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The regulation of cap-independent translation directed by the internal ribosome entry sites (IRESs) present
in some viral and cellular RNAs is poorly understood. Polypyrimidine-tract binding protein (PTB) binds
specifically to several viral IRESs. IRES-directed translation may be reduced in cell-free systems that are
depleted of PTB and restored by reconstitution of lysates with recombinant PTB. However, there are no data
concerning the effects of PTB on IRES-directed translation in vivo. We transfected cells with plasmids
expressing dicistronic transcripts in which the upstream cistron encoded PTB or PTB deletion mutants
(including a null mutant lacking amino acid residues 87 to 531). The downstream cistron encoded a reporter
protein (chloramphenicol acetyltransferase [CAT]) under translational control of the poliovirus IRES which
was placed within the intercistronic space. In transfected BS-C-1 cells, transcripts expressing wild-type PTB
produced 12-fold more reporter protein than similar transcripts encoding the PTB null mutant. There was a
2.4-fold difference in CAT produced from these transcripts in HeLa cells, which contain a greater natural
abundance of PTB. PTB similarly stimulated CAT production from transcripts containing the IRES of
hepatitis A virus or hepatitis C virus in BS-C-1 cells and Huh-7 cells (37- to 44-fold increase and 5 to 5.3-fold
increase, respectively). Since PTB had no quantitative or qualitative effect on transcription from these plas-
mids, we conclude that PTB stimulates translation of representative picornaviral and flaviviral RNAs in vivo.
This is likely to reflect the stabilization of higher ordered RNA structures within the IRES and was not
observed with PTB mutants lacking RNA recognition motifs located in the C-terminal third of the molecule.

The cap-independent initiation of translation on the plus-
sense genomic RNAs of picornaviruses and some flaviviruses
requires binding of the small ribosome subunit to the RNA at
a site located hundreds of nucleotides downstream of its 59
terminus (34, 54, 75). This interaction is controlled by highly
structured, cis-acting RNA elements located within the 59 non-
translated region (59NTR), the internal ribosome entry site
(IRES). IRES elements were first identified within viral RNAs
but have been increasingly recognized within the lengthy
59NTRs of cellular mRNAs encoding certain critical mamma-
lian growth factors, including fibroblast growth factor 2 (76),
human insulin-like growth factor II (74), and platelet-derived
growth factor B (4), as well as eukaryotic translation initiation
factor 4G (eIF4G) (19). In directing the internal initiation of
translation, these viral and cellular IRES elements function in
concert with both canonical and possibly noncanonical trans-
acting cellular translation initiation factors. Factors influencing
the efficiency of internal ribosome entry directed by IRESs are
likely to play important roles in determining the cellular tro-
pisms of some viruses or the posttranscriptional regulation of
proteins translated under the control of a cellular IRES. How-
ever, these factors remain incompletely characterized.

Like all picornaviruses, poliovirus and hepatitis A virus
(HAV) contain functional IRES elements within their 59NTRs
(11, 54). However, these two picornaviral IRESs share negli-
gible primary sequence homology and have distinctly different
predicted secondary RNA structures (11, 60). They can be
considered representative of two major structural classes of
IRES elements that are found within the Picornaviridae (11, 59,
60, 79). Hepatitis C virus (HCV) is another positive-stranded
RNA virus which is classified within the family Flaviviridae
(16). The 59NTR of HCV also contains an IRES which directs
the translation of the HCV polyprotein in a cap-independent
fashion (30, 63, 75). Although HCV and HAV both replicate
predominantly if not exclusively within hepatocytes of infected
humans, the IRES elements of these viruses have no sequences
in common, nor have they been shown to contain conserved
higher-ordered structures (11, 13). The HCV IRES is thus
representative of a third structural class of viral IRES elements
(40).

Relatively little is known of the specific mechanisms by
which IRES elements direct the internal entry of the 40S ri-
bosome subunit on their RNAs, although it is apparent that
higher-ordered RNA structures within viral IRESs are essen-
tial to this process. Some requirements may also exist for short
conserved primary nucleotide sequences among both picorna-
viral and flaviviral IRESs (29, 61), but the secondary and ter-
tiary RNA structure (i.e., conformation) of the IRES generally
appears to be more important (11, 29, 59, 60). It is also clear
that IRES elements require trans-acting cellular factors to di-
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rect translation. Each of the canonical translation initiation
factors, with the probable exception of intact eIF4G, appear
necessary, at least for picornaviral IRESs (41, 53, 67). How-
ever, in vitro studies also suggest important roles for one or
more cellular proteins that do not typically participate in the
cap-dependent translation of cellular mRNAs (6–8, 28, 31, 32,
37, 48–50). Such trans-acting cellular factors presumably inter-
act specifically with the cis-acting RNA structures within the
IRES (47, 50, 57, 81). Since translation of the viral polyprotein
is an essential step in viral replication, the intracellular abun-
dance of these factors may be an important determinant of the
extent to which specific cell types are permissive for virus
replication.

Efficient and accurate translation directed by the poliovirus
(or closely related rhinovirus) IRES in rabbit reticulocyte ly-
sate is dependent on supplementation with cellular extracts or
ribosomal salt washes prepared from poliovirus-permissive
HeLa cells (10). Similarly, an as yet unconfirmed report sug-
gests that translation mediated by the HAV IRES in reticulo-
cyte lysates may be enhanced by the addition of cytoplasmic
extracts from mouse liver (23). In addition, available data
strongly support the existence of one or more cell-type-specific
proteins which facilitate (or impede) cap-independent transla-
tion directed by the HAV IRES in cultured cells (17, 18, 69).
Mutations which confer cell-type-specific differences in viral
translation and replication have also been described within the
poliovirus IRES (70). However, the cell-type-specific transla-
tion factors responsible for these differences are unknown.

A 52-kDa protein, La, is present at relatively high levels
within HeLa cell extracts and binds specifically to the poliovi-
rus 59NTR (47). It may be the cellular factor responsible for
the correction of aberrant translation of poliovirus RNA in
reticulocyte lysates (47, 48). La is a predominantly nuclear
protein. However, it is redirected to the cytoplasm, the site of
virus replication, in poliovirus-infected cells (48). Poly(rC)
binding protein 2 (PCBP2) also binds specifically to the polio-
virus IRES and appears to be an essential factor required for
efficient translation of poliovirus RNA in HeLa cells (6). In
addition to La and PCBP2, the 57-kDa polypyrimidine-tract
binding protein (PTB; also known as hnRNP I) binds specifi-
cally to the IRES sequences of several picornaviruses, includ-
ing poliovirus and HAV (15, 27, 44, 80). A specific interaction
with the HCV IRES has also been claimed (2), although PTB
has greater affinity for the 39NTR as well as a segment within
the 59-proximal open reading frame of HCV RNA (33). Like
La, PTB is a predominantly nuclear protein, although it is
present in lower abundance in the cytoplasm of many cells.
PTB preferentially binds RNAs containing pyrimidine-rich
tracts and binds with greatest affinity to pyrimidine-rich RNA
tracts containing the core sequence UCUU or UCUUC (20,
52, 56, 71). Its normal cellular functions are incompletely de-
fined, but there is increasing evidence that PTB plays a role in
39 splice site selection, spliceosome assembly on pre-mRNAs,
and the regulation of pre-mRNA splicing (22, 24, 42, 43, 52, 73,
77). Despite evidence that PTB binds to pyrimidine-rich seg-
ments of viral IRESs, its functional involvement in viral trans-
lation has been controversial.

