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The ubiquitous transcription factor NRF (NF-kB repressing factor) is a constitutive transcriptional silencer
of the multifunctional cytokine interferon-p. NRF mRNA contains a long 5’ untranslated region (5'UTR)
predicted to fold into a strong secondary structure. The presence of stable hairpins is known to be incompatible
with efficient translation by ribosomal scanning. Using dicistronic reporter gene constructs, we show that the
NRF 5'UTR acts as an internal ribosome entry site (IRES) which directs ribosomes to the downstream start
codon by a cap-independent mechanism. The relative activity of this IRES in various cell lines is at least 30-fold
higher than that of picornaviral IRESs. The NRF 5’'UTR also functions as a translational enhancer in the
context of monocistronic mRNAs. Our results indicate that the NRF 5'UTR contains a highly potent IRES,
which may allow for an alternate mode of translation under physiological conditions in which cap-dependent

translation is inhibited.

NRF (NF-«kB repressing factor) was identified as a consti-
tutively expressed silencer protein which binds to the beta
interferon (IFN-B) promoter and represses the basal transcrip-
tion of this gene (12). IFN-B belongs to a group of inducible
cytokines which mediate antiviral defense, immune activation,
and cell growth regulation. Based on these important biologi-
cal activities, a sufficient level of NRF protein is essential for
the complete silencing of the IFN-B gene and thus for cell
viability. For example, reduction of NRF protein level through
expression of NRF antisense RNA results in basal activation of
IFN-B gene transcription (13).

Transcription of the NRF gene generates two mRNAs of 3.7
and 2.8 kb (13). Gene mapping analysis revealed that both
mRNAs begin at a single transcription initiation site and differ
only in their use of alternate polyadenylation sites in their 3’
untranslated regions (UTRs) (13). The 5'UTR of NRF is un-
usually long (653 nucleotides), contains 11 AUG codons, and is
predicted to fold into a complex secondary structure (—126.3
kcal/mol) with several stable hairpins (Fig. 1). Some of the
5'-proximal AUG codons are in a favorable context for initia-
tion and are followed by open reading frames as long as 30
codons.

In contrast to the NRF 5'UTR, the 5'UTRs of typical mam-
malian genes are relatively short (~150 nucleotides is the av-
erage length), lack AUGS, and do not contain stable secondary
structures. Eukaryotic mRNAs are generally translated by a
mechanism known as cap-dependent translation initiation.
This mechanism is characterized by ribosomes scanning from
the capped mRNA 5’ end along the mRNA molecule in the 3’
direction until they recognize an AUG codon in a favorable
context. The limiting step of this process is ribosome binding to
the cap structure, since it depends on the cap-binding eukary-
otic initiation factor 4E (eIF4E), which is present in only small
amounts in cells (3). The selection of a particular mRNA from
the pool of translatable mRNAs is determined by the relative
efficiency by which eIF4E binds to its cap structure and by the
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efficiency of translation initiation by ribosome scanning, which
is governed largely by the composition and structure of the
5'UTR of the mRNA (19). The presence of upstream AUG
codons and stable secondary structures is known to interfere
with ribosome scanning and to inhibit translation initiation at
the authentic AUG start site (19).

At least two initiation mechanisms which are able to bypass
extraordinarily long 5'UTRs have been described, shunting
and internal ribosome entry (23). Shunting is also cap depen-
dent but differs from scanning in that the 40S subunits bypass
the majority of the 5'"UTR by shunting or jumping to a region
at or near the authentic site of translation initiation. Internal
ribosome entry involves binding of the 40S ribosomal subunits
to an internal ribosome entry site (IRES) at or near upstream
of the authentic AUG. This mechanism does not require a 5’
cap structure or scanning through the greater part of the
5'UTR. Initially, translation initiation by internal ribosome
entry was proposed for the mRNAs of picornaviruses (9).
These viruses produce noncapped transcripts with long
5'"UTRs containing multiple noninitiating AUG codons. The
infective strategy of some picornaviruses involves inactivation
of the essential cap-binding complex elF4F and hence the
capture of the cellular translation apparatus for their own use.
The function of these IRESs does not depend on viral gene
products but relies on interaction with cellular proteins (10).
Indeed, a number of IRESs have also been identified in cellu-
lar mRNAs (e.g., fibroblast growth factor, vascular endothelial
growth factor, immunoglobulin-binding, protein Bip, proto-
oncoprotein c-Myc, and voltage-gated potassium channel), but
they exert a lower activity than the viral IRESs (11, 20-23).
While the advantages of internal initiation in viral mRNAs are
clear, the rationales for maintaining cap-independent transla-
tion by cellular IRESs are not fully understood.

