
METHOD

Demonstrating internal ribosome entry sites in eukaryotic
mRNAs using stringent RNA test procedures

MARC E. VAN EDEN,1 MARSHALL P. BYRD,1 KYLE W. SHERRILL, and RICHARD E. LLOYD
Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston, Texas 77030-3498, USA

ABSTRACT

The dicistronic assay for internal ribosome entry site (IRES) activity is the most widely used method for testing putative
sequences that may drive cap-independent translation initiation. This assay typically involves the transfection of cells with
dicistronic DNA test constructs. Many of the reports describing eukaryotic IRES elements have been criticized for the use of
inadequate methods for the detection of aberrant RNAs that may form in transfected cells using this assay. Here we propose the
combined use of a new RNAi-based method together with RT-PCR to effectively identify aberrant RNAs. We illustrate the use
of these methods for analysis of RNAs generated in cells transfected with dicistronic test DNAs containing either the hepatitis
C virus (HCV) IRES or the X-linked inhibitor of apoptosis (XIAP) cellular IRES. Both analyses indicated aberrantly spliced
transcripts occurred in cells transfected with the XIAP dicistronic DNA construct. This contributed to the unusually high levels
of apparent IRES activity exhibited by the XIAP 5� UTR in vivo. Cells transfected directly with dicistronic RNA exhibited much
lower levels of XIAP IRES activity, resembling the lower levels observed after translation of dicistronic RNA in rabbit reticu-
locyte lysates. No aberrantly spliced transcripts could be detected following direct RNA transfection of cells. Interestingly,
transfection of dicistronic DNA or RNA containing the HCV IRES did not form aberrantly spliced transcripts. These observations
stress the importance of using alternative test procedures (e.g., direct RNA transfection) in conjunction with a combination of
sensitive RNA analyses for discerning IRES-containing sequences in eukaryotic mRNAs.
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INTRODUCTION

The initiation of translation of most cellular mRNAs is be-

lieved to occur via a cap-dependent ribosome scanning

mechanism in which eIF4F (eIF4G, eIF4E, and eIF4A) ini-

tially binds the m7G cap of mRNA via the eIF4E component

(Kozak 1999). eIF4F then serves to recruit the 43S pre-

initiation complex (40S ribosomal subunit, eIF3, eIF1A, and

eIF2-GTP-Met-tRNAi), which scans from the 5� end of the
mRNA until the Met-tRNAi interacts with the initiator

AUG codon. Translation proceeds following the joining of

the pre-initiation complex with the 60S ribosomal subunit

and elongation factors and with the dissociation of some

initiation factors (for review, see Pestova et al. 2001). Al-

though scanning proves a valid mechanism for the initia-

tion of translation of most cellular mRNAs, it may be com-

plicated when mRNAs possess unusually long 5� UTRs (Fal-
cone and Andrews 1991) that form thermodynamically

stable, GC-rich, secondary structures and/or contain up-

stream AUG codons or ORFs. Such features have been dem-

onstrated to be inhibitory to canonical ribosome scanning

(Geballe and Morris 1994; Jackson and Kaminski 1995).

Internal ribosome entry site (IRES) elements were first

demonstrated within the 5� UTRs of poliovirus (Pelletier
and Sonenberg 1988) and encephalomyocarditis virus

(EMCV; Jang et al. 1988; Chen and Sarnow 1995) viral

RNAs. IRES-mediated translation has since been identified

as a common feature of Picornaviridae, Flaviviridae (Pesti-

virus, hepatitis C virus [HCV]), and Retroviridae (Lentivi-

rus) RNAs (Gale et al. 2000; Buck et al. 2001; Hellen and

Sarnow 2001). Translation studies in vitro and in vivo dem-

onstrated that the poliovirus UTR could mediate cap-inde-

pendent translation through internal ribosome entry fol-

lowing virus-mediated cleavage of eIF4G (Hambidge and

Sarnow 1992) by recruitment of some of the canonical eIFs
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(for review, see Ehrenfeld 1996). In addition, it was dem-

onstrated that several host-cell proteins, including La

(Meerovitch et al. 1993), PTB (Hellen et al. 1994), and

PCBP2 (Blyn et al. 1997), could stimulate IRES-mediated

translation of the poliovirus RNA. Such factors have been

referred to as IRES-transactivating factors (ITAFs; Stoneley

et al. 2000).

Initiation of cap-independent translation of a eukaryotic

mRNA was first reported over a decade ago for the immu-

noglobulin heavy-chain binding protein, BiP (Macejak and

Sarnow 1991). The number of mammalian mRNAs re-

ported to contain IRES elements has expanded and includes

transcripts capable of mediating internal initiation during

the inhibition of cap-dependent translation that occurs dur-

ing mitosis and apoptosis. These include mRNAs encoding

vascular endothelial growth factor (VEGF; Stein et al. 1998),

c-myc (Stoneley et al. 1998), apoptosis activating factor 1

(Apaf-1; Coldwell et al. 2000), fibroblast growth factor

(FGF-2; Vagner et al. 1995), cellular-inhibitor of apoptosis

1 (c-IAP1; Van Eden et al. 2004), and X-linked inhibitor of

apoptosis (XIAP; Holcik et al. 1999). The mechanisms by

which these reported IRES elements function are not yet

completely understood but may involve the participation of

certain RNA structural motifs as well as cellular ITAFs

(Holcik and Korneluk 2000; Mitchell et al. 2001; Holcik et

al. 2003).