The depletion of PTB from translationally active cell lysates
may impair translation directed by both picornaviral and fla-
viviral IRESs but generally does not hinder translation of cel-
lular mRNAs (2, 8, 28, 37, 49). However, both the IRES of
Theiler’s murine encephalitis virus, which is closely related
both in structure and sequence to the IRES of encephalomyo-
carditis virus (EMCV) (59), another picornavirus, and the
IRES of HCV retained good translational activity in PTB-
depleted reticulocyte lysates while the EMCV IRES did not

(37). More recently, PTB has been shown to stimulate trans-
lation directed by a variant EMCV IRES sequence with min-
imally altered secondary RNA structure (38). Two groups of
investigators noted that IRES-dependent translation could not
be restored by the addition of recombinant PTB to lysates
which had been depleted of PTB by immunoadsorption (2, 28).
These latter results suggest that PTB had been removed as a
complex with an unrelated but essential translation factor(s).
In contrast, when lysates which were depleted of PTB by RNA
affinity procedures were reconstituted with recombinant PTB,
there was good restoration of IRES-directed translational ac-
tivity (37, 49). The complexity of cellular protein interactions
with IRES elements is further evidenced by the fact that unr,
a cytoplasmic RNA binding protein, may interact synergisti-
cally with PTB in stimulating translation directed by the rhi-
novirus, but not the poliovirus, IRES in vitro (31). Nonethe-
less, an overriding concern is that no data have yet been
presented which support a role for PTB or any other nonca-
nonical translation factor in cap-independent translation di-
rected by a viral or cellular IRES in vivo.

In this study, we used a novel system to demonstrate that the
transient expression of PTB from the upstream cistron of di-
cistronic transcripts stimulates cap-independent translation of
a downstream cistron directed by picornaviral (poliovirus and
HAV) as well as flaviviral (HCV) IRES elements placed within
the intercistronic space. We show that the enhancement of
IRES-dependent translation is dependent on the C-terminal
one-third of the PTB molecule, which contains two putative
RNA recognition motifs (RRMs). The results suggest that
there are quantitative differences in the requirements of vari-
ous viral IRESs for PTB in vivo and are consistent with the
possibility that PTB and possibly other cellular factors may be
important determinants of the host range of these positive-
strand RNA viruses. Since IRES elements also exist in some
cellular mRNAs (4, 19, 46, 51, 66, 74, 76), these observations
may also be relevant to posttranscriptional control of the ex-
pression of certain cellular genes.

MATERIALS AND METHODS

Plasmids. pRc/CMV-PTB contains the complete PTB coding region preceded
by the cytomegalovirus (CMV) immediate-early (IE) and T7 promoters. This was
constructed by inserting the 1.6-kb EcoRI fragment comprising the human PTB
coding sequence from pGemPTB (22) (generously provided by Mariano Garcia-
Blanco, Duke University), ligated to HindIII linkers, into the HindIII site of the
mammalian expression vector pRc/CMV (Invitrogen, San Diego, Calif.). pPwt/
AC, pPwt/SC, and pPwt/CC contain dicistronic transcriptional units in which an
intact upstream PTB coding sequence is separated from a downstream chloram-
phenicol acetyltransferase (CAT) reporter sequence by insertion of the entire
59NTR of either HAV (nucleotides [nt] 1 to 734 of HM175/P16 virus) or Sabin
type 1 poliovirus (nt 1 to 742) (Fig. 1A) or the 59NTR and 59-proximal 8 nt of the
open reading frame of HCV (Fig. 1B), respectively. These plasmids were con-
structed by inserting the HindIII-NotI fragments of pHAV-CAT1 or pSAB-CAT,
respectively, into pRc/CMV-PTB. The construction of plasmids pHAV-CAT1
and pSAB-CAT has been described previously (69, 78). pPwt/CC is a discistronic
plasmid that contains the 59 353 nt of the HCV-N strain of HCV fused in-frame
with the CAT sequence downstream of the PTB sequence. It was constructed by
inserting the NheI-BamHI fragment of pHCV-N2 (30) into pwtCAT (64). The
59NTR-CAT sequence in the resulting construct (HindIII-BamHI fragment) was
then inserted into pRc/CMV-PTB as described above.

Additional dicistronic plasmids contain mutated PTB sequences (Fig. 1) in
which an internal in-frame deletion removes 32 amino acid residues (pD87-
118/AC or pD87-118/SC) or frameshift mutations lead to termination of trans-
lation at residue 86 (pD87-531/AC, pD87-531/SC, and pD87-531/CC) or 360
(pD361-531/SC and pD361-531/AC) of the PTB sequence. pD87-118/AC was
constructed by digestion of pPwt/AC with BstEII, removal of a 96-bp fragment
(nt 268 to 363), and religation. pD87-531/AC was created by blunt ending the
BstEII digest with Klenow enzyme prior to religation. For the construction of
pD361-531/AC, a 0.95-kb BstXI-EcoNI PTB fragment was subcloned into pD355-
532 (78). The resulting plasmid was digested by AccI, blunt ended with Klenow
enzyme, and religated, generating a frameshift mutation at nt 1094 within the
PTB coding sequence. The modified BstXI-EcoNI fragment was reinserted into
pPwt/AC to create pD361-531/AC. pPTB-Awt-RLuc and pD87-531-Awt-RLuc
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are plasmids derived from pPwt/AC and pD87-531/AC, respectively, in which the
wild-type (wt) HAV IRES (69) directs the translation of renilla luciferase from
the downstream cistron. Plasmids pD87-118/SC, pD87-531/SC, and pD361-
531/SC (Fig. 1A) and pD87-531/CC (Fig. 1B) were similarly constructed from
pPwt/SC and pPwt/CC, respectively.

pCMV-2A contains the poliovirus DVP3-VP1-2Apro coding sequence pre-
ceded by the CMV IE and T7 promoters. The His20 residue of poliovirus 2Apro

is replaced by Asn in pCMV-2A(H20N), resulting in an inactive protease (82).
These plasmids were constructed by removing the 1.5-kb BamHI-HindIII frag-
ments of plasmids pEP2A and pEP2AH20N (82) and blunt ending with Klenow
enzyme. Following ligation to HindIII linkers, these fragments were inserted into
the HindIII site of pRc/CMV to create pCMV-2A and pCMV-2A(H20N), re-
spectively. All plasmid constructions were validated by restriction endonuclease
analysis and/or DNA sequencing.

