 translation regulation
Utrn Mus musculus 506 cytoskeleton
XIAP Homo sapiens 162 inhibition of apoptosis

1 The TEL-AML1 fusion protein is involved in childhood leukemias
2  eIF4G family member implicated in stimulating cap-independent translation

Table 1. An alphabetic list of a selection of experimentally verifi ed cellular IRESes found in 
mammals
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their 5’ UTR (Stoneley and Willis, 2004; Spriggs 
et al., 2005). It is unclear, however, how many of 
these transcripts absolutely require their IRES, 
or how many transcripts use the IRES merely 
as an additional regulatory layer. A constantly 
updated list of independently verifi ed cellular 
IRESes can be found on the net: http://iresite.
org (Bonnal et al., 2003), and a selection of 
cellular IRESes is depicted in Table 1 on the 
next page.
Whereas for viruses the benefi t of IRES-
driven transcripts is quite clear, for cellular 
transcripts this is less obvious. Why would an 
organism invest in complicated 5’ UTRs and 
alternative translation mechanisms, when 
there is no apparent cellular infrastructure to 
effi ciently use them? The answer comes from 
a number of well-established cellular IRESes, 
whose function was characterized under 
specifi c circumstances where cap-dependent 
translation in stopped. These circumstances 
include viral infection, reduced amino acid 
availability, high temperature, genotoxic 
stress, mitosis, and oxidative stress. It is now 
generally believed, that cells often use IRESes 
to support translation of certain vital proteins 
under conditions that normally only favor 
cap-dependent mechanisms of translation 
(fi gure 1D). 
The c-myc IRES is probably one of the best-
characterized cellular IRESes. Since the c-myc 
transcript is capped and translated in a cap-
dependent manner as well, it was immediately 
assumed that the c-myc IRES provided an extra 
regulatory element rather than an exclusive 
translation mechanism. Subsequent studies 
revealed that the c-myc IRES is active during 
mitosis (G2M transition) (Pyronnet et al., 2000) 
and apoptosis (Stoneley et al., 2000). In the 
latter study, it was demonstrated that c-myc 
was still translated when more than 90 percent 
of the HeLa cells were apoptotic as a result of 
administration of TRAIL (tumor necrosis factor-
related apoptosis-inducing ligand). In 1996 
c-myc was the subject of a study in which a 

fi rst relationship between cancer and an IRES 
was established. A mutation was found in the 
c-myc IRES, corresponding with up to 25-fold 
increase in the amount of c-myc protein in 
different cell lines derived from patients with 
multiple myeloma (Paulin et al., 1996). This was 
not accompanied by a mutation in the c-myc 
ORF or by an increase in the overall levels of 
c-myc mRNA, but there was a 3.4-fold increase 
in the amount of c-myc mRNA associated with 
polysomes, indicating enhanced translation 
rather than enhanced transcription. 
Another interesting example of a gene 
employing IRES-mediated translation 
strategies under diffi cult circumstances, is the 
cationic amino acid transporter (cat-1). Cat-1 
facilitates the uptake of the essential amino 
acids arginine and lysine. It was demonstrated 
that amino acid starvation causes accumulation 
and increased translation of cat-1 mRNA 
from its IRES element, resulting in a 58-fold 
increase in protein levels and increased uptake 
of arginine (Fernandez et al., 2001). From 
a biological perspective this makes perfect 
sense: when the nutrient supply is limited, 
activation of IRES-mediated translation of 
mammalian mRNAs results in the synthesis of 
proteins essential for cell survival.
A fi nal intriguing example of a cellular IRES 
comes from an initiation factor itself, the 
eIF4F scaffolding subunit eIF4G. In 1996, an 
IRES was identifi ed in the 5’ UTR of the most 
abundant of both eIF4G proteins (encoded 
by different genes), eIF4GI (Gan and Rhoads, 
1996), which was later characterized in more 
detail (Byrd et al., 2002; Gan et al., 1998). In 
2002, another group challenged this claim and 
showed that what was previously thought to 
be an essential polypyrimidine tract (PPT) in 
the eIF4GI IRES, was actually an essential part 
of a cryptic promoter, possibly encoding a 
truncated isoform of eIF4GI (Han and Zhang, 
2002). The authors showed binding of C/
EBP, Sp1 and Ets transcription factors in the 
cryptic promoter and found no evidence for 
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IRES activity in their own dicistronic vectors. 
In 2005, however, it was reported that eIF4GI 
contains a cap-dependent IRES, adding to 
the confusion (Byrd et al., 2005). The authors 
attribute previous contradictory fi ndings to 
confusion over the different eIF4GI open 
reading frames and isoforms, and show 
convincing evidence that eIF4GI is controlled by 
both cap-dependent as well as IRES-mediated 
mechanisms. They fi nd that eIF4GI is expressed 
from several distinct mRNAs, generated from 
cryptic promoters and via alternative splicing. 
Several transcripts contain the IRES element, 
but the IRES was not confi ned to the 5’ UTR. 
However, the 5’ UTR did enhance IRES activity 
in vivo and seemed to play a role in initiation 
codon selection. Spectacularly, whereas IRES 
activity was found to be cap-dependent, it 
was activated by 2Apro-mediated cleavage 
of eIF4GI. In line with this fi nding, it still was 
able to promote translation during poliovirus-
infection. So eIF4GI needs a cap to be present 
on its transcript, but can do without the 
cap-binding subunit of the eIF4F initiation 
complex.
These fi ndings show there’s still a lot we don’t 
know about alternate translation mechanisms, 
but there is now growing evidence that certain 
genes employ multiple strategies of translation 
initiation, dependent on the conditions in the 
cell. Also, the eIF4GI story warned us for the 
fi rst time that stringent test procedures are 
necessary to validate the claim that a certain 
gene harbors an IRES. 