Recently, the concept of IRES-mediated translation ini-

tiation in eukaryotes was challenged on the basis of the

methods typically used for IRES identification (Kozak 2001,

2003). One commonly used method is the dicistronic test

for IRES activity that relies on an IRES directing the trans-

lation of a downstream ORF when positioned between two

cistrons in a dicistronic mRNA. However, there is the pos-

sibility that cells transfected with dicistronic DNA test con-

structs may give rise to transcripts that are aberrantly pro-

cessed either by the presence of a cryptic promoter or by

RNA splicing. This may lead to a misinterpretation of the

IRES activity for a given test sequence. On this basis, many

reports describing eukaryotic IRESs were criticized for using

inadequate methods (e.g., Northern blotting) for the detec-

tion of such aberrant transcripts (Kozak 2001, 2003). Here

we demonstrate the combined use of RNAi and RT-PCR as

alternative highly sensitive methods for the assessment of

transcript integrity in cells transfected with dicistronic test

DNAs containing either HCV or XIAP IRES elements.

These assays readily detected aberrantly spliced transcripts

in cells transfected with the XIAP dicistronic construct but

not with the HCV dicstronic construct. We found that ab-

errant splicing contributed to the unusually high levels of

apparent IRES activity exhibited by the XIAP 5� UTR in

vivo. However, the XIAP 5� UTR exhibited low IRES activ-

ity when RNAs were translated in rabbit reticulocyte lysates

or when cells were transfected directly with dicistronic

RNAs. These observations stress the importance of using

alternative test procedures (e.g., direct RNA transfection)

and sensitive RNA analyses for the identification/character-

ization of putative IRES elements in eukaryotic mRNAs.

RESULTS AND DISCUSSION

IRES-mediated translation in vitro and
in transfected cells

The dicistronic assay for IRES activity is the most com-

monly used test for cap-independent translation initiation

in eukaryotic mRNAs. However, this test has been criticized

on the basis that even low amounts of alternative mRNA

transcripts may not be dicistronic, which may result in a

misinterpretation of IRES activity for a given test sequence.

To better address these criticisms, we demonstrate here the

use of two highly sensitive methods to assess the integrity

and identity of RNAs produced in cells transfected with

dicistronic DNA test vectors. We propose these methods

should be used in conjunction with previously reported

methods (i.e., promoter-less test constructs, Northern blot-

ting) to effectively ascertain the presence and identity of

aberrant RNAs should they form via cryptic promoters and/

or RNA splicing.

To illustrate the use of these methods, we first assayed

cap-independent translation initiation as mediated by HCV

and XIAP IRES elements. Dicistronic DNA constructs con-

tained an upstream Renilla luciferase (RL) cistron, an in-

tercistronic region, and a downstream firefly luciferase (FL)

cistron. Translation of RL from the dicistronic RNA occurs

via cap-dependent scanning, whereas translation of FL de-

pends on the presence of an IRES in the intercistronic re-

gion. These intercistronic regions consisted of either a 27-nt

spacer in pRL-FL, a 493-nt insert containing the HCV IRES

in pRL-HL, or a 495-nt sequence containing the reported

XIAP IRES (Holcik et al. 1999) in pRL-XIAP-FL (Fig. 1A).

Figure 1B shows an autoradiogram of proteins translated in

RRL from capped dicistronic RNAs. Both HCV- and XIAP-

derived sequences could mediate weak translation of the

downstream cistron at levels higher than that of the control

(i.e., pRL-FL). Ratios of FL-to-RL activity were calculated to

correct for variations in RNA levels and were quantitated

from the autoradiogram by densitometry (Fig. 1C). These

data were corroborated by luciferase assays (data not

shown) and were consistent with previous reports that

demonstrated the HCV IRES and the XIAP 5� UTR could

support cap-independent translation initiation in vitro

(Tsukiyama-Kohara et al. 1992; Holcik and Korneluk 2000).

Studies of this kind, although suggestive of IRES activity,

also need to be performed in transfected cells because it is

well known that translation in RRL is not strictly cap de-

pendent and/or the lysate may lack ITAFs required by some

IRESs (Meerovitch et al. 1993). Therefore, a putative IRES

element is typically tested in vivo by transiently transfecting

cell monolayers with dicistronic DNA constructs. Accord-

ingly, the dicistronic DNAs in Figure 1A were transfected
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into 293T, HepG2, and HeLa S3 cells. Twenty hours fol-

lowing transfection, cells were lysed and the RL and FL

activities in the lysates determined. Figure 1D shows the

relative IRES activity (FL/RL) for each of the test constructs

to be significantly greater than that of the control and to

vary with each cell type. In contrast to the data in Figure 1C,

the apparent IRES activity for pRL-XIAP-FL was much

higher in cells (∼250-fold greater than that of pRL-HL in

the lysates of 293T cells) and was consistently 20- to 50-fold

more active than any other viral or cellular IRES we have

tested (data not shown). In contrast to pRL-XIAP-FL, the

FL/RL ratios of pRL-FL and pRL-HL were similar in both

transfected cells and RRLs. Interestingly, RL activities in the

lysates of cells transfected with pRL-XIAP-FL were consis-

tently repressed 90%–96% compared with cells transfected

with pRL-FL and pRL-HL, despite transfection of equiva-

lent amounts of DNA (Fig. 1E). This suggested that inser-

tion of the XIAP 5� UTR negatively affected expression of

the upstream RL cistron either by competing for compo-

nents of the translation apparatus or by compromising the

integrity of the dicistronic RNA.

We reasoned the unusual behavior of XIAP-containing

constructs may have resulted from cellular cap-dependent

translation of “altered” transcripts that were functionally

monocistronic and contained only the FL ORF. Such tran-

scripts could arise from the presence of a cryptic promoter

within the 5� UTR of XIAP and/or by aberrant mRNA

splicing. The latter has been suggested on the basis of the

XIAP sequence containing a possible splice-junction motif

(Yn closely followed by AG) near the 3� end of its reported
IRES element (Kozak 2003).

