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ABSTRACT

Internal ribosome entry sites (IRES) allow ribosomes
to be recruited to mRNA in a cap-independent
manner. Some viruses that impair cap-dependent
translation initiation utilize IRES to ensure that the
viral RNA will efficiently compete for the translation
machinery. IRES are also employed for the trans-
lation of a subset of cellular messages during
conditions that inhibit cap-dependent translation
initiation. IRES from viruses like Hepatitis C and
Classical Swine Fever virus share a similar struc-
ture/function without sharing primary sequence
similarity. Of the cellular IRES structures derived
so far, none were shown to share an overall
structural similarity. Therefore, we undertook a
genome-wide search of human 5UTRs (untrans-
lated regions) with an empirically derived structure
of the IRES from the key inhibitor of apoptosis,
X-linked inhibitor of apoptosis protein (XIAP), to
identify novel IRES that share structure/function
similarity. Three of the top matches identified by
this search that exhibit IRES activity are the 5UTRs
of Aquaporin 4, ELG1 and NF-kappaB repressing
factor (NRF). The structures of AQP4 and ELG1 IRES
have limited similarity to the XIAP IRES; however,
they share trans-acting factors that bind the XIAP
IRES. We therefore propose that cellular IRES are
not defined by overall structure, as viral IRES,
but are instead dependent upon short motifs and
trans-acting factors for their function.

INTRODUCTION

Viral infection often entails the hindering of the host cell’s
translation machinery in order that the viral genome is
expressed more efficiently relative to the expression of the
host’s proteins. In the Picornaviridae family of single-
stranded RNA viruses, a viral protease cleaves the

scaffolding translation initiation factors of the elF4G
family, thereby reducing the efficiency of the host cell’s
cap-dependent translation initiation and favouring the
alternate internal ribosome entry site (IRES) mechanism
used by the virus (1). The importance of this mechanism
for viruses has been best demonstrated in the attenuated
Sabin poliovirus strains used for worldwide polio vacci-
nation, which contains point mutations in the IRES
(2-4) that allow efficient translation in the gut but not in
neuronal cells.

Cap-dependent translation initiation is also rendered
less efficient under several cellular conditions, but specific
cellular mRNAs are still translated with relative efficiency
using the TRES mechanism for translation initiation.
Many fine reviews have been written on IRES in cellular
messages (5), viruses (6,7), stress and apoptosis (8-10).
Typical translation of cellular messages in eukaryotes
begins with the association of translation initiation factors
with the cap-binding protein factor, eIF4E, on the 5'end
of the message where the ‘cap’, a methyl’GDP nucleotide
resides. This complex, which includes elF4E, elF4G,
elF4A, elF3, the 40S ribosomal small subunit and an
activated start codon tRNA; will scan along the
untranslated region (UTR) of the mRNA until it finds a
suitable start codon where the large ribosomal subunit will
join and protein translation will begin. During mitosis,
cellular perturbation or stress, and apoptosis, canonical
initiation factors like elF4E, 4E-BPs, elF2a and the
elF4G family of proteins are either modified by changes in
phosphorylation state or by protein cleavage (11) and are
no longer available for efficient cap-dependent translation
initiation. The ribosome may also undergo some mod-
ifications as well (12). At these times, other protein factors
(13), many of which are part of the ribonucleoprotein
complex, are required to enhance translation initiation
through the IRES mechanism. An IRES is a stretch of
sequence usually upstream of the AUG start codon in the
5" untranslated region (UTR) of the messenger RNA that
along with the IRES frans-acting protein factors (ITAFs),
recruit the ribosome. It is not clear whether these
factors need a sequence motif or a RNA secondary
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structure/sequence motif combination to bind to IRES-
containing mRNAs. In viral IRESes, like HCV and
EMCYV, RNA secondary structure has been shown to be
crucial for IRES function (14-19). These structures are
also conserved in other viruses that do not share primary
sequence similarity. For example, the HCV IRES struc-
ture is similar to CSFV and BVDV (20,21), whereas
the EMCV IRES structure is shared with other
cardio- picornaviruses (22).

The secondary structure of the cellular IRES of ¢c-Myc
(23), L-Myc (24), Apaf-1 (25), FGF-2 (26), FGF1 (27),
Kvl.4 (28), Bag-1 (29), Igf2 (30), cat-1 (31), Mnt and
MTGS8a (32) have been empirically determined using
enzymatic and chemical probing, but no similarities
between the structures of these cellular IRES were
identified. This could be due to a much wider regulatory
range of translation initiation that is needed in distinct
cellular contexts relative to a virus’s need to translate its
messages more efficiently than the host’s transcripts.
Therefore, the possibility exists that there are structural
motifs that are shared in co-ordinately regulated as yet
undiscovered IRES.

Determination of viral IRES structures can often benefit
from the comparison of many sequences from the same
virus, using the variation of sequence to determine
which bases pair together. When a structure is preserved,
a mutation in a base will be coupled with a second site
mutation that preserves the base pairing, and therefore the
IRES structure. This co-variation analysis is not always
possible with a lower number of available mammalian
sequences, and therefore secondary structure determina-
tion requires enzymatic or chemical probing to determine
the secondary structure in lieu of tertiary structure analysis
with  NMR or X-ray crystallography. Computational
de novo secondary structure prediction has still not
achieved the accuracy needed to skip empirical structure
determination, but it can be used for comparative purposes
when at least one structure is known (33).