Structure/function relationships 
One of the greatest goals in initial IRES research 
was to fi nd a common motif or structure for 
all IRESes. Now it’s clear such a thing does not 
exist. IRESes do share some common features, 
however. It is clear, that for an IRES to function, 
it needs an RNA sequence capable of folding 
back to itself and form a complex three-
dimensional structure that can be recognized 
by IRES Trans-Acting Factors (ITAFs, explained 

in more detail below). For this structure to be 
stable and function as a barrier for the eIF4A 
helicase subunit of the eIF4F initiation complex, 
the RNA sequence must contain relatively 
many guanine and cytosine nucleotides. (Since 
promoter regions often also contain GC-rich 
regions called CpG islands, this is a diffi culty in 
identifying novel IRESes.) Also, it appears to be 
of less importance than in transcripts translated 
via canonical scanning, for the initiator codon 
to be in an appropriate context. In many 
cases it has been reported that a certain IRES-
baring transcript does not start translation 
from an initiator codon with a proper Kozak 
consensus sequence (GCCRCCAUGG; where R 
is a purine, and AUG the translation initiation 
codon). It was suggested that the structure 
of the IRES and its infl uence on the ribosome 
ultimately determines the initiator codon to be 
used, rather than the nucleotides in the close 
proximity of the AUG used (Spahn et al., 2004). 
Based on computer predictions, a common IRES 
structure containing a Y-shaped pseudoknot 
stem-loop structure followed by a smaller stem-
loop for at least part of an IRES was proposed 
(Le and Maizel, Jr., 1997), but there’s still a lack 
of experimental verifi cation and exceptions 
are also known. Most of the known structure/
function relationships nowadays come from 
the many studies that describe site-directed 
mutagenesis analyses of specifi c IRESes. These 
fi ndings give a very mixed image. Sometimes 
conserved regions are dispensable, in other 
cases single mutations can completely abolish 
IRES function. Unfortunately, due to a lack of 
common motifs, it has to be concluded that 
these data are generally only useful for that 
particular gene. 
Several classes or types of – mainly viral – IRESes 
have been introduced, but due to the number 
of different types and the lack of more than two 
or three members of every type, the use of such 
a system is questionable. For certain viruses 
within the same species or subtype, however, 
common structures have actually been found. 
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These consist of complex stem-loop structures, 
pseudoknots, polypyrimidine tracts and loose 
regions (reviewed in Martinez-Salas et al., 
2008). Interestingly, some highly infectious 
viruses such as foot-and-mouth disease 
virus (FMDV) have developed compensatory 
mutations to counteract mutations within 
an IRES sequence to maintain the predicted 
structure of the IRES, suggestive of strong 
dependency on three-dimensional structure 
rather than nucleotide sequence (Martinez-
Salas et al., 2001). Picornaviruses seem to have 
IRESes with a modular organization, with each 
module separated from other modules by 
loose regions with less conservation between 
species (Pilipenko et al., 2000). Every domain 
is suggested to have a distinct function in 
the IRES. For example, domains 4 and 5 are 
capable of binding to eIF4G, eIF4B, eIF3 and 
polypyrimidine tract binding protein (PTB), but 
were found to be insuffi cient to start translation. 
In this model, every domain is necessary but 
not suffi cient to initiate protein synthesis.
Probably most of today’s knowledge of a 
structure/function relationship in an IRES came 
from two studies in which a cryo-EM structure 
was determined of the cricket paralysis virus 
(CrPV) IRES attached to the human 40S 
ribosomal subunit and the yeast 80S ribosome 
(Spahn et al., 2004; Schuler et al., 2006). It was 
proposed before that CrPV skips the initiation 
phase and jumpstarts translation directly to 
elongation, being able to recruit the entire 
ribosome and necessary elongation factors 
via its IRES. CrPV would then position the fi rst 
codon directly into the ribosomal A site, which 
is highly unusual because initiation normally 
starts from the P-site. The cryo-EM studies 
confi rm this idea, showing that the CrPV IRES 
in fact functions as an RNA-based translation 
factor, interacting directly with the 40S and 
60S subunits as well as with components of 
the A-, P- and E-sites. The interactions induce 
conformational changes in both the IRES as 
well as in the ribosome. 