We developed a RNAi-based method to analyze the in-

FIGURE 1. The XIAP 5� UTR exhibits activity inconsistent with IRES-mediated translation from an intact dicistronic RNA template. (A) A
schematic of the DNA constructs used for this study. The locations of CMV and T7 promoters are indicated. The dashed line denotes the position
of a chimeric intron normally removed by RNA splicing. Arrowheads are translation initiation codons for the FL ORF, and Poly-A is the
polyadenylation signal from the bovine growth hormone gene. (B) Capped RNAs were transcribed from the indicated DNA constructs as detailed
in the Materials and Methods. Equal amounts of RNA were used to program RRL supplemented with [35S]-Met/Cys. Radiolabeled protein was
detected by SDS-PAGE/autoradiography. The mobilities of RL and FL proteins are indicated on the right. (C) The autoradiogram reproduced in
B was scanned to determine the intensity of RL and FL bands, and the FL/RL ratios (i.e., FL normalized to RL) were graphed. (D) pRL-FL,
pRL-HL, or pRL-XIAP-FL was transfected into the indicated cell types in quadruplicate. Twenty hours post-transfection, cells were harvested and
cell lysates assayed for FL and RL. FL activity was normalized to RL and plotted as the mean ± SD. (E) Indicated DNA plasmids were cotransfected
with pSV-�Gal and either pBS-U6RLi, an siRNA expression vector targeting RL (+), or pBS-U6ApaI, the cognate vector control (−). 293T cell
lysates were assayed for FL and RL activity 48 h post-transfection, and data were normalized to �-Gal activity (see Van Eden et al. 2004) as a
control for transfection efficiency. Data are plotted on a logarithmic scale, and in each case the percentage of remaining RL or FL activity, following
RL knock-down, is indicted where appropriate. Data are plotted as the mean ± SD from a single experiment performed in triplicate and were
reproducible.
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tegrity of dicistronic mRNAs transcribed in cells transfected

with dicistronic DNA test constructs. For these experi-

ments, DNA constructs were cotransfected with a plasmid

encoding a short RNA hairpin transcribed via the murine

U6 promoter (pBS-U6RLi; Sui et al. 2002). In turn, this

siRNA would activate the RNA induced silencing complex

(for review, see Hannon 2002), resulting in the complete

degradation of RNAs containing the RL sequence and a

corresponding inhibition of RL protein synthesis in the cell.

If RL and FL are translated exclusively from an intact dic-

istronic mRNA, both RL and FL activities should be pro-

portionally reduced following a RL-directed RNAi response.

However, if a message is functionally monocistronic, en-

coding only FL, then FL activity should be unaffected by the

presence of RL siRNA. The results of this experiment con-

ducted in 293T cells transfected with dicistronic DNA test

constructs are shown in Figure 1E. In each case, the parent

plasmid (pBS-U6ApaI) was separately cotransfected as an

empty vector control. As expected, RL siRNA significantly

reduced RL but not FL activity in cells cotransfected with

individual monocistronic FL (pGL3) and RL (pRL-CMV)

reporter constructs (cf. pGL3/pCMV-RL + and [−]). Con-

versely, RNAi decreased RL and FL activities equivalently in

cells transfected with either pRL-FL or pRL-HL. This indi-

cated that these dicistronic RNAs were intact. However, in

the case of pRL-XIAP-FL, the RL and FL activities were not

repressed equivalently following RNAi. FL activity actually

increased despite a significant knockdown of RL activity.

This indicated that some amount of the mRNA transcribed

from pRL-XIAP-FL lacked the upstream RL ORF. These

results were reproduced in HepG2 cells

(data not shown). Intriguingly, the RL

activity produced from pRL-XIAP-FL

was much lower than was the activity

from any other dicistronic vector, even

after RNAi knockdown. These results

indicate that alternate transcripts exist

in cells transfected with pRL-XIAP-FL

that repress RL expression and unlink

RL and FL expression. Although this as-

say was used to indicate the presence of

altered transcripts, it does not elucidate

the mechanism of their formation (i.e.,

via a cryptic promoter and/or unex-

pected RNA splicing).

Analysis of cryptic promoters and
RNA splicing

Production of aberrant RNAs in cells

transfected with dicistronic DNA con-

structs has been previously reported

(Han and Zhang 2002). In this case,

the intercistronic sequence encoded a

“cryptic promoter” that resulted in tran-

scription of a mRNA that contained only the downstream

ORF. To test for the presence of cryptic promoters within

the XIAP 5� UTR sequence, we removed the CMV pro-

moter from pRL-XIAP-FL and compared FL levels in cells

transfected with parental and deletion constructs. In this

test, the XIAP sequence contained no detectable promoter

activity (data not shown), consistent with previous reports

(Holcik et al. 1999). However, this assay cannot be used to

identify alternatively spliced RNAs in cells transfected with

dicistronic DNAs.

Thus, to detect possible splice variants, total RNA from

transfected 293T cells was subjected to RT-PCR as described

in the Materials and Methods. PCR products were separated

in a 1% (w/v) agarose gel and visualized by ethidium bro-

mide (EtBr) staining (Fig. 2A). Transient transfection with

pRL-HL resulted in a single PCR product (1715 base pairs

[bp]) indicative of the full-length dicistronic mRNA tran-

script having spliced-out the upstream chimeric intron.

This was verified by sequencing the PCR product. How-

ever, transfection with pRL-XIAP-FL resulted in the pro-

duction of some full-length transcript in addition to abun-

dant amounts of smaller, alternative transcripts. A PCR

product (1633 bp) corresponding to full-length transcript

(∼3500 bp) was visible only upon overexposure of the gel.