The X-linked inhibitor of apoptosis protein (XIAP) is
the key inhibitor of apoptosis by virtue of binding to and
inhibiting distinct caspases (34). It was shown that XIAP
mRNA is translated by an IRES-dependent mechanism
(35), and that this mode of XIAP translation is absolutely
required for maintaining protective levels of XIAP protein
in cells undergoing various forms of cellular stress (35-39).
Thus, it is likely that functionally similar IRES exist that
govern the expression of cellular genes involved in the
control of cellular growth, proliferation and death.
In this work, the secondary structure of the XIAP IRES
was determined using enzymatic probing. This structure
was then used to search a SUTR database using the
RSEARCH program (40), which predicted that several
mRNAs had some similar structure features. When tested
in a bicistronic reporter construct, two of these UTRs
from Aquaporin4 and the uncharacterized ELGI1 exhib-
ited IRES activity, while the SUTR of NRF was shown
previously to contain an IRES eclement (41). Further
structural and biochemical probing showed that XIAP,
AQP4 and ELGI1 share only limited RNA structure
similarity; however, additional biochemical analyses
demonstrated that they have several IRES trans-acting
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factors in common. These data prompt us to propose that,
unlike viral IRES elements, the cellular IRES are
primarily defined not by an overall common structure
but rather by common short RNA motifs and shared
trans-acting factors.

MATERIALS AND METHODS
Cell culture and transfection reagents

Human embryonic kidney (HEK) 293 and 293T cells were
maintained in standard conditions in Dulbecco’s modified
Eagle’s medium supplemented with heat-inactivated 10%
fetal calf serum, 2mM L-glutamine and 1% antibiotics
(100 units/ml penicillin—streptomycin). Transient transfec-
tions were performed using Lipofectamine Plus reagent
(Invitrogen) according to the manufacturer’s protocol.
Briefly, cells were seeded at a density of 3 x 10° cells/ml in
6-well plates and were transfected 24 h later in serum-free
Opti-MEM medium (Invitrogen) with 2 ug of DNA and
4l of lipid per well. The transfection mixture was
replaced 3 h later with fresh Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 2mM
glutamine and 1% antibiotics.

Bicistronic constructs

The pPgal/CAT bicistronic vector containing the minimal
human XIAP IRES was described previously as
pPBgal/5'(—162)/CAT (42). The empty vector was modified
to include an Nhel site upstream of the original Xhol site
to enable directional cloning of UTR sequences. The new
UTRs were isolated by reverse transcribing total RNA
from HEK 293T cells using the First-Strand cDNA
Synthesis kit (Amersham Biosciences) with random
hexamer primers and then PCR amplifying the UTRs
with the following specific primers: AQP4-Nhe-F
cgctagcAAGGACAGTTTGGATAAT, AQP4-Xho-R
cctcgagCCACCATGATGTTCTCT, ELGI1-Nhe-F cgcta
gcACTTTTGGTGGGCATTTA, ELGI1-Xho-R cctcgag
CTGGGCGGGGAATA, PCDI10-Nhe-F cgctagCCTCA
GTTGCTGGTAAG, PCD10-Xho-R cctcgagAAGCCAA
CTACAGTTGAA, VEGF-D-Nhe-F cgctagcACTTCTC
TGCATTTTCT, VEGF-D-Xho-R cctcgagTTTCAATAT
CCACTGATT, ZINCF-Nhe-F cgctAGCCTGAGAAGA
TGATGC, ZINCF-Xho-R cctcgaGCTTTCCCACATT
CACA. The bicistronic construct with the ATF4 SUTR
was provided as a gift from Dr Jamie Blais. The XIAP-
PPT construct with the —47 to —1 sequence removed was
previously described (35). The AQP4-PPT construct was
created using the AQP4-Nhe-F primer and the AQP4-
59-Xho-R primer CCTCGAGAGAAACAAATCAGCA
and cloning into the pPgal/CAT bicistronic vector. The
FLAG-tagged PTB-overexpressing construct was gener-
ated by inserting reverse transcription-PCR (RT-PCR)
amplified PTB-1 cDNA into the pcDNA 3 vector
(Invitrogen). The FLAG epitope was incorporated
into the N-terminus of PTB using the following primers:
5 —ggatccatggattacaaggacgacgacgataaggacggeattgtcecagat
(BamHI recognition site is underlined; FLAG-coding
sequence is italicized) and 5—ctcgagctagatggtggacttgga
gaag  (Xhol  recognition site is  underlined).
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The monocistronic constructs were made by deleting
out the [B-galactosidase open reading frames from the
bicistronic constructs using Notl. The hairpin sequence,
which was previously described (43), was inserted in the
Nhel site, which is 5’ to the UTRs.

RINA secondary structure determination

RNA secondary structures were determined using enzy-
matic probing with RNase T1, RNase A, RNase T2 and
RNase V1 according to the protocol supplied with the
Ambion enzymes. RNA was in vitro transcribed using the
MaxiShortScript kit (Ambion) following the manufac-
turer’s protocol. All RNA structures were examined from
both ends. Radioactive 5" end labelling was performed on
uncut RNA with Ambion’s KinaseMax Kit. Instead of
3’ end-labelling, cold, RNase digested RNA was reverse
transcribed using a fluorescent tagged primer from the
3’ end and the reaction was separated on a Licor IR? DNA
Sequencer alongside a control sequence reaction of the
same sequence. RNase cut sites were used as constraints
in either MFOLD (44) or RNASTRUCTURE (45) to
predict secondary structure models. The XIAP mutant
structures were probed with N-methylisatoic anhydride
(NMIA) following the protocol of Wilkinson et al. (46)
with the modification that reverse transcription took
place using a fluorescent tagged primer from the 3’ end
and the products were separated on a Licor IR* DNA
Sequencer alongside a control sequence reaction of the
same sequence. RNA samples were reacted with 160,
65, 32 and 16 mM NMIA. Concentrations of 32 and
16mM NMIA gave the best results for the amount
of RNA used.