Cells. The BS-C-1 cells used in these experiments were obtained from David
Anderson (MacFarlane-Burnett Centre, Melbourne, Australia), as these proved
more readily transfected than BS-C-1 cells that had been obtained directly from
the American Type Culture Collection. Both BS-C-1 and HeLa cells were grown
in 13 minimum essential medium supplemented with Earles’ salts (Life Tech-
nologies Inc., Grand Island, N.Y.), glutamine, antibiotics, and 5 and 10% fetal
bovine serum, respectively. Huh-7 cells were grown in Dulbecco’s modified
Eagle’s medium (high glucose) supplemented with glutamine, antibiotics, and
10% fetal bovine serum.

In vitro transcription and translation reactions. Plasmid DNAs were linear-
ized by digestion with NotI. RNA transcription was carried out with T7 RNA
polymerase in 100-ml reaction mixtures containing 2.5 mg of template DNA and
Riboprobe Gemini System II reagents (Promega, Madison, Wis.) at 37°C for 1 h.
Template DNA was removed by the addition of 2.5 U of RQ1 DNase to each
reaction mixture, followed by incubation at 37°C for 30 min. RNA content was
determined by spectrophotometric analysis and RNA integrity confirmed by
sodium dodecyl sulfate (SDS)-agarose gel electrophoresis. Micrococcal nuclease-
treated rabbit reticulocyte lysates (Promega) were programmed for translation
by the addition of 1 mg of RNA per 25-ml reaction mixture containing [35S]
methionine and then incubated at 30°C for 1 h. Translation products were
analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% gel
and autoradiography. Translation products were quantitated by PhosphorImager
analysis with ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.).

DNA transfections and reporter gene assays. Cells were transfected by elec-
troporation with a Gene Pulser apparatus (Bio-Rad, Richmond, Calif.) at a
setting of 1.4 kV and 25 mF, with the pulse controller unit set at maximum
resistance and two pulses. Cells (0.5 ml containing 5 3 106 cells) were transfected
with 20 mg of DNA and placed at room temperature or on ice (BS-C-1 cells) for
10 min. Cells were subsequently plated into 60-mm-diameter culture dishes and

placed in a 5% CO2 environment at 37°C. Alternatively, some DNA transfections
were carried out by a liposome-mediated method as noted. For these transfec-
tions, nearly confluent cells grown in 60-mm-diameter plastic dishes were trans-
fected with plasmid DNA mixed with FuGENE 6 (Boehringer Mannheim); 100
ml of OptiMEM (Gibco-BRL) and 6 ml of FuGENE reagent were incubated for
10 min at room temperature prior to the addition of plasmid DNA (2 mg). The
mixture was incubated for an additional 15 min at room temperature, and 100 ml
was added directly to cells fed previously with 2 ml of growth medium.

Cells were assayed for reporter gene activity approximately 48 h following
transfection. For CAT assays, the cell culture medium was removed by aspira-
tion, the cells were washed five times with phosphate-buffered saline, pH 7.5
(PBS), and 1 ml of TEN buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 100 mM
NaCl) was added. After 5 min, the cells were mechanically removed from the
plastic surface, and the cell suspension was transferred to a microcentrifuge tube.
Cells were pelleted at 4°C for 10 min in a microcentrifuge, resuspended in 150 ml
of 250 mM Tris-HCl (pH 8.0), and lysed by freeze-thawing. CAT activity in the
cell lysates was determined by a phase extraction assay which quantitates butyry-
lated [14C]chloramphenicol products by liquid scintillation counting following
xylene extraction (Promega). In the standard assay, cell lysates were incubated
with CAT substrate for 18 h prior to phase extraction. Where noted, an alter-
native short incubation assay involved a reduced incubation period (60 min) prior
to extraction. These two assays generate different absolute values for the abun-
dance of butyrylated [14C]chloramphenicol product but comparable estimates of
the relative CAT activities of cell lysates generated in individual experiments.
The protein content of cell lysates was established by dotMETRIC assay (Re-
search Products International Corp., Mount Prospect, Il.).

RNase protection assay. RNase protection assays were carried out using re-
agents and protocols supplied with a lysate RNase protection kit (United States
Biochemicals, Cleveland, Ohio). Transfected cell monolayers in 60-mm-diameter
dishes were lysed by addition of 200 ml of a solution containing 4 M guanidine
thiocyanate, 25 mM sodium citrate, and 0.5% sarcosyl. Lysates were stored at
270°C until use in hybridization reactions. The RNA probe was a 0.22-kb
32P-labeled antisense CAT probe transcribed from pRC/CMV-CAT with SP6
RNA polymerase. Reactions also included a 0.14-kb 32P-labeled human glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) antisense probe to monitor the
amount of total cellular RNA in each lysate. These antisense probes produce
protected RNA fragments of 0.18 and 0.10 kb, respectively. Probes (106 cpm)
were added to lysates and incubated at 37°C for 17 h, diluted, and extensively
digested with RNases and proteinase K as directed by the manufacturer. Pro-
tected RNA fragments were precipitated with isopropanol, separated on 6%
denaturing polyacrylamide gels, visualized by autoradiography, and quantitated
by PhosphorImager (Molecular Dynamics) analysis.

FIG. 1. (A) Organization of dicistronic transcripts expressing human PTB by cap-dependent translation and expressing CAT under the translational control of an
IRES within the intercistronic space. Plasmid designations appear at the left; in each, “x” is “S” for constructs containing the Sabin type 1 poliovirus 59NTR in the
intercistronic space or “A” for constructs containing the HAV 59NTR. Transcription is under control of a composite CMV-T7 promoter. Intact PTB is expressed by
pPwt/SC or pPwt/AC and contains a total of 531 amino acid residues. In pD87-118/xC, 32 amino acid residues have been removed from the PTB sequence by an in-frame
deletion. Frameshift mutations in pD87-531/xC (null mutant) and pD361-531/xC result in termination of PTB translation at Thr86 and Val360, respectively. At the bottom
is a graphical representation of the PTB molecule showing locations of the four RRMs with respect to these deletion mutations. (B) Organization of dicistronic
transcripts encoding the wt or null mutant PTB upstream of the HCV IRES and a downstream CAT reporter protein. The upstream sequences are identical to those
shown for the related transcripts in panel A, but the intercistronic space contains the complete HCV 59NTR fused naturally to the 59-most 8 nt of the HCV open reading
frame (D Core) and in-frame CAT coding sequence.
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Northern blot analysis of reporter transcripts. Total RNA was extracted from
BS-C-1 cells 48 h posttransfection with FuGENE (see above), using RNAqueous
(Ambion, Austin, Tex.) as recommended by the manufacturer. The poly(A)1

RNA fraction was purified from total RNA on Oligotex spin columns (Oligotex
mRNA; Qiagen, Santa Clarita, Calif.), separated by electrophoresis in a form-
aldehyde-agarose gel, and blotted onto a BrightStar-Plus nylon membrane
(NorthernMax, Ambion). The membrane was subsequently hybridized with a
mixture of two different CAT-specific, [32P]CTP-labeled riboprobes, which were
complementary to the 39 125 nt or the 300-nt EcoRI-NcoI segment of the CAT
sequence, respectively. The hybridized blots were imaged on a PhosphorImager
(Molecular Dynamics).