Smaller PCR products (182 bp and 934 bp) were isolated

and sequenced, and their corresponding transcripts are in-

dicated as schematics in the figure. Similar RT-PCR results

were obtained following transfection of HepG2 cells (data

not shown). The splice-acceptor site within the XIAP-de-

rived sequence was shared in these smaller transcripts (i.e.,

FIGURE 2. The XIAP 5� UTR encodes a RNA splice-acceptor site. (A) 293T cells were trans-
fected with either pRL-HL or pRL-XIAP-FL, and RNA was harvested 24 h post-transfection.
Total RNA was subjected to RT-PCR, separated in a 1% (w/v) agarose/EtBr gel, and visualized
by UV illumination. PCR products from the HCV and XIAP DNA constructs were included as
size controls (DNA). (+) and (−) indicate the inclusion or exclusion of RT in the reaction
mixtures, respectively. PCR products were excised from the gel for sequencing and identifica-
tion. The identities and sizes (bp) of each PCR product and their corresponding mRNA are
diagrammed on the right. 5� and 3� PCR primers are indicated by split-arrows above and below
each diagram, respectively. Dashed lines indicate the positions of RNA splice junctions. The
asterisk denotes nonelongated oligonucleotide primers. (B) Northern blot of RNA from 293T
cells transfected with pRL-XIAP-FL DNA (lane 1) or a control plasmid (lane 2). Blotting was
performed as detailed in Materials and Methods. As a loading control, 18S and 28S rRNA bands
were visualized by methylene blue staining of the nitrocellulose blot and shown to be equivalent
(data not shown).
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5�···AGÅAAGGUG···3�). Interestingly, RNA splicing at this

position likely functions in the maturation of endogenous

XIAP mRNAs. Searches of an EST database indicated mul-

tiple XIAP mRNAs exist in which this splice-junction is

conserved, despite varying upstream sequences. The loca-

tion of this splice-junction was conserved in human, mouse,

and rat ESTs (e.g., human: BQ423165, AL713196; mouse:

U88990, U36842; rat: AB033366, AF304334).

The 182-bp band corresponded to a singly spliced mono-

cistronic mRNA that possessed a short 5� UTR followed

by the FL ORF. The 934-bp band corresponded to a tran-

script that had been spliced twice, having had the chi-

meric intron in addition to the majority of the RL ORF

and XIAP-derived sequence removed. Translation of this

transcript should result in the formation of a RL-FL fu-

sion protein that lacks RL activity but likely exhibits FL

activity (Olsson et al. 1989; Eu and Andrade 2001). Both

smaller mRNAs should facilitate efficient cap-dependent

translation of FL. The production of these mRNAs is con-

sistent with the observed repression of RL activity and the

resistance of FL to RNAi-mediated knockdown that were

observed.

We performed Northern blotting to quantitate the

amounts of each transcript produced in 293T cells trans-

fected with pRL-XIAP-FL DNA. Figure 2B shows multiple

transcripts were detected following transfection with this

DNA (lane 1) but not control DNA vector (lane 2). Two

mRNAs were readily detectable and corresponded in size to

the intact dicistronic (∼3500 bp) and the double-spliced

(∼2800 bp) transcripts. The double-spliced transcript was

the most abundant transcript formed in 293T cells. How-

ever, the single-spliced (∼2000 bp) transcript that was de-

tected by RT-PCR was not readily apparent by Northern

blotting. These results do not corroborate previously pub-

lished Northern blot data (Holcik et al. 2003).

Collectively, these data indicate that multiple sensitive

methods of RNA analysis need to be used when assessing

the integrity and identity of transcripts produced in cells

transfected with dicistronic DNA test constructs. For in-

stance, the single-spliced (∼2000 bp) transcript was readily
detectable by RT-PCR but not by Northern blotting. Thus,

RT-PCR, although not quantitative, provides a highly sen-

sitive technique for the detection of alternatively spliced

mRNAs. Here, Northern blotting, although not sensitive

enough to detect all transcripts, can be used as a quantita-

tive assessment of the most prevalent mRNA species. In

addition, it is likely that aberrant splicing in cells transfected

with dicistronic DNA reporter constructs confounded prior

assessments of IRES activity within the XIAP 5� UTR (Hol-

cik et al. 1999, 2003; Holcik and Korneluk 2000; Henis-

Korenblit et al. 2002; Nevines et al. 2003; Warnakulasuri-

yarachchi et al. 2003). It is possible that other 5� UTR

sequences reported to contain IRES elements may also fa-

cilitate RNA splicing. This is of concern because many pu-

tative ITAFs reported to stimulate activity of these IRES

sequences are known RNA splicing factors (e.g., PTB [for

review, see Wagner and Garcia-Blanco 2001] and hnRNP-C

[Choi et al. 1986]).

The influence of RNA splicing on apparent
IRES-mediated translation

To obtain an accurate assessment of IRES activity for a

proposed sequence, the formation of aberrant transcripts

resulting from cryptic promoter activity and/or RNA splic-

ing must be eliminated. However, these phenomena may be

inseparable, because sequence changes designed to abrogate

promoter activity and/or splicing within a test sequence

may also adversely affect IRES function. To address this,

pRL-XIAP-FL DNA was mutated at the sites corresponding

to the splice-donor (GT→ CC [pRL-XIAP-FL�Don]) and
the identified splice-acceptor (AG→ TT [pRL-XIAP-