Structure database search

A human 5UTR database was generated from the
ENSEMBL genome annotation site for NCBI build 34.
Exact duplicate UTRs were removed along with shorter
UTRs that fully overlapped other entries. The database
was supplemented with full-length UTRs of a published
IRES dataset (33). CT structure files were converted to
Stockholm format and used to search the UTR database
using the default parameters of RSEARCH on a grid of
6 Sun workstations.

pgal, CAT and NeoPTII analysis

Transiently transfected cells were harvested 24h post-
transfection in CAT enzyme-linked immunosorbent assay
(ELISA) kit lysis buffer (Roche), and cell extracts were
prepared using the protocol provided by the manufac-
turer. B-Galactosidase enzymatic activity in cell extracts
was determined by the spectrophotometric assay using
ONPG (o-nitrophenyl-p-p-galactopyranoside) (47), and
the CAT levels were determined by using the CAT
ELISA kit (Roche) and the protocol provided by the
manufacturer. Neomycin phosphotransferase II levels
were detected using neomycin phosphotransferase 11
ELISA (Agdia) following the protocol of the manufac-
turer. Transient transfections were performed in HEK 293
cells where neomycin phosphotransferase II was being
used because HEK 293T cells contain the NPTII gene.

Relative IRES activity was determined as a ratio of CAT
to P-galactosidase. Unless otherwise noted, the data
represent mean +S.E.M. of three independent experiments
performed in triplicates.

Quantitative RT-PCR

Total RNA was isolated from cells that were previously
transfected with the Pgal/CAT bicistronic constructs as
described above. For quantitative RT-PCR, reverse
transcription was carried out using the First-Strand
cDNA Synthesis kit (Amersham Biosciences) with Notl-
d(T),g primers. The quantitative PCR was performed using
the QuantiTect SYBR green PCR kit (Qiagen) and
analysed on an ABI Prism 7000 sequence detection
system using the ABI Prism 7000 SDS Software. Quanti-
tative PCRs were carried out to detect B-galactosidase
(5-ACTATCCCGACCGCCTTACT-3 and 5-CTGTAG
CGGCTGATGTTGAA-3) and CAT (5-GCGTGTTA
CGGTGAAAACCT-3 and 5-GGGCGAAGAAGTTGT
CCATA-3') as described previously (48).

RNA-affinity chromatography

Isolation of IRES-binding proteins was performed using a
modified RNA-affinity chromatography protocol (49).
Briefly, XIAP IRES RNA, AQP4 SUTR RNA, ELGI
5'UTR RNA, XIAPAPPT RNA and AQP4APPT RNA
were transcribed in vitro with the MEGAShortscript
transcription kit according to the manufacturer’s protocol
(Ambion), and were biotinylated at the 5 end with the
5" EndTag Nucleic Acid Labelling System according to the
manufacturer’s instructions (Vector Laboratories). The
biotinylated RNAs (15pg) were conjugated to Avidin-
agarose beads (Sigma) in the presence of incubation buffer
(10mM Tris-Cl [pH 7.4], 150mM KCI, 1.5mM MgCl,,
0.5mM DTT, 0.5mM phenylmethylsulfonyl fluoride,
0.05% [v/v] Nonidet P-40) at 4°C for 2 h with continuous
rotation. Unbound RNAs were removed by washing
beads twice with incubation buffer. Five hundred micro-
gram of 293T protein extract (in incubation buffer) was
added to the coated beads, along with 30 ug yeast tRNA
(Sigma) and 200 units of Prime RNase inhibitor
(Eppendorf). Reactions were incubated at room tempera-
ture with continuous rotation for 30min, followed by
incubation at 4°C with continuous rotation for 2 h. Beads
were washed five times with incubation buffer, resus-
pended in 20 ul of 1x SDS-PAGE loading dye, and boiled
for Smin to elute bound proteins. Proteins were then
separated by 10% SDS-PAGE and transferred to PVDF
membrane for analysis by western blot using antibodies
specific for La (50), hnRNP C1/C2 (AbCam), hnRNP
Al (Santa Cruz Biotechnology) and PTB (Zymed
Laboratories).

RESULTS
Determination of the XIAP IRES secondary structure

The SUTR of XIAP mRNA promotes cap-independent
translation initiation through the activity of an IRES
element located between nucleotides —162 to + 3 (relative



to the start codon) (42,51). Our recent investigations have
addressed the role of frans-acting factors in XIAP IRES
activity (42,51,52), yet little is known about the contribu-
tion of the RNA structure that is formed by this IRES
sequence to the function of the XIAP IRES. Several
studies have shown the importance of secondary structure
for viral IRES activity (14-19); however, the importance
of secondary structure for cellular IRES remains unclear.
We therefore hypothesized that if secondary structure is
an important determinant of cellular IRES activity, we
should be able to identify new cellular IRES by searching
for RNA sequences that form structures that are similar to
a known IRES element (e.g. XIAP IRES). As a first
approach to characterize the role of secondary structure in
cellular TRES activity, we empirically determined the
secondary structure of the XIAP IRES RNA. The
sequence from —162 to +3 of the XIAP 5UTR was
in vitro transcribed and subjected to digestion with
RNases T1, V1 and T2. The relative sensitivities of sites
to these RNases are presented in Supplementary Table 1.
We then used the information derived from the RNase T1,
V1 and T2 digests as constraints for folding the XIAP
IRES RNA sequence into a secondary structure using the
MFOLD structure prediction webserver (Figure 1) (44).
The model proposed has two domains with the first
domain having two stems, Ia and Ib, flanking an
unstructured region and the second domain, which is
smaller and contains a polypyrimidine tract in its major
stem that has previously been shown to be required for
IRES activity (35).