For cellular IRESes, the picture is even less clear. 
One interesting difference between viral IRESes 
and cellular IRESes, is their difference in size. 
Whereas viral IRESes are generally between 
400 and 1500 nucleotides long, cellular IRESes 
can be as small as 176 nucleotides (FGF2) 
and are rarely longer than 800 nucleotides. A 
second shared feature between viral IRESes 
and cellular IRESes is that in many cases both 
harbor a polypyrimidine tract, albeit slightly 
more often in viruses than in cells (Bushell et 
al., 2006). In general, cellular IRESes do not 
share structural motifs or sequences, not even 
between homologues, which makes analysis 
diffi cult. For example, the myc family of proto-
oncogenes – consisting of c-myc, N-myc, 
and L-myc – all harbor IRESes in their 5’ UTR 
(Jopling et al., 2004; Jopling and Willis, 2001; 
Stoneley et al., 1998), but their IRESes are 
not at all similar in structure nor in sequence. 
Computational predictions (mFold software) 
combined with experimental evidence (RNase 
treatment) revealed, that the L-myc IRES is 
small and relatively compact, whereas the 
c-myc IRES is much larger and more open, and 
is predicted to have a very different structure 
(West et al., 1998). The authors suggested 
that IRESes of cellular transcripts that also use
cap-dependent translational mechanisms, 
like the myc family of genes, have a less 
rigid – hence more dynamic and possibly 
less conserved – structure to facilitate
traditional canonical scanning. 
A third, important difference between viral and 
cellular IRESes in terms of structure/function 
relationship, is that cellular IRESes often retain 
part of their function when parts of the IRES 
are deleted. In line with this fi nding, individual 
pieces of a cellular IRES often have a certain 
capacity left to promote translation initiation. 
Both of these observations imply that their 
function/structure relationship is not as rigid as 
in viral IRESes (Le Quesne et al., 2001). 
In some assays, binding of small sequences 
within the cellular IRES to components of the 
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translational machinery have been demonstrated. 
For example, only 9 nucleotide long sequences 
within the IRESes of the cellular proteins Gtx 
and Rbm3 are capable of promoting internal 
initiation (Chappell and Mauro, 2003; Chappell 
et al., 2000). They also bind to the 40S ribosomal 
subunit in cell-free assays. It was suggested that 
these short sequences in the IRESes can directly 
bind to complementary sequences (nucleotides 
1132-1124) in the 18S rRNA, which is a part of 
the 40S ribosomal subunit. Supporting this idea, 
which has not been tested yet, is that the part 
of the 18S rRNA responsible for the interaction, 
is exposed on the outside of the ribosome and 
therefore thought to be accessible. Remarkably, 
a synthetic multimer of the 9 nt sequence, cloned 
in the original IRES, enhanced the activity of the 
IRES 570-fold, but a naturally occurring identical 
sequence in the FGF2 IRES has no apparent 
effect and can be deleted without infl uencing 
IRES activity (Bonnal et al., 2003). 
It has now become clear that there’s no such 
thing as ‘the’ mechanism by which IRESes 
act as translation initiators. Supporting 
this idea are the great differences in three-
dimensional structure, nucleotide sequence, 
length, requirement of ITAFs (see below), and 
requirement of initiation factors. Especially the 
latter is striking: studies with specifi c inhibitors 
and dominant negative mutants have shown, 
that CrPV does not need any of the members 
of the eIF4F complex (eIF4E, eIF4G, eIF4A) and 
eIF3 and eIF2, whereas HCV needs only eIF3 
and eIF4, and EMCV and most cellular IRESes 
can only do without eIF4E (Svitkin et al., 2001; 
Chard et al., 2006). 