FL�Acc]) in an attempt to abrogate RNA splicing and de-

termine its contribution to apparent XIAP IRES activity

(Fig. 3A). The splice-acceptor site was located within the

XIAP 5� UTR sequence but was not in the “minimal IRES”

region that was previously mapped (Holcik et al. 1999). In

addition, we introduced a TT → AA change within the poly-

pyrimidine tract of the UTR at nucleotides −35 to −44 (rela-

tive to the XIAP translation initiation codon) that was pre-

viously shown to abrogate apparent XIAP IRES activity

(Holcik et al. 1999). 293T cells were transfected with these

dicistronic mutant constructs in triplicate (as described in

the Materials and Methods), and the FL/RL activity ratios

were determined and plotted (Fig. 3A). In addition, total

RNA was isolated from transfected cells for RT-PCR analy-

sis (Fig. 3B). We found that altering the splice-acceptor site

(i.e., pRL-XIAP-FL�Acc) increased the FL/RL ratio with no
apparent change in the RNA splicing profile. However, se-

quencing of the smallest PCR product revealed the splice-

junction had shifted to an AG 5 nt downstream of its origi-

nal location, which may account for the increase in relative

FL activity (Fig. 3A). The increase in FL/RL could have

resulted from formation of a shorter leader on the tran-

script and/or resulted from more efficient RNA splicing

(this can not be ruled out because the RT-PCR was not

quantitative). Alternatively, mutating the upstream splice-

donor site (pRL-XIAP-FL�Don), not located in the XIAP

sequence itself, reduced the FL/RL ratio by ∼80%. Interest-

ingly, splicing was not prevented but was altered by this

mutation. Higher levels of full-length transcripts were ob-

served, but both full length and spliced products retained

the upstream chimeric intron, resulting in slower migration

in the gel (Fig. 3C; confirmed by sequencing). This dem-

onstrated the mutation blocked the splicing of the chimeric

intron as intended and prevented formation of the smallest

splice product. However, despite absence of upstream splic-

ing and a functional 5� intron, it is important to note that

alternate splicing was still mediated by the strong splice

acceptor in the XIAP sequence.

Van Eden et al.
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Polypyrimidine tracts have been implicated in IRES func-

tion (Blyn et al. 1997; Faustino and Cooper 2003) but have

also been shown to be involved in RNA splicing. Accord-

ingly, the polypyrimidine tract was changed in pRL-XIAP-

FL (pRL-XIAP-FL�Pyr). Mutating this sequence correlated

with a dramatic 30-fold reduction in IRES activity (i.e., the

FL/RL activity ratio), although some activity was still

present compared with the HCV IRES. RNA splicing still

occurred with transfection of this construct. The polypy-

rimidine tract was previously reported to be necessary for

the formation of a RNP complex containing La that is be-

lieved to facilitate XIAP IRES-mediated translation (Holcik

and Korneluk 2000). However, we found that the reduction

in FL/RL activity with pRL-XIAP-FL�Pyr correlated well

with changes in RNA splicing (i.e., the formation of lower

amounts of the smaller RNAs). These data indicate that

splicing and IRES activity cannot be distinguished simply

by mutating DNA constructs. Therefore, IRES activity

must be assayed using a method in which splicing does not

occur.

Direct transfection of cells with
RNA as an assay for IRES activity

Several groups have used direct RNA

transfection to assay IRES activity in

cells (Koev et al. 2002; Thompson and

Sarnow 2003). In cases in which pro-

moter and/or splicing activity is present,

this may be the most effective method

for assaying IRES activity in cells. How-

ever, direct RNA transfection may pre-

vent the opportunity for an IRES to

properly associate with certain nuclear

ITAFs that may be required for RNP-

complex formation and IRES activity.

This was previously referred to as a

nuclear event that is required for the ac-

tivation of certain IRESs (Stoneley et al.

2000). However, in the case of XIAP,

nuclear-RNA splicing likely contributed

to the unusually high levels of apparent

IRES activity that was previously re-

ported (Holcik et al. 1999).

293T cells were directly transfected

with dicistronic test RNAs to assay the

IRES activity of the XIAP 5� UTR. RNAs
from pRL-FL and pRL-HL were in-

cluded as negative and positive controls,

respectively. Transcripts for the assays

were synthesized in vitro in the presence

of 32P-CTP, with or without m7GpppG

cap. Each runoff transcript also encoded

a 35-nt poly(A) tail. Following tran-

scription, RNA was treated with DNase

I, phenol-chloroform extracted, then

passed through a gel filtration column prior to transfection.

This insured transfection mixes lacked contaminating DNA,

proteins, and nucleotides (including nonincorporated

m7GpppG). Cells were lysed 9 h post-transfection when

rates of luciferase synthesis were maximal (Van Eden et al.

2004). Figure 4A shows the FL/RL activity ratio for each of

the indicated capped dicistronic RNAs. The XIAP 5� UTR
exhibited a FL/RL ratio that was marginally, yet statistically,

greater (approximately twofold) than that of the empty vec-

tor (pRL-FL). The HCV IRES exhibited a FL/RL ratio that

was nearly 15-fold higher than the negative control. RNA

was also harvested from transfected cells for RT-PCR as a

test for RNA splicing (Fig. 4B). The results of this analysis

indicated no splicing occurred with any of the transfected

dicistronic RNAs. It can also be concluded that the lack of

any product from the RT(−) controls demonstrated that

DNA from in vitro transcription reactions was not carried

over into the transfections. Also, the 95% repression of RL

activity in 293T cells transfected with pRL-XIAP-FL DNA

(Fig. 1E) did not occur with direct RNA transfection of

FIGURE 3. Mutation of nucleotides in pRL-XIAP-FL reduces apparent IRES activity and
affects RNA splicing in transfected cells. (A) Schematic depicting the pRL-XIAP-FL DNA
construct. Gray solid lines indicate splicing of chimeric introns. Dashed lines indicate splicing
associated with XIAP sequences. Mutations to pRL-XIAP-FL are indicted by arrowheads and
identified in parentheses. Splice-donor and -acceptor locations are denoted by forward and
backward slash marks, respectively. (B) Indicated DNA constructs were transfected into 293T
cells and lysates generated 24 h post-transfection. FL and RL activities were determined and
FL/RL plotted for each construct. (C) RNA was harvested from cells in one well for each of the
transfections shown in B and subjected to RT-PCR (as indicated in Materials and Methods).
Products were separated in a 1% (w/v) agarose gel and visualized by EtBr staining/UV. PCR
products from the HCV and XIAP DNA constructs were included as size controls (DNA). RT
was included (+) or excluded (−) from each reaction as indicated.
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these cells (Fig. 4C). Similar results were obtained with

transfection of HepG2 and HeLa S3 monolayers. However,

in these cells the XIAP 5� UTR failed to demonstrate sta-

tistically significant IRES activity (data not shown).