We also examined the effect of flanking sequences on
the structure of the XIAP IRES by including the first 50 nt
of the CAT ORF, which are immediately downstream
of the XIAP IRES in the bicistronic reporter plasmid
pBgal/(—162)/CAT. This region of the CAT ORF was
included so that the whole IRES region could be clearly
seen on sequencing gels from the reverse transcription of
RNA probed with RNases. As the CAT ORF would be
common to other IRES cloned into our Pgal/Cat
bicistronic construct, our labelled primer could be used
for all the structures analysed. We found that the
sensitivity to the RNases remained the same when the
first 50nt of the CAT ORF were included in the XIAP
IRES RNA (data not shown). Therefore, the flanking
sequences do not influence the XIAP IRES structure.

A genome-wide search for structures similar
to the XIAP IRES

We were interested in identifying novel IRES that are
structurally similar to the XIAP IRES, since the ability to
do so would suggest an important role for secondary
structure in cellular IRES function. Additionally, cellular
IRES that share a similar secondary structure may also be
regulated and/or function in a similar manner. We
therefore developed a method for searching a database
of 5UTR sequences for structural features that are similar
to a query sequence. A database of human 5UTR
sequences was compiled from the Ensembl database
using Ensmart (now known as BioMart) (53). The
sequences were filtered for redundancy by removing
exact duplicate matches, and 5UTR sequences that
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Figure 1. The proposed XIAP IRES RNA secondary structure model.
The sites sensitive to RNase TI, which cuts after single-stranded
guanine nucleotides, RNase T2, which cuts after single-stranded
nucleotides, and RNase V1, which cuts within regions of double-
stranded RNA, are shown on the derived structural model. These cut
sites were used as constraints in the MFOLD (44) program to predict
the secondary structure of the minimal XIAP IRES sequence. The full
list of sensitive sites is shown in Supplementary Table 1.

existed within longer 5'UTRs were discarded. The
SUTRs from published cellular and viral IRES were
added from an in-lab database (33) to the Ensembl-
created database. To search this database we used the
RSEARCH program, which is designed to search a
database with a sequence or sequence alignment that has
a known secondary structure (40). This program uses
scoring matrices built with alignments of the small subunit
rRNA, called RIBOSUM, to score for putative preserved
base pairings in both the query structure and the database
entry, as well as specific nucleotide matches in the
alignment. RSEARCH outputs a sequence and structural
alignment of the query structure and the RSEARCH-
predicted structure of the database entry for each match
that is above a user-defined cut-off score. We first tested
efficacy of the RSEARCH program for our objectives by
searching for SUTRs that are structurally similar to the
well-studied HCV IRES structure, which was defined for
this search by incorporating the latest NMR and crystal-
lographic data (33). A distribution of the RSEARCH
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A Distribution of RSEARCH scores for HCV IRES
structure search of human 5'UTR and IRES database
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Figure 2. The distribution of RSEARCH match scores from a search
of a human 5UTR and IRES sequence database with the HCV IRES
structure. (A) A histogram of the number of matches to the HCV IRES
structure for a given RSEARCH match score plotted in bins of 5 above
the score of 50. The number of matches includes multiple matches to
the same UTR. There were no matches with a score of 90 to 95.
(B) The match score and identity of the matching SUTR sequence.

match scores is shown in Figure 2A. The top matches were
the Hepatitis B isolate, GbvB, CSFV and the BVDV
5'UTRs (Figure 2B), all known to have similar structures
to the HCV IRES (20,21,54). The primary sequences of
either the CSFV SUTR or the BVDV 5SUTR lack
sufficient similarity to the primary sequence of the HCV
IRES to be found using BLAST (data not shown), and
were therefore identified due to structural similarity and
not sequence homology. The one high scoring match to
the human PLEKHG4 SUTR is perplexing. Although the
structural alignment to domain III of HCV is quite strong,
there are a couple of anomalies that suggest this match
may not be significant. First, the two gaps of PLEKHG4
at the analogous IIId and Ille loops of HCV are quite
large, 86 and 225nt, respectively, and the proposed
structure may not form as RSEARCH has predicted.
Second, the published IRESes so far have been fairly close
to the AUG start codons and this structure is over 200
bases upstream of the known start codon for PLEKHG4.
Although these differences suggest that PLEKHG4 would
not have a structure that matches the HCV IRES, it must
be noted that the match of PLEKHG4 to domain I1Ib of
the HCV IRES is quite good. Domain IIIb of HCV is
known to bind directly to elF3, the adapter protein
that normally binds the 40S ribosomal subunit and
elF4G (14,55).

A Distribution of RSEARCH scores
for XIAP IRES structure search
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Figure 3. The distribution of RSEARCH match scores from a search
of a human 5UTR and IRES sequence database with the XIAP IRES
structure. (A) A histogram of the number of matches to the XIAP
IRES structure for a given RSEARCH match score plotted in bins of 5
above the score of 15. The number of matches includes multiple
matches to the same UTR. (B) A selection of the top match scores
above the score of 35 showing the score and identity of the matching
S'UTR sequence.