Immunofluorescence detection of PTB. The intracellular abundance of PTB
was monitored in normal and transfected cells by indirect immunofluorescence
using a polyclonal rabbit antibody to a recombinant glutathione S-transferase
(GST)–PTB fusion protein (generously provided by James G. Patton, Vanderbilt
University). Cells were allowed to adhere to eight-chamber tissue culture cham-
ber slides, fixed with 4% paraformaldehyde for 20 min at room temperature, and
permeabilized with 0.2% Triton 3 100 in PBS for 15 min at room temperature
(56). Cells were incubated with a 1:100 dilution of the primary antibody for 2 h
at room temperature. After extensive washing with PBS, cells were incubated
with tetramethyl rhodamine isothiocyanate (TRITC)-labeled anti-rabbit immu-
noglobulin (Dako, Inc., Carpintiera, Calif.), diluted 1:400, for 1 h at room
temperature. Following additional washes, slides were mounted in Vectashield
fluid (Vector Laboratories, Burlingame, Calif.) and examined for specific fluo-
rescence with a Nikon Eclipse E800 microscope.

Cell fractionation and immunoblot analysis. Forty-eight hours following DNA
transfection of BS-C-1 or Huh-7 cells, cells were mechanically collected, centri-
fuged at 500 3 g, and resuspended in NP-40 lysis buffer A (10 mM Tris [pH 7.4],
10 mM NaCl, 3 mM MgCl2, 0.5% [vol/vol] NP-40). The resuspended cells were
vortexed for 10 s, and then kept on ice for 10 min. After removal of the nuclei
by centrifugation, the supernatant fluid was collected as the cytoplasmic fraction.
The nuclear pellet was washed in NP-40 lysis buffer once, followed by centrifu-
gation at 500 3 g to prepare a nuclear fraction. For immunoblot analysis, 10-mg
aliquots of the cytoplasmic extract and corresponding nuclear fraction were
separated by SDS-PAGE (12.5% gel). Following electrotransfer to polyvinyli-
dene difluoride membranes at 100 V for 2 h, and membranes were blocked with
5% skim milk in 0.1% Tween–PBS for 1 h. Following two washes with the same
buffer, membranes were probed with polyclonal rabbit anti-PTB antibody (In-
tronn) at a concentration of 3.2 mg/ml for 1 h. The membranes were washed twice
and incubated with horseradish peroxidase-conjugated anti-rabbit immunoglob-
ulin G for 40 min. After thorough washing of the membranes, proteins were
visualized with an enhanced chemiluminescence reagent kit (Amersham Inter-
national Plc.) according to the manufacturer’s recommended procedure.

RESULTS

Dicistronic reporter transcripts which encode PTB in the
upstream cistron. The cap-independent, internal initiation of
translation of the picornaviral polyprotein is dependent on the
interaction of trans-acting cellular factors with cis-acting RNA
sequences within the viral IRES. To determine whether PTB
plays a functional role in this process, we constructed a series
of plasmids containing dicistronic transcriptional units in which
the upstream cistron encodes PTB (or various PTB deletion
mutants) and the downstream cistron encodes the reporter
protein, CAT, under the translational control of the IRES of
either Sabin type 1 poliovirus or a cell culture-adapted HAV
(Fig. 1A). We reasoned that the cap-dependent translation of
human PTB from the upstream cistron of pPwt/SC and
pPwt/AC transcripts (Fig. 1A) would facilitate an analysis of its
effects on the immediately adjacent IRES in transient expres-
sion assays. This approach eliminated the need for plasmid
cotransfections and ensured that the expressed PTB would be
present within the microenvironment of the IRES, thus en-
hancing the likelihood of detecting either a positive or negative
effect on viral translation.

The PTB mutants encoded by these plasmids included a
frameshift/deletion mutation that terminated translation at
amino acid residue 86 of PTB (D87-531, null mutant), which
normally comprises 531 amino acid residues (Fig. 1A). The
small N-terminal segment of PTB that is expressed by the
D87-531 mutant contains the nuclear localization signal of PTB
but only part of the first of four putative RRMs (21, 39, 56).
Because it is unlikely to have any RNA binding activity, and

thus any influence on IRES-directed translation, plasmids en-
coding this null mutant served to establish the basal level of
IRES activity in transfected cells. Other PTB mutants included
a frameshift mutation leading to the termination of translation
at residue 360 (D361-531) and an in-frame deletion mutation
removing residues 87 to 118 from PTB (D87-118) (Fig. 1A).

To confirm the effects of these mutations on the PTB prod-
ucts expressed from the constructs depicted in Fig. 1A, T7
transcripts synthesized in vitro were used to program transla-
tion in rabbit reticulocyte lysates. PTB normally migrates in
SDS-PAGE as a doublet band with an apparent molecular
mass of ;57 kDa (20, 52). This product, along with the ;24-
kDa CAT protein produced from the downstream cistron un-
der control of the poliovirus IRES, was readily apparent in the
products of translation reactions programmed with pPwt/SC
transcripts which encode wild-type PTB (Fig. 2, lane 2). In
contrast, the mutant PTB produced in reactions programmed
with pD87-118/SC transcripts migrated as a doublet band with
an apparent molecular mass slightly less than that of wild-type
PTB (Fig. 2, lane 3), consistent with the internal deletion of 32
amino acid residues. The mutant PTB produced from pD361-
531/SC transcripts also migrated as a doublet band but with an
apparent molecular mass of only ;38 kDa (Fig. 2, lane 5). This
result is consistent with the deletion of the C-terminal one-
third of the PTB molecule that results from the frameshift
mutation in these transcripts. No PTB product was evident in
reactions programmed with pD87-531/SC transcripts (null mu-
tant), which contains a frameshift mutation resulting in the
production of a very abbreviated polypeptide of only 86 amino
acid residues (Fig. 2, lane 4). The translation products from
transcripts containing the HAV IRES were identical to those
shown in Fig. 2 (data not shown).