Unlike mRNA produced in cells transfected with DNA

expression vectors, RNAs transcribed in vitro are not

capped with absolute efficiency. Because the dicistronic as-

say has FL activity normalized to cap-dependent RL activity,

FL/RL can vary with capping efficiency. To address this, we

compared RL and FL translation from capped versus un-

capped dicistronic RNAs in transfected 293T cells. Figure

4C shows the effect of RNA capping on RL activity, and

Figure 4D shows the effect of capping on FL activity. In

both cases, values were normalized based on the amount of

radiolabeled RNA remaining in cells 9 h post-transfection,

although normalization to the amount of radiolabeled input

RNA resulted in identical patterns (data not shown). Sur-

prisingly, the absence of a cap did not

significantly decrease the stability of

transfected radiolabeled RNA assessed

in denaturing gel electrophoresis/auto-

radiography (Van Eden et al. 2004). Al-

though the lack of cap greatly reduced

the translation of FL from pRL-FL RNA,

there was much less of an effect on

RNAs containing either the HCV IRES

or XIAP 5� UTR sequences (Fig. 4D).

These data support the notion that a low

level of FL translation from pRL-FL

RNA is mediated via ribosome reinitia-

tion and is cap dependent. Conversely,

both XIAP and HCV test RNAs were

less affected by the presence of an up-

stream cap because ribosomes may have

been directly recruited to their IRES el-

ements. These data provide further evi-

dence that both HCV- and XIAP-de-

rived test sequences could support cap-

independent translation initiation in

293T cells. In addition, these data indi-

cate that both sequences do not simply

enhance reinitiation but rather mediate

direct recruitment of ribosomes. Thus,

transfection of both capped and un-

capped dicistronic test RNAs may pro-

vide a means for discerning downstream

FL cistron synthesis resulting from ribo-

some reinitiation versus the presence of

an IRES.

Furthermore, the HCV IRES exhib-

ited similar levels of IRES activity (com-

pared with pRL-FL) in vitro and in cells

transfected with either DNA or RNA

dicistronic constructs. Thus, nuclear

events may not be essential for HCV

IRES activity. Collectively, these results support transfection

of cells with dicistronic RNA test constructs as a valid

method for assaying IRES activity while simultaneously

eliminating the possibility of aberrant RNAs formed from

cryptic promoters and/or RNA splicing.

Concluding remarks

Methods other than the dicistronic test have also been used

for the identification of IRESs. The HIV IRES was identified

by its ability to continue directing translation in a monoc-

istronic mRNA during poliovirus infection and its ensuing

cap-dependent translation shutoff (Buck et al. 2001). Simi-

larly, the ORF-embedded eIF4GI IRES was first identified

by its mRNA maintaining association with polysomes dur-

ing poliovirus infection. Likewise, transcripts encoding c-

myc and BiP were found associated with polysomes during

FIGURE 4. The XIAP 5� UTR exhibits low IRES activity in cells transfected with RNA. (A)
RNA was transcribed in vitro from each of the indicated DNA plasmids in the presence of
m7GpppG and [�32P]-CTP. RNA was then treated with DNase I, phenol-chloroform extracted,
and purified via gel filtration chromatography. Nine hours post-transfection of RNA, 293 cells
were lysed and assayed for FL and RL activity. FL/RL ratios were plotted for each transfection
on a logarithmic scale. Asterisk indicates a statistically significant difference between pRL-
XIAP-FL and pRL-FL (P < 0.05). (B) RNA was extracted from cells transfected with the in-
dicted RNAs and used for RT-PCR. PCR products were isolated in a 1% (w/v) agarose gel and
visualized by EtBr staining/UV. PCR products from the indicated DNA constructs were in-
cluded as size controls (DNA). (+) and (−) denote the inclusion or exclusion of RT from the
reaction, respectively. The arrow to the right indicates PCR products correlating to intact
dicistronic RNAs. (C,D) Cells were transfected as above with capped or uncapped 32P-labeled
RNA transcribed from the indicated plasmids. Cells were lysed, 9 h post-transfection, and FL
and RL activities were determined. Remaining transfected RNA was estimated via scintillation
counting of TriZol-extracted RNA. RL (C) and FL (D) were plotted after normalizing to the
total amount of each labeled RNA. (D) Data were plotted on a logarithmic scale. Asterisk
indicates significant pRL-XIAP-FL IRES activity compared with pRL-FL (P < 0.05). Results are
representative of three separate experiments.
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these conditions (Johannes and Sarnow 1998). However,

these methods can only aid in the identification of potential

IRES sequences that function in the absence of intact eIF4G.

The most definitive test of IRES activity was demonstrated

in a circular RNA containing the EMCV 5� UTR (Chen and

Sarnow 1995). This demonstrated that neither the cap nor

a free 5�-phosphate residue was required for the initiation

of translation. However, this technique is limited in that the

IRES must be devoid of stop codons and able to direct the

translation of a run-on protein.