IRES trans-acting factors
One of the most remarkable features of schematic 
drawings of IRES-mediated translation, is the 
high number of question marks and lack of 
detail in the drawing. Although many proteins 
were found to interact with IRESes, in many 
cases there’s no clear functional explanation 
and the interaction was not experimentally 

coupled to a known function in vivo.
IRES Trans-Acting Factors (ITAFs) are referred to 
as proteins specifi cally interacting with IRESes to 
stimulate or inhibit internal initiation, possibly 
exerting cell-type-dependent or condition-
dependent specifi city. ITAFs probably act as 
RNA chaperones, keeping the IRES in a certain 
conformational shape or attached to the eIF4A/
eIF4G complex (fi gure 1D). This defi nition 
includes most initiation factors, although this 
is highly dependent on the conditions and the 
type of viral or cellular IRES, as we have seen in 
the previous paragraphs. 
One of the fi rst indications that also non-
initiation factors might be involved in IRES-
mediated translation, came from a study in 
which HeLa cell extracts enhanced the activity 
of a picornavirus IRES in a cell-free translation 
system (Dorner et al., 1984). This led to the 
conclusion, that certain cells contain essential 
trans-acting factors for IRES-mediated 
translation, although in this study no specifi c 
candidates were mentioned yet. This came in 
1991, when a group discovered the interaction 
between polypyrimidine tract binding protein 
(PTB), then known as p57, with the IRES of foot-
and-mouth disease virus (Luz and Beck, 1991). 
As mentioned before, many viral and cellular 
IRESes harbor polypyrimidine tracts. PTB 
was found to bind to two distinct sites within 
the IRES, which have as the only common 
sequence a UUUC motif. Another group, 
however, recently identifi ed (CCU)n as a PTB 
binding motif being present in a large subset 
of cellular IRESes (Spriggs et al., 2005). The 
PTB/IRES interaction was further characterized 
by different groups, leading to an intriguing 
picture of different dependencies. For example, 
the wildtype EMCV IRES was perfectly capable 
of functioning without PTB, but when a stretch 
of adenines in the 5’ UTR of the transcript was 
made slightly longer from 6 to 7, the IRES 
became fully dependent on PTB (Kaminski and 
Jackson, 1998). Even more confusing, PTB seems 
to be able to either inhibit or stimulate IRES 
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activity of the cellular protein BiP, which was 
shown to bind PTB through the central region 
(nucleotides 50 - 117) of the BiP 5’ UTR (Kim et 
al., 2000). Addition of purifi ed PTB to a cell-free 
system and overexpression of PTB in COS7 cells 
inhibited BiP IRES-dependent translation, but 
depletion of endogenous PTB or addition of a 
PTB siRNA enhanced the translational initiation 
directed by the BiP IRES.  
After the identifi cation of PTB as an ITAF, many 
other ITAFs that interact with specifi c IRESes 
were found. These include hnRNPC (Sella et al., 
1999), poly (rC) binding protein (PCBP1) (Evans 
et al., 2003), La auto-antigen (Costa-Mattioli et 
al., 2004), upstream of N-ras (UNR) (Tinton et 
al., 2005), and far upstream element binding 
protein 2 (FBP2) (Lin et al., 2008). A recent study 
on ITAFs for the myc family of IRESes revealed 
four new candidates: G-rich RNA sequence 
binding factor 1 (GRSF-1), Y-box binding protein 
1 (YB-1), polypyrimidine tract binding protein-
associated splicing factor (PSF), and p54nrb 
(Cobbold et al., 2008). All four ITAFs were 
shown to positively regulate the translation 
of c-, L-, and N-myc in vivo and in vitro. This 
is remarkable, since former characterization of 
the myc IRESes revealed hardly any structural or 
sequence relationship between the three (West 
et al., 1998). Even more remarkable, protein 
synthesis from the BAG-1 and Apaf-1 cellular 
IRESes was not affected by YB-1, GRSF-1, or PSF 
levels in vivo, suggesting that these three ITAFs 
are specifi c to the myc IRESes. Earlier, three 
members of the poly (rC) binding protein family, 
PCBP1, PCBP2 and hnRNPK, were also found 
to bind the c-myc IRES, adding up to a total 
of seven ITAFs for c-myc (Evans et al., 2003). 
The authors also showed, that UNR, which was 
previously identifi ed as an ITAF involved in IRES-
mediated translation by rhinovirus, poliovirus, 
and Apaf-1 (Boussadia et al., 2003; Mitchell 
et al., 2001), stimulated c-myc IRES activity 
threefold when added in combination with 
PCBP1, PCBP2 or hnRNPK. Interestingly, the 
mutated version of the c-myc IRES prevalent in 