IRESs have been categorized into three groups (17). Type
IIT IRESs are extremely poor candidates for dicistronic expres-
sion in vivo, whereas types I and II function efficiently. The
main difference between type I and type II is the location of the
IRES with respect to the initiating AUG. Type I IRESs, for
example, poliovirus IRES, can be located as far as 50 to 100
nucleotides upstream of the initiation codon. Type II IRESs,
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FIG. 1. Sequence and secondary structure of NRF 5"UTR (EMBL accession number AJO11812). Eleven open reading frames are shown as arrows; the initiating
AUG is shown in boldface. The secondary structure was predicted by using Zuker’s RNAFOLD (25).

for example, encephalomyocarditis virus (EMCV) IRES, in-
clude the initiation codon at their 3" boundary.

In principle, mRNAs containing unusually long leader se-
quences with multiple short upstream reading frames are good
candidates for translation initiating via a cap-independent in-
ternal ribosome-binding mechanism (10). This led us to exam-
ine whether the translation initiation of NRF may occur by a
mechanism other than 5’ cap-dependent scanning. Here we
report that the 5’UTR of NRF contains an IRES that can
initiate efficient translation of a reporter protein in a cap-
independent fashion. We propose that translation initiation by
internal ribosome entry may represent a general and important
mechanism for the regulation of NRF expression.

MATERIALS AND METHODS

Expression plasmids. The reporter plasmids are derivatives of the expression
plasmid pSBC-1, which contains the simian virus 40 (SV40) enhancer/promoter
and the poliovirus IRES (2). Renilla reniformis luciferase and Photinus pyralis
firefly luciferase coding sequences were PCR amplified from pRL (Promega) and
pL (2) and inserted into the EcoRI and Notl sites of pSBC-1 to obtain the
dicistronic pBSRPF. PCR amplification was carried out with a Tag DNA poly-
merase possessing a proofreading activity (PWO DNA polymerase; Boehringer)
and the oligonucleotide primers Renilla luciferase 5’ primer (5'CGAATTCGA
AATGACTTCGAAAG3') and Renilla luciferase 3' primer (5'CGAATTCTTA
TTGTTCATTTTTC3') or firefly luciferase 5" primer (5'GCGGCCGCATGGA
AGACGCC3') and firefly luciferase 3" primer (5'GCGGCCGCTTACAATTT
GGACTTTCC3'). The poliovirus IRES in pBSRPF was replaced by the EMCV
IRES (pCREL; kindly provided by L. Creancier, Institut Federatif de Recherche
Louis Bugnard, Toulouse, France) or the NRF 5'UTR, which were amplified by
PCR as described above with the EMCV UTR 5’ primer (5'GCGGCCGCGA
AATTAATACGACTCAC3') and EMCV UTR 3’ primer (5'CCATGGTATC
ATCGTGTTTTTCAAAGG3') or the NRF UTR 5’ primer (5'CGAATTCCA
CGAGCAGAGTAATGACATGG3') and NRF UTR 3’ primer (5'GCGGCCG
CCAAGCGTGGGCTGTACC3') (corresponding to nucleotides 1 to 22 and 637
to 653, respectively, of the human NRF cDNA; GenBank accession number
AJO11812) to obtain pBSREF and pBSRNF, respectively. pBSRN110F was
designed by insertion of a 110-bp linker sequence of pSBC-1 5’ to the firefly
luciferase AUG codon of pBSRNF. The Renilla luciferase coding sequences in
pBSRPF and pBSRNF were deleted by EcoRI digestion to obtain the monocis-
tronic plasmids pMSPF and pMSNF, respectively. pMSF was constructed by
deletion of the poliovirus IRES from pMSPF via Ncol/EcoRI digestion and fill-in
and ligation reactions. All plasmid constructs were partially sequenced to exam-
ine their structure and correct open reading frames within PCR fragments.