After confirming the utility of our search process using
the HCV IRES structure, the XIAP IRES structure
(Figure 1) was next used as a query to search the same
database, and the distribution of the match scores for this
search is displayed in Figure 3A. As the minimal XIAP
IRES 170 nucleotide sequence we used is less than the
372 nt of the HCV IRES sequence, the likelihood of
structure or sequence matches is much less and therefore
the overall scores will be much lower. This is apparent, as
the exact match to the XIAP IRES is 332 compared to the
exact match to the HCV IRES with a score of 701. The
top matches for the XIAP IRES structure were the mouse
and rat XIAP IRES orthologs, which have similar primary
sequence, with scores of 173 and 144, respectively.
The highest match score for a 5UTR of human sequence
known to have an IRES was NRF (41), with a score of
35.5 and so we examined hits with scores over 35.



There were ~80 matches (in addition to the XIAP IRES
orthologs) with scores higher than 35, which represent a
range of 11-14% of an exact match score. In comparison
with the HCV structure search, the score for CSFV is just
under 14% of an exact match score of the HCV IRES
structure.

The NRF, AQP4 and ELG1 5'UTRs exhibit IRES activity

The SUTR of NRF was shown previously to contain
IRES activity (41), confirming that our search could
identify functional IRES. We therefore wished to test the
identified 5UTRs that had significant match scores
(i.e. >35) for IRES activity. Several criteria were used to
select five 5UTRs (denoted by an asterisk in Figure 3B)
from the list of potential structure matches for additional
testing. As all characterized IRES elements are located
just upstream of the AUG start codon, only matches that
were present in the 3’ end of the 5UTRs were chosen.
Structure matches that had non-aligning inserts greater
than 100 bases within the structural alignments were also
not chosen for further testing, as these may represent
structures unlikely to occur naturally. The sequences for
each of the five chosen 5UTRs were amplified by
RT-PCR using RNA isolated from HEK 293T cells as a
template, and the resulting products were subcloned into
the pPgal/CAT bicistronic reporter vector (35). The
5SUTR from ATF4, which has been shown to not have
IRES activity (Blais,J., personal communication), was also
cloned into the pPgal/CAT bicistronic vector and serves as
a negative control. These plasmids were subsequently
transfected into HEK 293T cells, and relative IRES activity
was determined by assessing the levels of B-galactosidase
and CAT expression. Of the five UTRs tested, only the
ELGI and Aquaporin 4 (AQP4) 5SUTRs exhibit IRES
activity, although this activity is much lower than that
exhibited by the XIAP IRES (Figure 4A).

To ensure that the IRES activity exhibited by these two
S'UTRs is not due to the function of a cryptic promoter
within the cloned UTR sequence, the CMV promoter
was excised from the vector. In such a promoterless
construct, any expression of CAT must be due to the
presence of cryptic promoter activity within the cloned
UTR sequence. The p-galactosidase and CAT protein
levels in extracts from HEK 293 cells transfected with
the promoterless bicistronic reporter constructs was
measured, and is expressed relative to the levels of the
neomycin phosphotransferase II (NPTII), which is also
contained on the bicistronic vector. NPTII expression is
driven by the SV40 promoter, and is therefore expressed
independently from the Pgal/CAT bicistronic RNA,
allowing NPTII expression levels to serve as a control
for transfection efficiency. None of the 5UTRs tested
displayed any cryptic promoter activity, as evidenced by
the absence of CAT expression from the promoterless
constructs (Figure 4B). The 5UTRs exhibiting IRES
activity were also tested for spurious splicing events by
performing quantitative RT-PCR (qRT-PCR) analysis of
mRNA isolated from transfected cells using oligonucleo-
tide primers specific to each of the Pgal and CAT open
reading frames (48). We did not detect any splicing events
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as the ratio of CAT to Bgal mRNA remained the same for
all of the constructs tested, which also demonstrates the
equivalent stability of all the messages (Figure 4C).

In order to confirm cap-independent activity of
messages with the 5UTRs of AQP4 and ELGI, we
constructed monocistronic constructs with these UTRs
and the CAT open reading frame with and without
upstream hairpin structures. Cap-dependent initiation
is inhibited in constructs where a thermodynamically
stable hairpin is added upstream of the coding region,
which hinders ribosome scanning initiated at the 5 end
of the message (43,56,57). The addition of an upstream
hairpin in the control pCAT construct significantly
inhibited translation of CAT (Figure 4D). In contrast,
translation mediated by AQP4, ELG1 and XIAP
5YUTRs was resistant to the inhibition by the stable
hairpin (Figure 4D). Therefore, these data indicate that
the ELG1 and AQP4 5'UTRs exhibit bona fide IRES
activity.

RNA secondary structure determination of the AQP4
and ELG1 5UTRs, and comparison to the XIAP IRES
structure

We have used XIAP IRES secondary structure to conduct
a genome-wide search for novel cellular IRES elements
that are structurally similar to the XIAP IRES. To
determine if the IRES-containing 5UTRs of AQP4 and
ELG1 were indeed identified by the RSEARCH program
due to actual structural similarities between these UTRs
and the XIAP IRES, the secondary structures of the
ELG1 and AQP4 5'UTR sequences were empirically
determined by RNase probing (Supplementary
Tables 3-6). The secondary structure models that were
generated for the AQP4 and ELGI1 5UTRs, and the
RSEARCH sequence/structure matches with the XIAP
IRES structure, are shown in Figure 5. Surprisingly,
the secondary structure of the ELGI1 IRES does not
exhibit any similarity to the structure of XIAP IRES
(Figure 5A). The sequences of ELG1 that RSEARCH
attributes to the base-paired stems of domain I or II of the
XIAP IRES do not anneal in the empirically determined
structure. Closer inspection of the ELG1 sequence shows
that it contains 35 AUG repeats, which could theoretically
allow it to form many structures, such as the one predicted
by RSEARCH.