To date, the dicistronic DNA assay is the predominant

method used for demonstrating internal ribosome entry

sites in eukaryotic mRNAs. However, precautions must be

taken to ensure that translation of the downstream cistron

results from IRES activity and not from aberrantly formed

RNAs. Northern blotting has frequently been used to assay

RNA integrity in cells transfected with dicistronic DNA test

constructs, but we have had difficulty detecting some

smaller spliced-RNAs by this method. However, by using a

RNAi-based technique as well as RT-PCR analysis, we were

able to detect aberrant RNA processing in cells transfected

with a dicistronic DNA containing the XIAP 5� UTR. Splic-
ing was anticipated because translation of upstream RL was

typically repressed ∼20-fold in constructs containing the

XIAP 5� UTR (data not shown). Thus, repression of first

cistron expression may also be an indication of aberrant

RNA splicing. In addition, we have presented data that

show the XIAP 5� UTR-derived splice elements cannot be

easily eliminated by point mutations. RNA transfection was

used to assay IRES activity because splicing and IRES ac-

tivities could not be differentiated in transfections con-

ducted with DNA constructs.

There is evidence to suggest post-transcriptional regula-

tion of cellular XIAP expression occurs (Holcik et al. 1999;

Tamm et al. 2000). It was reported that XIAP is translated

preferentially during apoptosis when cap-dependent trans-

lation is down-regulated (Holcik et al. 1999). We trans-

fected cells directly with dicistronic RNA to assess XIAP

IRES activity in the absence of aberrant RNA formation and

demonstrated the XIAP 5� UTR could mediate cap-inde-

pendent translation, albeit at levels far lower than previ-

ously reported (Holcik et al. 1999, 2003; Holcik and Kor-

neluk 2000; Henis-Korenblit et al. 2002; Nevines et al. 2003;

Warnakulasuriyarachchi et al. 2003). Further work is re-

quired to determine if the weak XIAP IRES activity detected

here is stimulated by cell stress or apoptosis.

The data presented here suggest the need for a re-evalu-

ation of proposed ITAFs in the IRES-mediated translation

process. In the case of the XIAP IRES, the involvement of La

and hnRNP-C requires particular clarification because these

factors are known to be associated with the RNA splicing

apparatus (Choi et al. 1986; Fouraux et al. 2002). We pro-

pose that the methods presented here will complement

those currently in use and contribute to the accurate iden-

tification/characterization of viral and cellular IRESs.

MATERIALS AND METHODS

Materials

Fetal bovine serum (FBS) was purchased from Hyclone Labora-

tories, and m7G(5�)ppp(5�)G cap analog was from Ambion.

[35S]methionine-cysteine (Tran35S-label) and [�-32P]-CTP were

purchased from ICN Biomedicals, Inc. All restriction endonucle-

ases and pSV-�-Gal, pGL3-control, and pGL3-basic plasmid vec-

tors were from Promega. Oligonucleotide DNA primers were syn-

thesized by Integrated DNA Technologies. Unless stated otherwise,

all other compounds were reagent grade and obtained from

Sigma-Aldrich.

Construction of dicistronic reporter DNAs

The pRL-HL dicistronic vector was generously provided by S.M.

Lemon (Univ. of Texas, Medical Branch), and its design and con-

struction have already been described (Honda et al. 2000). RNA

transcribed from this vector contained an upstream cistron coding

for Renilla luciferase and a downstream cistron coding for firefly

luciferase with intervening sequence containing the HCV IRES.

Renilla luciferase is translated from this template by canonical

cap-dependent mechanisms, whereas firefly luciferase is translated

by internal ribosome entry.

The pRL-FL construct, in which the intercistronic region was

removed, was previously described (Van Eden et al. 2004). A ∼460-
bp DNA fragment corresponding to the region within the 5� UTR
of human XIAP (Genebank EST database: BX119811), just up-

stream of the reported XIAP ORF, was amplified from total cyto-

plasmic RNA (HeLa) by RT-PCR by using primers 5�-ctagcggccgc
cttgtaaaaacaactttgatgccttga-3� (sense) and 5�-cagccgcggtctcttgaaaat
aggacttgtccacct-3� (antisense; NotI and SacII sites underlined, re-

spectively). The product was ligated into pGEM-T (Promega),

sequenced, and then cloned into pRL-HL at NotI and SacII sites

that flanked the HCV IRES to generate the pRL-XIAP-FL con-

struct. DNAs amplified by long-range PCR from pRL-XIAP-FL, so

as to exclude the CMV promoter, were blunt-end ligated to create

the promoter-less p(�CMV)RL-XIAP-FL construct. Mutagenesis

of pRL-XIAP-FL dicistronic constructs was performed according

to the QuikChange site-directed mutagenesis protocol (Strata-

gene), and these constructs are described in the figure legends. In

addition, constructs used for transient RNA transfection of cells

contained a 35-nt poly(A) inserted 12 nt downstream of the firefly

luciferase ORF. All constructs were verified by restriction enzyme

analyses and automated DNA sequencing, the latter as a service

provided by Lone Star Laboratories.

RNAi constructs

The pBS/U6ApaI vector was the generous gift of Y. Shi (Harvard

Medical School), and its construction has been previously de-

scribed (Sui et al. 2002). The pBS/U6-RLi construct was generated

by using a two-step subcloning procedure. Briefly, oligonucleo-

tides (5�-ggtgcctgtagtgtgatgtga3� and 5�-agcttcacatcacactacaggcacc-
3�) were annealed then ligated into pBS/U6, which had previously
been digested with ApaI, treated with T4 DNA polymerase to

blunt the ends, and finally digested with HindIII. The resulting

construct was isolated, and a second set of oligonucleotides (5�-agc
ttcacatcacactacaggcaccctttttg-3� and 5�-aattcaaaaagggtgcctgtagtgtg
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atgtga-3�) were annealed and then ligated into the plasmid, which
had previously been digested with HindIII and EcoRI. The result-

ing pBS/U6-RLi construct contained a 50-nt RNA hairpin down-

stream of the murine U6 promoter designed to elicit an siRNA

response targeting the RL ORF.