Cell lines and DNA transfection. ES-CCE (7), C243 (14), HeLa (ATCC
CCL2), NIH 3T3 (ATCC CRL 1658), BHK (ATCC CCL10), and CHO (ATCC
CCL61) cells were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum (BioWhittaker), 2 mM glutamine, penicillin,
and streptomycin and were transfected by calcium phosphate coprecipitation.
Porcine EF cells were maintained as described by Kues et al. (7). Murine ES cells
and porcine EF cells were transfected with the Fugene reagent (Boehringer). A
total of 5 pg of DNA containing 1 g of reporter plasmid, 1 pg of chloram-

phenicol acetyltransferase (CAT) control plasmid, and a suitable complementing
amount of high-molecular-weight DNA were transfected per 1.5 X 10° ES and
EF cells using the Fugene reagent or per 7.5 X 10* cells of the other cell lines by
calcium phosphate coprecipitation (16). Cells were harvested after 72 h and
pooled for reporter gene analysis.

Quantification. Firefly and Renilla luciferase activities were determined by
using the Dual-Luciferase reporter system (Promega) as described in the man-
ufacturer’s protocol. The amount of CAT enzyme was measured with the CAT-
Elisa kit (Boehringer) according to the manufacturer’s protocol. Luciferase ac-
tivity was measured in a Lumat LB 9501 luminometer (Berthold) and is reported
as relative light units and corrected for protein content and the amount of CAT
enzyme as a transfection efficiency control.

Northern blot analysis. The total RNA from C234 cells was isolated by using
the Trizol reagent (Gibco/BRL, Life Technologies) according to the manufac-
turer’s instructions. Polyadenylated RNA was isolated from total RNA by using
Dynabeads oligo(dT),s (Dynal) according to the manufacturer’s instructions.
Northern blot analysis was performed as described by Sambrook et al. (18).

Western blot analysis. Cellular extracts were prepared as described in the
Dual Luciferase Assay protocol. Total extracts (20 pg) were run on a 10%
polyacrylamide gel. Running conditions were optimized to separate 40- to 70-
kDa proteins by a range of 1 mm per kDa. The Western blot analysis was
performed as described by Sambrook et al. (18). Rabbit polyclonal antibody
against firefly luciferase was kindly provided by M. Grashoff (GBF-National
Research Institute for Biotechnology, Braunschweig, Germany).

RESULTS

The 5'UTR of NRF mRNA has several features which are
incompatible with efficient ribosomal scanning. This prompted
us to examine whether NRF mRNA can be translated by in-
ternal ribosome entry. A eukaryotic expression vector (pBSRF)
was constructed in which an SV40 promoter drives the expres-
sion of a dicistronic RNA. The first cistron, encoding Renilla
luciferase, should be translated by a cap-dependent scanning
mechanism. The second cistron, encoding firefly luciferase,
requires translation by internal ribosome entry, as ribosomes
will not be able to scan through an intercistronic region con-
taining termination codons in all reading frames. The full-
length 5'UTR of NRF, the EMCV IRES, or the poliovirus
IRES was inserted between the Renilla luciferase stop codon
and the firefly luciferase start codon. All constructs were trans-
fected into murine C243 cells and tested for Renilla and firefly
luciferase activities. In all transfectants, comparable levels of
Renilla luciferase were detected (Fig. 2A). This indicates that
the Renilla luciferase activity is directly proportional to the
transfection efficiency and the steady-state level of dicistronic
mRNA (Fig. 2B). Thus, we have normalized firefly luciferase
activity to Renilla luciferase activity in order to estimate a
relative factor for IRES activity. IRES-dependent expression
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FIG. 2. (A) Comparison of poliovirus, EMCV, and NRF IRES activities in
C243 cells. C243 cells were transfected with dicistronic constructs (pBSRNF
contains the NRF IRES, pBSRPF contains the poliovirus IRES, and pBSREF
contains the EMCV IRES) and a monocistronic CAT control plasmid. Lucif-
erase activity was normalized to the CAT activity protein content. The relative
firefly luciferase (FLuc) and Renilla luciferase (RLuc) activities are shown as
mean relative light units * standard errors of the means for at least five inde-
pendent transfection experiments. The relative IRES activities are calculated as
the ratio of firefly and Renilla luciferase activities for each transfected construct.
(B) Integrity of dicistronic mRNAs. Northern blot analysis was performed with
1 pg of polyadenylated mRNA isolated from transfected C243 cells. The RNA
blot was hybridized with full-length firefly luciferase cDNA. The transfected
constructs are indicated above each lane. The sizes of the mRNA marker bands
are indicated on the right.

of the second cistron varied widely, whereas expression of the
first cistron was almost identical in all three reporter plasmids.
The relative activities of the poliovirus and EMCV IRESs (<1)
clearly demonstrate that the level of internal initiation at the
second cistron is lower than that of cap-dependent initiation at
the first cistron. In contrast, NRF IRES-mediated internal
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initiation at the second cistron is significantly higher than cap-
dependent initiation (up to a factor of 31.4). A comparison of
the relative IRES activities in C243 cells shows that the NRF
IRES is 92-fold more active than the EMCV IRES and 130-
fold more active than the poliovirus IRES.