patients with multiple myeloma, bound hnRNPK 
more effi ciently in vitro and was stimulated by 
hnRNPK to a greater extent in vivo.
The binding of hnRNPC to the platelet-derived 
growth factor 2 (PDGF2) IRES is one of the few 
that is linked to a biological function, although 
the details are still unclear. PDGF2 has an IRES 
that becomes more active during differentiation 
(Bernstein et al., 1997). In nondifferentiated 
cells, the entire 5’ UTR is required for maximum 
IRES activity, but during differentiation a 
630-nucleotide fragment within the central 
region of the 5’ UTR is suffi cient. Interestingly, 
hnRNPC was found to specifi cally bind to 
this region important for IRES-activity during 
differentiation (Sella et al., 1999). hnRNPC 
binding activity to the IRES is mostly nuclear in 
nondifferentiated cells, whereas in differentiated 
cells its binding activity is associated with the 
ribosomal fraction. The authors suggest that 
these characteristics may constitute the major 
difference between relatively strong IRESes, 
such as those seen in some viruses, and IRESes 
serving as translational modulators.
Another interesting approach is a genome-wide 
search for predicted structure similarities between 
the IRES of X-linked inhibitor of apoptosis 
protein (XIAP) as a model IRES structure, and 
sequences in 5’ UTRs (Baird et al., 2007). Three 
new IRESes were found based on this approach, 
located in the 5’ UTRs of Aquaporin 4 (AQP4), 
ELG1 and NF-kappaB repressing factor (NRF). 
The structures of the AQP4 and ELG1 IRESes 
have limited similarity to the XIAP IRES; however, 
they share trans-acting factors that bind the 
XIAP IRES. The authors therefore confi rm the 
emerging idea that cellular IRESes are not 
defi ned by overall structure, as viral IRES often 
are, but are instead mainly dependent on trans-
acting factors for their function. 