However, the AQP4 S5'UTR structure contains a
domain that displays significant similarity to the structure
observed in the XIAP IRES domain II. Notably, a double-
stranded sequence in the AQP4 5'UTR that contains
a polypyrimidine tract is similar to the structure of
a polypyrimidine tract in the XIAP IRES (Figure 5B).
Both UTRs include the UUCUCUUUU motif. This
polypyrimidine tract has been shown previously to be
important for XIAP IRES activity, since upon deletion
or mutation of these sequences IRES activity is lost (35).
We therefore wished to determine if this polypyrimidine
tract is also important for AQP4 IRES activity. To this
end, the sequence between —59 and —3 within the AQP4
5'UTR (containing the polypyrimidine tract) was deleted
in the bicistronic vector, and the resulting construct was
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then tested for IRES activity. We found that deletion of there exists previous evidence in support of this claim.
the polypyrimidine tract sequences in both the XIAP and The polypyrimidine tract upstream of position —34 in the
AQP4 5'UTRs completely abrogates IRES activity XIAP IRES appears to form a stem (Figure 1). It is known

(Figure 6). Therefore, the polypyrimidine tract is abso- that the deletion of position —1 to —34 relative to the start
lutely required for the IRES activity of both the AQP4 codon does not affect activity (35) but would most likely
and XIAP 5UTRs. disrupt the stem formed with the polypyrimidine tract.

. o In order to determine if more disruption in XIAP
Changes in XIAP structure do not affect IRES activity IRES’s structure is possible without affecting IRES
The comparison of the AQP4, ELG1 and XIAP IRES activity, we tested several XIAP IRES mutants previously
structures suggest that they do not share similar RNA ~ made in our laboratory. It was apparent that several

structures. This could indicate that perhaps cellular IRES ~ mutants had similar or slightly better activity than the
structures are not as important as viral IRES. Indeed, wild-type XIAP IRES sequence (Figure 7A). The position
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of some of these mutations should not necessarily change
the IRES structure as they are in loop regions; other
mutants, however, are predicted to result in altered IRES
structure (Figure 7B). Using N-methylisatoic anhydride
(NMIA) to selectively probe for open regions of the RNA
structure (46) we found that at least two of the mutants,
Mut2-34 and 74c74-34, exhibited changes in their struc-
ture relative to the wild-type sequence. Importantly, these
mutants did not exhibit any loss in IRES activity.
Examples of these changes (denoted by either asterisks
for mutant 74c74-34 or an ‘o’ for Mut2-34; Figure 7B and
C) showed that the structural changes were not just at the
site of sequence mutations but were elsewhere in the IRES
as well. These data support our conclusion that overall
structure is not of primary importance for the XIAP
IRES’s activity.

The XIAP and AQP4 IRES elements interact with the
PTB ITAF via their polypyrimidine tracts

Although the structural similarity among the IRES
elements of XIAP, AQP4 and ELGI1 was weak, we
cannot rule out that these sequences share IRES
trans-acting factors (ITAFs), which allowed the ELGI
and AQP4 5'UTRs to be identified by our search protocol
because the ITAFs may have weakly similar binding
motifs (structural or sequence similarity) that would
contribute to the RSEARCH match score. ITAFs are
mRNA-binding proteins that are involved in a variety of
processes dealing with mRNA processing, and are there-
fore quite promiscuous in the mRNA to which they bind.
As the identity of ITAF-binding sites may be difficult to
assess from the primary sequences, we have used RNA-
affinity chromatography to isolate proteins that bind to
the TRES RNA sequences and have probed for the
presence of known ITAFs by Western blot analysis. It
has already been shown that the La autoantigen (51) and
hnRNP C1/C2 (42) bind to the XIAP IRES and enhance
its activity, whereas hnRNP A1 binds to the XIAP IRES

and reduces IRES activity (52). Western blot analysis
showed that the La autoantigen associates with the XIAP,
AQP4 and ELGI1 IRES, whereas hnRNP Al was found to
be associated with the XIAP and ELGI1 IRES elements,
and hnRNP C1/C2 were only found to be associated with
the XIAP IRES (Figure 8A). Since we have found that a
polypyrimidine tract is required for both XIAP and AQP4
IRES activity, we assessed whether the polypyrimidine
tract binding protein (PTB), a known ITAF for several
IRES elements (25,32,58-61), could associate with these
IRES sequences. Indeed, we found that PTB can associate
with both the XIAP and AQP4 IRES, but not the ELGI
IRES (Figure 8A). To confirm that the polypyrimidine
tracts of the XIAP and AQP4 IRES clements are required
for PTB binding we performed RNA-affinity chromato-
graphy using XIAP and AQP4 IRES RNAs in which the
polypyrimidine tracts have been deleted. We find that
deletion of the polypyrimidine tract in either the XIAP or
AQP4 IRES RNA abrogates PTB binding, but does not
disrupt the binding of other ITAFs (Figure 8B).
Therefore, the polypyrimidine tracts of the XIAP and
AQP4 IRES elements are important for ITAF binding.
Moreover, the SUTRs identified by our search share the
ability to bind to a similar cohort of trans-acting factors.

To elucidate the role of PTB in XIAP and AQP4 IRES
function, we tested the effect of PTB overexpression on the
activity of these IRES elements. We find that PTB is a
bona fide ITAF for both the XIAP and AQP4 IRES
elements, as it affects their activities (Figure 8C).
Surprisingly however, we find that overexpression of
PTB represses XIAP IRES activity, whereas PTB over-
expression enhances AQP4 IRES activity ~2-fold
(Figure 8C).