RNA blot hybridization analysis was performed to ensure
that translation of firefly luciferase occurred from a dicistronic
mRNA. As shown in Fig. 2B, a single mRNA species, corre-
sponding to the expected size of the respective dicistronic
transcript (4.4 kb), hybridized with the firefly luciferase specific
probe (second cistron). This single dicistronic mRNA was also
detected by hybridization with the Renilla luciferase probe
(data not shown). These results indicate that firefly and Renilla
luciferase proteins were translated from a single dicistronic
mRNA species. Importantly, the measured activity of Renilla
luciferase in all transfections can be directly compared, as they
expressed equal concentrations of dicistronic mRNA.

We have examined whether the NRF IRES acts in a dis-
tance-independent manner. Our results show that the NRF
IRES behaves like a type I IRES, since its relative activity is
not reduced by insertion of an AUG-free 110-bp spacer be-
tween its 3’ end and the initiation codon of firefly luciferase
(Fig. 3A). We also ruled out expression of functional firefly
luciferase enzyme from the next in-frame AUG following the
authentic AUG. Initiation at this downstream AUG would
result in a firefly luciferase lacking its N-terminal 18 amino acid
residues (~2 kDa). To demonstrate that translation initiation
in our dicistronic mRNAs occurs at the authentic AUG of
firefly luciferase, we determined the sizes of the resulting pro-
teins by Western immunoblotting. As shown in Fig. 3B, the size
of the firefly luciferase protein (60.67 kDa) does not change
after insertion of the 110-bp spacer.

Previous studies with the EMCV IRES as well as a func-
tional analysis of the cellular fibroblast growth factor IRES
have shown that both act as translational enhancers in the
context of a monocistronic mMRNA (4, 21). We have examined
whether the 5"UTR of NRF may also act as a translational
enhancer. Monocistronic constructs (pMSF, pMSPF, and pM-
SNF) were designed in which either no IRES, the NRF
5'UTR, or the poliovirus IRES is positioned between an SV40
promoter and the coding region of firefly luciferase. As shown
in Fig. 4, insertion of the poliovirus IRES inhibits the level of
firefly luciferase expression compared with that in the control
construct without the IRES. In contrast, the presence of the
NRF IRES element leads to a more than 4-fold-higher expres-
sion level. Analysis of RNA extracted from these transfectants
showed similar levels of firefly luciferase mRNA (data not
shown).

Type I IRESs are known to exhibit the greatest cell type-
specific variations in internal translation initiation (1, 5). To
determine the variation of NRF IRES activity in various cell
lines, we separately transfected two dicistronic constructs
(pBSRNF and pBSRPF) into murine embryonic stem cells,
porcine embryonic fibroblasts, NIH 3T3, HelLa, BHK, and
CHO cells. The results show that NRF IRES activity varies in
different cell lines (Fig. 5). However, in all cell lines tested, the
efficiency of the NRF IRES is at least 30-fold higher than that
of the poliovirus IRES. These observations, together with the
distance-independent action of the NRF IRES, indicate that it
belongs to the group of type I IRES elements.

DISCUSSION

Most vertebrate mRNAs have a 5'UTR 20 to 100 nucleo-
tides long. Those mRNAs that are translated at a high rate
generally have a short and unstructured 5'UTR. The mRNA of
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FIG. 3. NRF IRES activity in constructs with different placements of the
initiating AUG. (A) IRES activity was determined as described in the legend to
Fig. 2A. The 3’ end of the NRF IRES and the AUG start codon of the firefly
luciferase gene are separated by a single NotI site (8 bp) in pBSRNF and by an
additional 110-bp spacer sequence in pPBSRN110F. (B) Sizes of resulting firefly
luciferase. Cellular extracts (20 wg) were subjected to sodium dodecyl sulfate—
10% polyacrylamide gel electrophoresis and Western blot analysis with a rabbit
polyclonal antibody directed against firefly luciferase. The sizes of protein
marker bands are indicated on the right.