To determine whether the production of human PTB in
reticulocyte lysates programmed with pPwt/SC or pPwt/AC
influenced the efficiency of CAT translation directed by the
picornavirus IRESs, we quantified the amounts of CAT pro-
tein produced in these reactions by PhosphorImager analysis.
For each IRES, results were standardized to the amount of
CAT produced in lysates programmed with transcripts encod-
ing the PTB null mutant, D87-531. The results of this experi-
ment are shown in Table 1. The quantities of CAT produced in
these reactions did not vary by more than ;2-fold for each

FIG. 2. Products of cell-free translation reactions programmed with synthetic
dicistronic RNA transcripts containing the poliovirus 59NTR within the intercis-
tronic space (Fig. 1A). Reaction mixes (25 ml) were programmed with 1 mg of the
indicated T7 transcripts (lanes 2 to 5) or no RNA (lane 1). Intact PTB appears
as a doublet band with an apparent molecular mass of ;57 kDa (lane 2), while
mutant PTBs appear as more rapidly migrating doublet bands (lanes 3 and 5). No
PTB product is evident from translation of the null mutant, pD87-531/SC (lane
4), consistent with the small predicted size of this product (;10.7 kDa). CAT is
produced from all four transcripts and migrates with an apparent molecular mass
of ;24 kDa (lanes 2 to 5).

1586 GOSERT ET AL. MOL. CELL. BIOL.



IRES. Furthermore, when transcripts containing the poliovirus
and HAV IRESs were compared, there was no correlation
between the quantity of CAT produced and the type of PTB
molecule expressed by individual constructs. Thus, these re-
sults suggest that either the quantity of endogenous PTB is not
limiting for IRES-directed translation in reticulocyte lysates or
the quantity of newly synthesized PTB produced in these ly-
sates is insufficient to influence the translational activity of the
relatively large quantity of RNA (1 mg) used to program each
reaction.

PTB enhances poliovirus IRES-mediated translation in
vivo. In contrast to rabbit reticulocyte and HeLa cell lysates
that contain abundant PTB, cytoplasmic extracts prepared
from BS-C-1 cells contain a substantially lower abundance of
PTB (15). The lower endogenous level of PTB expression in
BS-C-1 cells should enhance the probability of detecting an
effect of PTB overexpression on translation directed by the
poliovirus or HAV IRES elements in vivo. Figure 3A summa-
rizes results obtained in replicate experiments in which BS-C-1
cells were transfected with plasmids containing the poliovirus
IRES. Transcription from these plasmids in vivo was driven by
the CMV IE promoter; thus, PTB was translated by a typical
cap-dependent process. In contrast, translation of CAT from
the downstream cistron of the dicistronic transcripts was de-
pendent on internal ribosome entry mediated by the viral
IRES. Reporter protein activity was measured in cell lysates
approximately 48 h following transfection.

Compared with cells transfected with the null mutant, pD87-
531/SC (Fig. 1A), BS-C-1 cells transfected with pPwt/SC (ex-
pressing intact PTB) or pD87-118/SC (expressing PTB with a
small 32-residue internal deletion) produced 11- to 12-fold
more CAT activity. In contrast, no increase in CAT expression
over that produced by the null mutant was observed following
transfection with pD361-531/SC, which encodes a truncated
PTB mutant lacking the C-terminal one-third of the molecule.
Since the increased CAT activity observed in cells transfected
with pPwt/SC or pD87-118/SC could reflect either stimulation
of the poliovirus IRES by PTB or increased CMV promoter-
directed transcription or mRNA stability in BS-C-1 cells, we
assessed the levels of RNA transcripts in transfected BS-C-1
cells by an RNase protection assay employing an RNA probe
complementary to the CAT sequence. Protected CAT-specific
RNA fragments were normalized to levels of GAPDH tran-
scripts detected by RNase protection. These results demon-
strated that differences in reporter protein activity were not
due to differences in the abundance of CAT transcripts, as
PhosphorImager analysis indicated that RNA transcript levels
varied from 1.0-fold (pD87-118/SC) to 2.2-fold (pPwt/SC) that
of the null transcript (data not shown). In addition, the protein
concentrations of these lysates were similar. Thus, we conclude
that the transient overexpression of PTB significantly enhances

translation of the CAT reporter protein from these dicistronic
transcripts in BS-C-1 cells. This enhancement is absolutely
dependent on the presence of the PTB sequence downstream
of residue 360, which includes most of RRM-3 and all of
RRM-4 (21, 39, 56).

Compared to BS-C-1 cells, HeLa cells contain a much higher
natural abundance of cytoplasmic PTB (15). Thus, we antici-
pated that the effect of transient PTB overexpression on trans-
lation of the reporter protein might be less in HeLa cells than
in BS-C-1 cells. This proved to be the case, as shown in Fig. 3B.
Transient expression of wt PTB or the pD87-118/SC mutant
had only a modest (2.4-fold) stimulatory effect on CAT expres-
sion directed by the poliovirus IRES in transfected HeLa cells.
This did not reflect poor transfection efficiency or low tran-
scriptional activity in HeLa cells, as the basal levels of trans-
lation in cells transfected with the null mutant were consider-
ably higher than in BS-C-1 cells. As in BS-C-1 cells, no
enhancement of CAT activity was observed with the large
frameshift deletion mutant, pD361-531/SC (Fig. 3B). Thus, the
natural cytoplasmic abundance of PTB in HeLa cells appears
to be almost sufficient for optimal poliovirus IRES-mediated
initiation of translation.

Stimulation of HAV IRES-directed translation by PTB. The
HAV and poliovirus 59NTRs contain IRES elements with dis-
tinctly different RNA secondary structures that are represen-
tative of two general structural classes of IRESs found in
picornaviruses (11, 60). Compared with the poliovirus IRES,
the HAV IRES has exceptionally low intrinsic translational
activity both in vitro and in vivo (12, 69, 78). Thus, it was of
interest to see whether PTB was also capable of stimulating the

TABLE 1. PhosphorImager quantitation of CAT produced under
control of the poliovirus or HAV IRES in rabbit reticulocyte lysates

programmed with dicistronic RNA

59NTR
Relative CAT productiona

wtb D87-118 D361-531

Poliovirus 2.06 1.44 1.56
HAV 0.76 0.58 0.43

a Amount of CAT protein produced in each reaction in a representative
experiment, normalized to that produced in reactions programmed with RNAs
encoding the D87-531 null mutant, assigned a value of 1. In reactions performed
with no RNA, CAT production was not detected.

b pPwt constructs (Fig. 1A).