The Ring1b IRES
In Chapter 5 of this thesis, we demonstrate 
the fi rst Polycomb group protein that harbors 
an IRES in its 5’ UTR, providing a new level of 
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post-transcriptional regulation of a PcG protein 
complex member. With a minimal length that 
still retains IRES function of only 91 bp, the 
IRES is unusually small. This has implications 
for its ability to function as an RNA chaperone, 
since its size puts some limits to what extend it 
can wrap itself around the ribosomal subunits 
and initiation factors, as was reported for CrPV 
(Spahn et al., 2004; Schuler et al., 2006). Yet, it 
is more active than several other cellular IRESes 
known to date and much more active than 
the EMCV IRES used in the same experimental 
settings. Ring1b seems to be largely dependent 
on the presence of the IRES for its translation, 
as Ring1b translation is clearly impaired when 
the IRES is not present in overexpression 
assays. Cryptic promoter activity was excluded 
by showing lack of expression of downstream 
open reading frames in promoterless 
constructs. Finally, we show a software-
predicted secondary structure, consisting of 
two stem-loops followed by a large, asymmetric 
Y-shaped structure. Point mutations and 
deleting the second stem-loop resulted in a 
decline in activity, whereas the substitution of 
a nucleotide creating a complementary base 
pair stabilized the structure, slightly enhancing 
activity. The striking similarity between the 
predicted structures of the human and mouse 
Ring1b IRES underscores the importance of the 
IRES in Ring1b translational control. 
Arguably the most striking feature of the 
Ring1b IRES is that it seems to be sensitive to 
the absence of an intact translation initiation 
complex, since it is much less active when the 
eIF4E binding domain is cleaved off of eIF4G 
by viral protease 2A. This observation suggests 
the Ring1b IRES is to some extend dependent 
on cap-dependent translational mechanisms. 
The reason for this could be indirect, in that 
the Ring1b IRES needs a trans-acting factor 
that is translated in a cap-dependent manner, 
but it is currently unclear which factor this 
could be. Another possible explanation comes 
from ribosome shunting, a discontinuous 

scanning mechanism that in result resembles 
IRES activity but requires a m7guanosine cap. 
However, shunting requires shunt donor 
and acceptor sequences to enable scanning 
ribosomes to bypass mRNA sequences in the 5’ 
UTR, none of which were found in the Ring1b 
5’ UTR. Finally, it could be that our tests on the 
Ring1b IRES sensitivity to 2Apro were biased 
towards a condition under which the IRES is 
actually sensitive to 2Apro. If indeed the IRES 
functions as an extra regulatory element rather 
than the most important way for Ring1b to be 
translated, it could be that the IRES’ sensitivity 
is dependent on ITAFs not present in the 
experimental conditions we used. Of course 
this is speculation and more experiments are 
needed to verify this possibility.
Of note, cap-dependent IRES translation is not 
unprecedented. As described earlier, eIF4GI – 
the most abundant of the two eIF4G proteins 
– itself was found to harbor a cap-dependent 
IRES, with no clear shunt donor and acceptor 
sequences (Byrd et al., 2005). Whereas eIF4GI 
IRES activity was found to be cap-dependent, 
it was actually activated by 2Apro-mediated 
cleavage of eIF4GI protein. Taken together, 
this suggests that the IRESes of eIF4GI and 
Ring1b may represent a special subclass of IRES 
sequences which in part require cap-translation 
initiation factors for optimal translation.
For many cellular proteins with an IRES a 
functional link between the IRES’s activity and 
the function of the protein were found. In case 
of Ring1b, this is somewhat more diffi cult, 
since no clear function of Ring1b has been 
established, apart from its E3 ubiquitin ligase 
activity. We speculate that the reason why 
Ring1b mRNA harbors an IRES, is because 
Ring1b protein needs to be present in a cell 
under all circumstances, and the IRES provides a 
backup system under circumstances where cap-
dependent translation is impaired. After testing 
many primary cell types, tumor cell lines and 
live tissue, we found no cell type with low levels 
or lack of Ring1b protein. All cells and tissues 
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tested have readily detectable levels of Ring1b 
protein. Also, our previous work indicated that 
Ring1b knockout mice die early in gestation, 
with severe defects in the mesoderm and 
deregulated hox gene expression (Voncken et 
al., 2003), suggesting a vital function for Ring1b 
already in early embryo development. The 
presence of an IRES might ensure translation 
of Ring1b in the early embryo under stress 
conditions such as low oxygen or limited amino 
acid availability. 
Another possible explanation for the need 
for Ring1b protein to be present at all times 
comes from differentiation studies with mouse 
embryonic stem (ES) cells. Recent genome-
wide studies show that PcG proteins are 
critically involved in keeping differentiation-
related genes silent in ES cells (Endoh et al., 
2008; Boyer et al., 2006; Lee et al., 2006). Since 
Ring1b seems to play an essential role in PRC1 
and early embryo survival, lack of Ring1b 
might compromise PRC1 function, leading 
to unregulated differentiation of stem cells, 
possibly resulting in cell death. This stem cell 
based explanation is further supported by the 
many reports that implicate Bmi1, a Ring1b 
interaction partner and regulator of Ring1b’s 
ubiquitin E3 ligase activity, in stem cell self-
renewal (Iwama et al., 2004; Lessard and 
Sauvageau, 2003; Leung et al., 2004; Molofsky 
et al., 2003). 
The apparent permanent need for Ring1b 
could be related to its known enzymatic 
function at the heart of PRC1, acting as a E3 
ubiquitin ligase for monoubiquitination of 
histone H2A. We and others have shown 
by protein crystallography, that Ring1b and 
Bmi1 strongly interact via their RING fi nger 
domains as well as via the Ring1b N-terminal 
tail, which wraps around Bmi1 (Buchwald et al., 
2006; Li et al., 2006). Together these proteins 
form an active E3 ligase heterodimer, capable 
of monoubiquitinating H2A more effi ciently 
than Ring1b alone. Truncated versions of both 
proteins, including the RING fi nger domains 