NRF has an unusually long and highly structured 5'UTR, but
it is very efficiently translated in mammalian cells (13). This
observation led us to examine whether NRF mRNA can be
translated through a mechanism of cap-independent internal
initiation. Various experimental methods have been applied to
examine internal initiation, including the use of cap analogs,
analysis of poliovirus-infected cells, and the dicistronic mRNA
expression assay (6). The dicistronic assay is considered the
most valid test if complemented by proof that the downstream
cistron is translated from a dicistronic mRNA (6). The exper-
iments whose results are shown in Fig. 2 provide compelling
evidence that the NRF 5'UTR acts as a functional IRES in
dicistronic reporter constructs.

The most common use of IRES elements is in artificial
dicistronic constructs, where expression of the first cistron is
cap dependent and expression of the second cistron, located on
the same mRNA, is dependent on internal ribosome entry.
Naturally, however, IRES elements are located 5’ to the cis-
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FIG. 4. Effect of the NRF and poliovirus IRESs on monocistronic expres-
sion. The Renilla luciferase coding regions in the dicistronic expression plasmids
(see Fig. 2A) were removed to obtain monocistronic expression plasmids. The
firefly luciferase (Fluc) activity of the monocistronic construct without the IRES
(pMSF) was set at 1.

tron of monocistronic mRNAs. It has been suggested that
cellular IRESs may improve the competition of an mRNA with
other highly translated mRNAs and may allow translation un-
der conditions in which cap-dependent translation is not func-
tional (17). The results shown in Fig. 4 show that the level of
translation initiation directed by the NRF 5'UTR is signifi-
cantly higher than that of cap-dependent translation. Although
it has to be confirmed experimentally, addition of the NRF
IRES 5’ to the coding sequence of a monocistronic mRNA
may maximize the efficiency of translation initiation in physi-
ological situations when cap-dependent translation is inhibited,
e.g., during viral infection or hypoxia.

The most important feature of the NRF IRES is its remark-
ably high efficiency of translation initiation compared with
picornaviral IRESs. In the past, viral IRESs were the elements
of choice for construction of vectors in which efficient expres-
sion of one or more cistrons is directed by internal initiation
(1). A number of cellular IRESs have also been compared, but
they are at best as efficient as viral IRESs (10). Several reports
support the hypothesis that the cell line-dependent efficiency
of IRES elements results from interaction with the specific mix
of protein factors present in different cell lines or under dif-
ferent physiological conditions (11, 20-23). Consistent with
this hypothesis, we found that NRF IRES activity varies in
different cell lines. However, compared with the efficiency of
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FIG. 5. Comparison of NRF and poliovirus IRES activities in murine em-
bryonic stem cells (ES), embryonic fibroblasts (EF), and NIH 3T3, HeLa, BHK,
and CHO cells. (Top) Expression plasmids used. (Bottom) IRES activities were
determined as described in the legend to Fig. 2A. Data are shown for pBSRPF
(top row) and pBSRNF (bottom row).
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the poliovirus IRES, the activity of the NRF IRES is remark-
ably high in all cell lines tested.

IRESs have been classified into three distinct groups (17).
Type III (e.g., hepatitis A virus) IRESs are extremely poor
candidates for dicistronic expression in vivo, whereas type I
(poliovirus) and type II (EMCV) IRESs function efficiently in
different cell lines. The use of type II IRESs for artificial
constructs is difficult because the initiation codon of the down-
stream gene has to be fused precisely to the 3’ end of the IRES.
In contrast, type I IRESs act in a distance-independent man-
ner, allowing more flexible placement of the initiating AUG of
the downstream gene. The results shown in Fig. 3 demonstrate
that the NRF IRES is a type I IRES. Thus, the NRF IRES
described here is a highly potent IRES element suitable for
easy and flexible construction of mono- or dicistronic vectors
directing cap-independent expression of any gene of interest.

Cellular and viral IRESs do not have any significant homol-
ogy in their primary sequences. Among the known viral IRESs,
a homologous pyrimidine-rich tract was identified which is
located about 25 nucleotides upstream of the initiation site (4).
None of the cellular IRESs, including the NRF IRES, contain
this polypyrimidine tract. A search for sequence homology
between some of the cellular 5"UTRs revealed only an overall
high GC content (64 to 80%) (20). However, the GC content
of the NRF 5'UTR is only about 34%. The lack of significant
sequence homology among cellular IRESs and the fact that
IRES activity is likely to depend on the recognition of specific
secondary structure elements by protein factors led to the
identification of a putative conserved common RNA structure,
termed Y-type (8). Interestingly, the region between nucleo-
tides 450 and 600 of the NRF 5'UTR can fold into a stable
(—33.4 kcal/mol) Y-shaped structure. However, the functional
significance of this structure is not proven and will require
detailed mutational analysis.
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