FIG. 3. Impact of PTB transient expression on levels of CAT reporter pro-
tein activity in cultured mammalian cells which were transfected with plasmids
containing the poliovirus 59NTR within the intercistronic space (Fig. 1A). CAT
activities were measured 46 to 50 h following transfection and were normalized
to those obtained following transfection of the null mutant pD87-531/SC (100%).
Error bars indicate the standard deviations of results obtained in two separate
experiments, each involving two replicate transfections (total of four transfec-
tions). (A) Relative CAT activities following DNA transfection of BS-C-1 cells
which contain a low cytoplasmic abundance of PTB. Transfection with the null
mutant, pD87-531/SC, generated a mean CAT activity value of 777 cpm, while
CAT activity in mock-transfected cells (m) was 69 cpm. (B) Relative CAT
activities in transfected H1-HeLa cells which contain a greater natural abun-
dance of PTB than BS-C-1 cells. Transfection with the null mutant, pD87-531/SC,
generated a mean CAT activity value of 22,715 cpm, while CAT activity in
mock-transfected cells was 67 cpm.
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translation of a reporter protein placed downstream of the
HAV IRES in a dicistronic transcript. Strikingly, when dicis-
tronic plasmids containing the HAV 59NTR (Fig. 1A) were
transfected into BS-C-1 cells, the stimulatory effect of PTB on
translation of the reporter protein was substantially greater
than its effect on the poliovirus IRES. CAT activity was ap-
proximately 37-fold greater in cells transfected with pPwt/AC,
which encodes wt PTB, than in cells transfected with the re-
lated null mutant, pD87-531/AC (Fig. 4A).

As with the poliovirus IRES (Fig. 3), deletion of amino acid
residues downstream of residue 360 of PTB abrogated the
enhancement in translation of the reporter protein that was
observed with pPwt/AC (Fig. 4A). However, in contrast to
results obtained with the poliovirus IRES (Fig. 3), the deletion
of amino acid residues 87 to 118 in mutant pD87-118/AC re-
sulted in an almost 50% reduction of the enhancement of
translation observed with wt PTB. Similar results were ob-
tained in multiple transfection experiments. Thus, an intact
RRM-1 must be present in the PTB molecule for maximum
stimulation of translation from transcripts containing the HAV
IRES, while this does not appear to be the case with the

poliovirus IRES. As with the poliovirus constructs, RNase pro-
tection assays confirmed that the differences in CAT activity
observed in BS-C-1 cells transfected with plasmids containing
the HAV IRES were not due to differences in the abundance
of CAT-specific transcripts. RNase protection assays indicated
that the levels of transcripts varied from only 0.8- to 1.4-fold
that of the null transcript (data not shown).

Consistent with previous studies (69, 78) the HAV IRES
demonstrated much lower intrinsic translation-initiating activ-
ity than the poliovirus IRES within the context of otherwise
identical dicistronic transcripts. To eliminate interexperimen-
tal differences in the absolute values obtained in the CAT assay
(reflecting differences in the length of the incubation step in
the enzymatic assay; see the legend to Fig. 4), frozen cell
lysates collected in multiple experiments were reassayed for
CAT activity in a single assay (Table 2). In the absence of
expression of a functional PTB molecule from the upstream
cistron (pD87-531 null mutants), the level of CAT activity
expressed under translational control of the HAV IRES was
approximately 19-fold less than that expressed under control of
the poliovirus IRES in BS-C-1 cells (Table 2), despite similar
levels of CAT-specific RNA transcripts detected by RNase
protection assays (data not shown). However, the difference
between the translational activities of HAV and the poliovirus
IRES elements decreased to approximately sixfold when IRES
activities were compared in the context of transcripts express-
ing wt PTB (pPwt/AC vs. pPwt/SC) (Table 2). These results
indicate that the transient overexpression of PTB partially
compensates for the intrinsically poor activity of the HAV
IRES, compared with the poliovirus IRES, in vivo.

To determine the extent to which PTB might mediate en-
hancement of translation directed by the HAV IRES in a
human hepatocyte-derived cell line, plasmids containing the
HAV IRES were transfected into Huh-7 cells. The results of
these experiments closely paralleled those obtained in BS-C-1
cells. A 44-fold-greater level of CAT activity was obtained
following transfection of Huh-7 cells with pPwt/AC compared
to the null mutant, pD87-531/AC (Fig. 4B). As in BS-C-1 cells,
the deletion of amino acid residues 87 to 118 substantially
reduced the ability of PTB to stimulate HAV-directed trans-
lation (resulting in ;30% of the stimulation observed with
intact PTB), while deletion of residues downstream of residue
360 completely eliminated the translation-enhancing activity.
We conclude from these experiments that transient expression
of PTB in either BS-C-1 or Huh-7 cells enhances translation
directed by the IRES of HAV. The 37- to 44-fold enhancement
of HAV translational activity was significantly greater than the
12-fold enhancement observed with the poliovirus IRES in
BS-C-1 cells (Fig. 3A) and much greater than the 2.4-fold
increase observed with poliovirus in HeLa cells (Fig. 3B).

FIG. 4. Impact of PTB transient expression on levels of CAT reporter pro-
tein activity in cells which were transfected with plasmids (Fig. 1A) containing
the HAV 59NTR within the intercistronic space (results shown are means of four
separate transfections from a total of two experiments; see the legend to Fig. 3).
(A) Relative CAT activities following DNA transfection of BS-C-1 cells. Trans-
fection with the null mutant, pD87-531/AC, generated a mean CAT activity value
of 2531 cpm, while CAT activity in mock-transfected cells (M) was 60 cpm. (B)
Relative CAT activities in transfected Huh-7 cells, which are derived from a
human hepatocellular carcinoma. Transfection with the null mutant, pD87-531/
AC, generated a mean CAT activity value of 536 cpm, while CAT activity in
mock-transfected cells was 65 cpm. CAT assay incubation times were extended
compared to those used in the experiments shown in Fig. 4 because of the
expected low basal rate of HAV translation (78).