Cell culture and DNA/RNA transfection

HeLa S3 cervical adenocarcinoma cells, 293T embryonic kidney

cells, and HepG2 hepatocellular carcinoma cells were obtained

from the American Type Culture Collection. All cultures were

passaged as monolayer cultures in DMEM (Invitrogen) supple-

mented with 10% (v/v) FBS, 100 U penicillin, and 100 µg/mL

streptomycin or in EAGLES medium supplemented as described

above (HepG2). All cultures were grown in a humidified incubator

at 37°C in an atmosphere of 5% CO2.

Transient DNA transfections were performed by using Lipofect-

AMINE and Plus reagents (Invitrogen) according to the specifi-

cations of the manufacturer. Briefly, 3 × 105 cells were seeded per

well of a 12-well plate the day prior to transfection. Cells were

transfected with DNA (1 µg/well) and cultured for 20 h at 37°C

prior to harvesting by removing the medium and lysing the cells in

passive lysis buffer (PLB; Promega).

Alternatively, cells were transfected with RNA. Plasmid con-

structs were linearized with AgeI (XhoI for pRL-HL) so all runoff

RNA transcripts contained a 35-nt poly(A) tail. Capped, poly(A)

runoff RNA transcripts (+ or − m7GpppG) were generated in vitro

by using recombinant T7 RNA Polymerase in the presence of

[�32P]-CTP. Transient RNA transfections were performed by us-

ing DMRIE-C (Invitrogen) according to the specifications of the

manufacturer. Approximately 3 × 105 cells were seeded per well of

a 12-well plate the day prior to transfection. Cells were transfected

with RNA (3 µg/well), cultured for ∼8 h at 37°C, and then har-

vested by removing the medium and lysing the cells in PLB. Quan-

titation of transfected RNAs was via scintillation counting or gly-

oxol/DMSO-agarose gel electrophoresis and autoradiography of

TriZol (Sigma) extracted RNA (results were similar in both cases).

In vitro transcription/translation

Plasmid DNA was linearized prior to transcription by using XhoI

(pRL-HL and pRL-XIAP-FL) or BamHI (pRL-FL) to generate

RNA for in vitro translation. Capped, runoff RNA transcripts were

synthesized by using recombinant T7 RNA polymerase as previ-

ously described (Byrd et al. 2002). Following transcription in vitro,

NucAway spin columns (Ambion) were used to separate nonin-

corporated nucleotides. RNA for transfection was prepared as

above, but plasmids were linearized with AgeI (pRL-FL and pRL-

XIAP-FL) or XhoI (pRL-HL). Transcription was via recombinant

T7 polymerase. Following transcription, reactions were treated

with DNase I, phenol-chloroform extracted, and purified over

NucAway spin columns. In both cases RNA integrity was assessed

by glyoxol/DMSO-agarose gel electrophoresis, and the concentra-

tion of RNA was estimated by UV spectroscopy. Nuclease-treated

rabbit reticulocyte lysates (RRLs; Promega) were programmed

with RNA transcripts (∼80 pmole/ml) in the presence of [35S]me-
thionine-cysteine for 90 min at 30°C in accordance with the in-

structions supplied by the manufacturer. Translation reactions

were analyzed by autoradiography of SDS-PAGE gels (12.5% [w/v]

acrylamide) using Biomax MR film (Eastman Kodak).

Assays for luciferase

RL and FL activities were quantitated by using the Dual-Luciferase

Reporter System (Promega) and a Sirius luminometer (Berthold

Detection Systems). Typically, 5–20 µL cell lysate (post-transfec-

tion) was combined sequentially with FL and then RL luciferase-

specific substrates (i.e., beetle luciferin and coelenterazine, respec-

tively) according to the protocol supplied by the manufacturer.

Light emission was measured 3 sec after addition of each of the

substrates and integrated over a 10-sec interval.

RNA analyses

RT-PCR was performed as a test for mRNA splicing in cells fol-

lowing DNA transfection. Cytoplasmic RNA was isolated from

cells by using TriZol reagent according to the instructions of the

manufacturer. After DNase I treatment, 1 µg purified cellular RNA

was reverse-transcribed using the ImProm-II Reverse Transcrip-

tion System (Promega) and an oligo-d(T) primer (Invitrogen).

PCR was used to amplify the intercistronic region of cDNA by

using the primers P1 5�-cagatcactagaagctttattgcg-3� (sense) and P2
5�-tctcttcatagccttatgcagttgc-3� (antisense). RT-PCR was performed

similarly on RNA isolated from RNA transfected cells, except DN-

ase I pretreatment was excluded. PCR in this case was with primers

P3 5�-gctagccaccatgacttcgaaag-3� (sense) just downstream of the

T7 promoter and P2.

Northern blotting was performed with RNA purified from 293T

cells following transfection with dicistronic DNAs as indicated

above. Following extraction with TriZol, 2.5 µg total RNA was

loaded per well of a 1% (w/v) glyoxol/DMSO-agarose gel, sepa-

rated by electrophoresis, and transferred to a nylon membrane.

Hybridization was in ULTRAhyb hybridization buffer (Ambion)

at 68°C to a ∼500-nt 32P-labeled riboprobe that annealed to the

3�-end of the FL ORF. Autoradiography of the membrane was

performed overnight at −80°C with Kodak X-OMAT film to vi-

sualize the bands.
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