Together, our data suggest that motifs for ITAF
binding and the proteins that bind to these motifs may
be important determinants of IRES activity, rather than
the overall structure of the IRES itself.

DISCUSSION

In this work, we empirically determined the secondary
structure of the XIAP IRES and set out to identify novel
cellular IRES by searching for human 5UTR sequences
that display a structural similarity to the XIAP IRES. We
first tested the efficacy of our search protocol by using the
well-characterized structure of the HCV IRES to search a
database of human 5YUTRs and UTRs known to contain
IRES. This search effectively identified IRES from GbvB,
CSFV and BVDYV, which have been previously shown to
have structural similarity to the HCV IRES (20,21,54).
This exercise established that structurally similar UTRs
could be found using the RSEARCH program, thus
validating our approach. Our search of the human 5UTR
database using the structure of the XIAP IRES resulted in
the identification of five SUTRs in which the region with
structural similarity was in the correct position (at the
3’ end of the UTR, proximal to the AUG codon) and
orientation to exhibit IRES activity. Characterization of
the IRES activity of these identified sequences showed
that the YUTRs of AQP4, ELG1 and NRF promote
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Figure 7. Mutations in the XIAP IRES can alter the structure without affecting activity. (A) The relative IRES activity of each XIAP IRES mutant
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type XIAP IRES sequence, which is set to 100%. (B) The location of the mutations for each of the IRES mutants on the proposed XIAP IRES
structure is presented with the changed sequence. The —34 mutation refers to the mutants which have 34 nts deleted from the 3’ end of their UTR. (C)
In vitro transcribed RNA was reacted with NMIA, which preferentially modifies bases that have an open conformation in the RNA structure. The
RNA was reverse transcribed and the products separated on sequencing gels showing the relative sensitivity of bases to NMIA for the wild-type
XIAP IRES and the mutants Mut2-34 and 74c74-34. The first four lanes show the sequence reactions from a DNA template followed by the reverse
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beads coated with ELG1 5UTR RNA, or agarose beads alone. After protein binding, beads were washed extensively, pelleted, and proteins were
eluted by boiling and resolved by SDS-PAGE. Following separation by SDS-PAGE, proteins were transferred to PVDF membrane and probed with
anti-La, anti-hnRNP C1/C2, anti-hnRNP Al and anti-PTB antibodies. (B) As in (A) only using agarose beads coated with RNA of the XIAP IRES,
the XIAP IRES with the polypyrimidine tract deleted (XIAPAPPT), the AQP4 IRES, or the AQP4 IRES with the polypyrimidine tract removed
(AQP4APPT). (C) HEK293T cells were co-transfected with fgal/CAT bicistronic constructs containing the XIAP or AQP4 IRES and GFP or PTB
expressing plasmids. Each bicistronic construct is normalized to its relative IRES activity co-expressed with GFP.

IRES-dependent translation. However, empirical determi-
nation of the structure of the AQP4 and ELG1 5YUTRs
and subsequent comparison to the structure of the XIAP
IRES revealed that the structures of these sequences share
little similarity. We then found that a polypyrimidine
tract in the XIAP IRES and AQP4 IRES is absolutely
necessary for IRES activity, and that similar trans-acting
factors (ITAFs) can bind to these IRES sequences. Our
results lead us to propose that, unlike the viral IRES, the
overall structure of cellular IRES is not necessarily an
important factor in determining IRES activity, but rather
small motifs and the cohort of proteins that bind them
define cellular IRES activity.

It has been recognized that both viral and cellular IRES
do not share primary sequence homology, and therefore it
is not possible to identify mRNAs that harbour IRES
elements by comparison of sequence data using search
programs such as BLAST. This realization has presented a
barrier to the genome-wide identification of IRES,
resulting in the identification of mRNAs that contain
IRES in a piecemeal fashion—a message is suspected to be
translated under conditions that repress cap-dependent
translation and the SUTR is subsequently tested for IRES
activity. However, several studies have highlighted the

importance of secondary structure for the function of viral
IRES (14,15,17) and some viral IRES share structural
homology, suggesting that an underlying determinant for
function of viral IRES is the presence of specific structural
elements (62). We therefore hypothesized that cellular
IRES may also share structural homology, and that
comparison of the secondary structure of SYUTRs may be
a means to identify novel IRES on a genomic scale.

Our searches of a human 5SUTR genome, supplemented
with SUTRs known to exhibit IRES activity from all
species and viruses, with the structure of the XIAP IRES
did indeed result in the identification of RNA sequences
that exhibit IRES activity. Of the top matches, two were
the SUTRs of the mouse XIAP ortholog (MIAP) and the
rat XIAP ortholog (RIAP) that both display IRES activity
(35) (Holcik,M., unpublished data), one that has pre-
viously been shown to have IRES activity [NRF;(41)], and
we have demonstrated that two others (ELG1 and AQP4)
also display IRES function. The IRES activity of AQP4
and ELGI are much less than XIAP. However, we have
only tested IRES activity in one cell line and under
conditions of normal cell growth. AQP4, a water channel-
forming protein expressed in the brain, has recently been
shown to have a role in edema during eclampsia, as its