TABLE 2. CAT activities in lysates of BS-C-1 cells transfected with
dicistronic plasmids containing the poliovirus or HAV IRES and

expressing either intact PTB or the D87-531 null mutant

PTB
segment

Mean cpm 6 SDa

Poliovirus
59NTR HAV 59NTR

D87-531 2,408 6 30.6 129 6 12.1
wtb 28,652 6 1,167 4,886 6 202

a Frozen lysates from multiple experiments were retested in a single CAT
assay with 125-ml reaction volumes containing 10 ml of lysate incubated at 37°C
for 1 h. The values shown were obtained with cell lysates from four separate
transfections carried out in two independent experiments.

b pPwt constructs (Fig. 1A).
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Enhanced CAT expression from dicistronic RNAs encoding
PTB is not due to altered nuclear processing of transcripts.
Since we found that PTB overexpression did not influence the
abundance of CAT transcripts in transfected cells, the results
described above strongly suggest that PTB enhances the effi-
ciency of translation directed by different picornaviral IRES
elements in vivo. However, because of growing evidence that
PTB may regulate exon selection during pre-mRNA splicing
(14, 24, 43, 55, 73), we considered the possibility that overex-
pression of PTB might result in selection of a cryptic splice site
within these dicistronic transcripts. This could alter the pri-
mary structure of the transcripts and possibly the nature of the
process by which the translation of the reporter protein is
initiated. However, it would seem to be a very unlikely expla-
nation for the translational enhancement observed in these
experiments, since splicing events would have to have occurred
fortuitously in both the HAV and poliovirus sequences in
pPwt/AC and pPwt/SC transcripts, respectively, in order to
remove the viral IRES and render the reporter protein subject
to a conventional translation initiation mechanism. Nonethe-
less, to formally exclude this possibility, we carried out a North-
ern analysis of RNA transcripts produced in BS-C-1 cells fol-
lowing transfection with plasmids containing the HAV IRES,
pPwt/AC, and the related null mutant, pD87-531/AC (Fig. 5).
The probe for these experiments was a mixture of labeled
RNAs complementary to the CAT sequence. These results
demonstrated a single transcript of appropriate size in BS-C-1
cells that had been transfected with either plasmid (Fig. 5,
lanes 1 and 2). Consistent with earlier RNase protection stud-
ies (data not shown), the abundance of this transcript was
equivalent in cells transfected with either plasmid, despite the
significantly greater expression of CAT in cells transfected with
pPwt/AC. No transcript was detected in mock-transfected cells
(lane 3). These experiments provide further proof that the
overexpression of PTB results in enhanced internal initiation

of translation directed by representative picornaviral IRES
elements in vivo.

The enhanced translational activity of the IRES in dicis-
tronic transcripts encoding PTB is dependent on translation
of the upstream PTB reading frame. The dicistronic RNA
transcripts encoding the PTB mutants shown in Fig. 1 differ
minimally from the nucleotide sequence of the related wt PTB
construct, despite large differences in the nature of the PTB
proteins expressed from the upstream reading frames. Further-
more, the frameshift and deletion mutations which alter the
expression of PTB are located far upstream of the IRES se-
quence (Fig. 1A). Thus, the differences that we observed in the
translational activities of these transcripts are unlikely to re-
flect altered RNA structure in the region of the IRES. How-
ever, to formally exclude this possibility, we determined
whether the greater translational activity of the poliovirus
IRES within the context of the dicistronic pPwt/SC and pD87-
118/SC transcripts (Fig. 3) was dependent on expression of
PTB from the first cistron.

BS-C-1 cells were cotransfected with a dicistronic plasmid
(pPwt/SC, pD87-118/SC, or the null mutant pD87-531/SC) (Fig.
1A) and a plasmid expressing either the wt protein or a pro-
teolytically inactive form of the poliovirus 2Apro protease un-
der transcriptional control of the CMV promoter [pCMV-2A
or pCMV-2A(H20N), respectively] (Fig. 6A). In addition to
directing the cis-active primary cleavage of the poliovirus
polyprotein, 2Apro directs the proteolytic cleavage of eIF4G,
an essential component of the cellular cap-binding complex (3,
72). It may also have a direct, trans-activating effect on the
poliovirus IRES (25, 45). Thus, the expression of 2Apro should
inhibit the cap-dependent initiation of PTB translation from
the upstream cistron of the dicistronic transcripts but should
not hinder (and could actually enhance) the cap-independent

FIG. 5. Northern blot analysis of the poly(A) fraction of RNA extracted from
BS-C-1 cells following DNA transfection with constructs containing the HAV
IRES, pPwt/AC (lane 1), or its related null mutant pD87-531/AC (lane 2). Lane
3 was loaded with RNA from mock-transfected cells. The probe for hybridization
was complementary to the CAT sequence.

FIG. 6. Enhancement of the translational activity of the poliovirus IRES
within dicistronic transcripts is dependent on the cap-dependent translation of
PTB from the upstream cistron. (A) Organization of plasmids encoding protease
2A (2Apro) of poliovirus under control of the CMV IE promoter. pCMV-2A
expresses wt 2Apro, while pCMV-2A(H20N) expresses a mutant 2Apro which
lacks proteolytic activity. (B) BS-C-1 cells were cotransfected with dicistronic
plasmid DNAs plus either pCMV-2A (grey bars) or pCMV-2A(H20N) (black
bars). Results shown represent mean values obtained in a total of four transfec-
tions of plasmid DNAs 6 standard deviation, normalized for each series to that
obtained with the null mutant, pD87-531/SC (100%). Absolute CAT activities
following transfection of the null mutant, pD87-531/SC, were 28,908 cpm with
pCMV-2A cotransfection and 2,726 cpm with pCMV-2A(H20N) cotransfection,
compared to 60 cpm for mock transfection.

VOL. 20, 2000 EFFECTS OF PTB ON IRES-DIRECTED TRANSLATION 1589



translation of the reporter protein which is under control of the
poliovirus IRES. As shown in Fig. 6B, the PTB-mediated en-
hancement of IRES activity observed with pPwt/SC was almost
completely eliminated by coexpression of the wt 2Apro but not
the proteolytically inactive 2Apro(H20N) in which His20 of
2Apro is substituted with Asn (82). These results confirm that
the enhanced activity of the poliovirus IRES in the pPwt/SC
and pD87-118/SC transcripts is dependent on translation of the
upstream cistron (PTB) and is not a function of intrinsic tran-
script sequence or higher-ordered RNA structure within the
region of the IRES. It is important to note that in this exper-
iment, CAT activities were substantially increased in cells ex-
pressing the proteolytically active form of 2Apro compared
to that in cells expressing the proteolytically inactive
2Apro(H20N). The increase in IRES-directed translation in the
presence of 2Apro is likely due to the shutdown of cap-depen-
dent translation, and greater availability of ribosomes or pro-
tein translation factors, in addition to any direct effects of
2Apro on the IRES (25, 45).