and small adjacent sequences, were shown to 
be suffi cient for heterodimerization, catalytic 
activity and substrate recognition (Buchwald et 
al., 2006), which leaves more than half of each 
protein for interaction with other proteins. Since 
PcG proteins act in large multimeric complexes, 
it is likely PcG members other than Bmi1 also 
provide a layer of regulation of Ring1b’s E3 
ligase activity. This is supported by the fi nding 
that an in vitro translated PRC1 core complex 
containing Ring1A, Ring1b, Bmi1 and Pc3 leads 
to higher levels of uH2A than Ring1b alone 
(Cao et al., 2005), suggesting a synergistic 
effect of PRC1 on H2A monoubiquitination. 
Importantly, only lack of Ring1b abolishes 
H2A monoubiquitination (Wang et al., 2004), 
indicating PRC1 without Ring1b cannot 
monoubiquitinate H2A. Indeed, loss of Ring1b 
results in rapid deubiquitination of H2A and 
apoptosis (Endoh et al., 2008b, Van der Stoop 
and Boutsma, unpublished observations). 
There has been a long-standing correlation 
between decreased levels of uH2A and 
apoptosis (Mimnaugh et al., 2001; Marushige 
and Marushige, 1995), which might point to the 
idea that a minimal level of uH2A is necessary 
for cell survival. This again supports the idea 
that Ring1b protein needs to be present under 
all circumstances, a requirement that could 
possibly be met by the presence of the newly 
found IRES. 
The Ring1b IRES in the 5’ UTR might also confer 
increased stability of the mRNA, providing 
a pool of Ring1b transcripts on standby. 
Increased stability is a common phenomenon 
to highly structured RNA, both with specifi c 
sequences in the 5’ untranslated region as well 
as in the 3’ untranslated region (Suay et al., 
2005). Indeed, the Ring1b 3’ UTR can be very 
large – fragments of up to 3.5 kb were found in 
the online databases – and specifi c stretches of 
up to 1 kb are remarkably conserved between 
mouse and human, just as its 5’ UTR. Increasing 
Ring1b mRNA stability in this way could point 
to a mechanism through which the presence 
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of Ring1b protein is secured by very different 
means than by maintaining translation, namely 
by providing a pool of Ring1b mRNA when 
general transcription is halted. 
Taken together, it is very likely that Ring1b 
protein needs to be present under virtually 
all circumstances. This idea is now strongly 
supported by the fact that Ring1b can be 
translated via its IRES under conditions when 
traditional cap-dependent translation is 

impaired, but also by the possibility that the 
presence of highly structured UTRs in the 
Ring1b mRNA contribute to its stability and 
therefore provide a stock of Ring1b mRNA when 
transcription is impaired. Further experiments 
on the exact events following the disappearance 
of Ring1b protein from a cell, preferably via a 
controlled experimental setup using conditional 
genetic inactivation, should give more insights 
into the role of Ring1b in the cell. 
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