protein levels are elevated during pregnancy (63).
Interestingly, mRNA levels of AQP4 have not been
shown to change (63), suggesting a possible IRES
function. ELGI1 is an uncharacterized transcript that
exists in the database as a fully sequenced cDNA clone,
accession # AK125048 and a portion of the UTR is
represented by EST DB217710.1. While the presence of
numerous AUGs in its 5UTRs is unusual, it is
nevertheless not completely uncommon as around 1% of
all UTRs have 30 to 100 upstream AUGs (33).
Interestingly, we did not identify the 5UTRs of
p27(Kipl) (64) or Bcl-xL, both of which exhibit IRES
activity (39), in our search (matching scores were between
16 and 17). Yoon et al. (39) recently showed that the IRES
activity of XIAP, p27(Kipl) and Bel-xL is specifically and
severely impaired in cells harbouring mutations in the
pseudouridinase gene Dkcl. This mutation was shown to
prevent the proper pseudouridylation of rRNA and is
thought to disrupt ribosome structure (39). The IRES-
dependent translation of the XIAP, p27(Kipl) and Bel-xL
messages is specifically sensitive to these changes, as global
translation is not affected. It was therefore hypothesized
that these IRES may share some common feature, such
as secondary structure, that is sensitive to changes in
ribosome architecture (39). Based on our results, the
secondary structures of these IRES elements may not be
similar, and other factors, such as changes in the
association of frans-acting factors with the modified
ribosome or direct association of the IRES with the
ribosome, may account for the coordinated reduction of
XIAP, p27(Kipl) and Bcl-xL IRES activity in Dkcl
mutant cells.

To our surprise, comparison of the empirically deter-
mined secondary structures of the ELG1 and AQP4
S'UTRs to the secondary structure of the XIAP IRES
showed only limited homology, with only small regions of
AQP4 displaying some similarity within the overall
structure. From the search of HCV IRES structure we
learned that the score of CSFV, which is just over 13% of
a perfect match, was significant. Our search for a similar
IRES structure with a cut-off score of 35 had us examining
matches with scores in the range of 11-14% of a perfect
match. In retrospect, these values may have been too low
to be significant, but represent the top matches available.
As the search with the HCV structure validated this search
protocol, the lack of results with the XIAP IRES structure
search strongly supports the notion that there are no
similar structures. This suggests that cellular IRESes do
not share globally similar structure as do some viral
IRESes. This conclusion is plausible when considering
published evidence to date. First, no overall structural
similarity has been found among the 11 known cellular
IRES structures (23-32). Second, examination of the
c-myc IRES has shown that its activity is not dependent
on the overall structure but on distinct sequence modules
(65). Third, mutations which opened up the Bag-1 IRES
structure negated the need for the previously required
ITAF, PCBPI, while still retaining full IRES activity (29).
Fourth, non-overlapping segments of IRES sequence that
would not preserve the overall structure still retain partial
IRES activity (28,66), suggesting different modules may
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synergistically act to provide full IRES activity in vivo. In
this light, it is not surprising that the XIAP IRES mutants
we examined exhibited full IRES activity despite struc-
tural changes. Conversely, the point mutation of the IRES
which attenuates the Sabin strain 3 of poliovirus does not
change the structure (67) but it does effect the binding of
PTB (68). It would be wrong to over generalize and
suggest that structure will never be required for the
function of cellular IRESes. Such an exception is the
CAT-1 IRES, which is induced during amino acid
starvation, where a specific stem is required for functional
activity regardless of its sequence makeup (31).

Whereas a virus needs to compete efficiently to get its
proteins expressed within an infected cell, cellular tran-
scripts with an IRES are more likely translationally
regulated, with several frans-acting factors contributing
differently depending upon the cellular context. Studies of
the HCV IRES have shown it to directly interact with the
ribosome and induce conformational change of the
ribosome (69). Cricket paralysis virus IRES has an RNA
structure which allows it to interact with the ribosome and
to initiate translation without an elF2—initiator Met-
tRNA; complex in the P-site (70). This mechanism may
have evolved to overcome the antiviral response of the cell
to shut off protein synthesis though PKR phosphorylation
of eIF2a (71). The importance of structures seen in viruses
has yet to be shown for any cellular IRES.

Importantly, we noted the presence of a polypyrimidine
tract that was folded into a stem-loop structure in the both
XIAP and AQP4 IRES. As we have previously found that
the polypyrimidine tract is absolutely necessary for XIAP
IRES activity (51), we tested whether deletion of this
sequence in the AQP4 5SUTR would also abrogate IRES
function. Indeed, deletion of the AQP4 SUTR polypyr-
imidine tract causes a loss of PTB binding and a complete
loss of IRES activity. Because this small region is required
for IRES activity, we believe that short motifs may be
critical determinants of IRES function. In agreement with
this hypothesis, it has been found that a reiterated PTB-
binding motif can induce internal ribosome entry (32).
Moreover, a search by Mitchell ez al. (32) for SUTRs that
harbour this PTB-binding motif has resulted in the
identification of novel IRES elements. This search,
however, would not have found XIAP or AQP4 because
the (CCU), motif pattern considered only a small subset
of sequence sites that PTB can bind and is not found in
XIAP or AQP4 IRES. Even though the polypyrimidine
tract region (UUCUCUUUU) is the same in XIAP and
AQP4, PTB overexpression has an opposite effect on their
IRES activity. This may possibly be due to competing
ITAFs for sequences in this region, which can have either
a positive or negative effect on translation initiation. Our
observations, together with previously published findings,
suggest that the recruitment of a particular cohort of
trans-acting proteins is the critical factor in cellular IRES-
mediated translation. Therefore, a cataloguing of the
trans-acting factors required by each IRES may allow
functional grouping of these elements and aid in the
identification of common features required for cellular
IRES-dependent translation.
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