Indirect immunofluorescence detection of PTB in normal
and transfected cells. An important consideration in interpret-
ing the enhancement of IRES-directed translation due to over-
expression of PTB is the extent to which the abundance of
cytoplasmic PTB has been increased beyond the physiologic
range. Thus, we assessed the intracellular abundance and sub-
cellular localization of PTB in both normal and transfected
cells by an indirect immunofluorescence method using a pri-
mary rabbit polyclonal antibody raised to a GST-PTB fusion
protein (56) (Fig. 7). Specificity of the immunofluorescence
(TRITC) staining was controlled by similarly staining cells with
normal rabbit serum (data not shown). In normal HeLa cells
(Fig. 7A), there was brilliant PTB-specific nuclear staining.
This was located predominantly in the nucleoplasm, sparing
the nucleoli but with two or more intense perinucleolar depos-
its present within the majority of cells, as described previously
(21, 56). In contrast, normal BS-C-1 cells demonstrated only
very weak specific nuclear staining for PTB, with none of the
bright perinucleolar deposits that were noted in HeLa cells
(Fig. 7C). Nonspecific background fluorescence within the cy-
toplasm of BS-C-1 cells often rivaled the intensity of the nu-
clear staining. These results are consistent with the lower PTB
content of BS-C-1 cells noted previously by Chang et al. (15).
Normal Huh-7 cells demonstrated a level of specific nuclear
PTB staining that was intermediate between that of BS-C-1

and HeLa cells (Fig. 7B). Some Huh-7 cells contained intense
perinucleolar deposits of PTB similar to those observed in
HeLa cells but with less frequency than in HeLa cells.

Following transfection with pPwt/AC, the majority of BS-
C-1 cells demonstrated brilliant PTB-specific staining (Fig.
7D), present as a granular cytoplasmic fluorescence with con-
spicuous perinuclear accumulation. In many cells there was
prominent, diffuse staining of the nucleoplasm without evi-
dence of the intense perinucleolar deposits observed in normal
HeLa and Huh-7 cells. In general, the intensity of PTB staining
in transfected BS-C-1 cells was similar to that in normal HeLa
cells (Fig. 7A). Thus, the overall level of PTB expression re-
quired for stimulation of IRES-directed translation in BS-C-1
cells appears to be within what is the physiologic range for
HeLa cells, although it is likely that the cytoplasmic levels of
this predominantly nuclear protein were increased substan-
tially above what is normally present in BS-C-1 cells.

Immunoblot detection of PTB in normal and transfected
cells. To further assess the increase in the abundance of PTB
in transfected cells in relation to the increase observed in
IRES-directed translation, we used an immunoblot assay to
monitor the amounts of PTB present in cytoplasmic and nu-
clear fractions (Fig. 8). First, we compared IRES activities in
cells transfected with dicistronic plasmids that express (i) ei-
ther wt PTB or the PTB null mutant from the upstream cistron
and (ii) renilla luciferase from the downstream cistron under
the control of the wt HAV IRES (pPTB-Awt-RLuc and pD87-
531-Awt-RLuc, respectively). The HAV IRES in these con-
structs differs at three bases from the HM175/P16 HAV IRES
used in the preceding experiments, and we have shown it to be
significantly less active in BS-C-1 cells (69). Transfection was
via a liposome-mediated method rather than by electropora-
tion. Despite these differences, the results were similar to those
obtained in the preceding experiments. BS-C-1 cells trans-
fected with pPTB-Awt-RLuc expressed over fourfold more
renilla luciferase than control cells transfected with the pD87-
531-Awt-RLuc null mutant, while there was approximately a
threefold difference in Huh-7 cells (Fig. 8A). The lesser degree
of translational enhancement compared with that shown in Fig.
4 may reflect the lower efficiency of liposome-mediated trans-
fection compared with electroporation. This was particularly
evident with the BS-C-1 cells and may also reflect a greater
level of constitutive expression of PTB in these particular cells
(see below). These results show that the increased IRES ac-
tivity observed with PTB overexpression is not dependent on
the reporter protein, which was renilla luciferase in these ex-
periments and CAT in the experiments shown in Fig. 3 and 4.

To assess the level of PTB overexpression under these con-
ditions, we carried out immunoblot assays of cells transfected
under identical conditions with a related set of monocistronic
plasmids expressing PTB and the null mutant, D87-531 (Fig.
8B). PTB was visualized as a doublet band migrating with an
apparent molecular mass of ;52 kDa. In both BS-C-1 and
Huh-7 cells transfected with the null mutant, the nuclear frac-
tion contained a significantly greater abundance of PTB than
the cytoplasmic fraction. The PTB content of the Huh-7 cells
(particularly the cytoplasmic fraction) was greater than that of
the BS-C-1 cells (compare lanes 5 and 1 in Fig. 8B). These
results are generally consistent with the immunofluorescence
results shown in Fig. 7. However, the abundance of PTB in the
cytoplasmic fraction of the BS-C-1 cells used in these particu-
lar experiments appears to have been greater than that we
observed in previous experiments (15). Thus, it is possible that
an increase in the constitutive level of expression of PTB by
these BS-C-1 cells may have contributed to the lesser magni-
tude of translational enhancement observed with PTB overex-

FIG. 7. Indirect immunofluorescence detection of PTB in normal HeLa (A)
Huh-7 (B), and BS-C-1 cells (C) and BS-C-1 cells 24 h following electroporation
of the pPwt/AC plasmid (D). The primary antibody for these studies was rabbit
anti-GST-PTB, while the secondary antibody was TRITC-labeled swine antibody
to rabbit immunoglobulin.
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pression in these cells (compare Fig. 8A with Fig. 4). Trans-
fection with the wt PTB-expressing plasmid resulted in little
apparent increase in the total cellular PTB content of BS-C-1
cells (compare lanes 3 and 4 with 1 and 2 in Fig. 8B) and only
a moderate increase in the PTB content of Huh-7 cells (com-
pare lanes 7 and 8 with 5 and 6). Interestingly, however, trans-
fection with this plasmid resulted in the appearance of a new
minor PTB species migrating with a slightly smaller apparent
mass than the major doublet bands (best visualized in lanes 3,
7, and 8). The increase in PTB content appeared to be pre-
dominantly nuclear in BS-C-1 cells, but there were significant
increases in the cytoplasmic abundance of PTB in transfected
Huh-7 cells. The results shown in Fig. 8 confirm that relatively
small increases in the cytoplasmic abundance of PTB may be
associated with significant increases in HAV IRES activity,
particularly in BS-C-1 cells, and they argue strongly for a phys-
iologically relevant role for PTB in the regulation of viral IRES
elements in vivo.

PTB also stimulates cap-independent translation directed
by the HCV IRES. In addition to picornaviruses, IRES ele-
ments have been demonstrated within the 59NTRs of certain
flaviviruses (HCV, GBV-B, and the pestiviruses bovine viral
diarrhea virus and classical swine fever viruses) (29, 30, 62, 63,
63a, 65, 75). These flaviviral IRESs contain common RNA
secondary structures and share limited primary nucleotide se-
quence identity, but they show no relatedness to any picorna-
viral IRES and thus can be considered to comprise a wholly
different class of viral IRES elements (13, 26, 29, 40). Ali and
Siddiqui (2) reported that PTB binds to the IRES of HCV and
that the immunodepletion of PTB from reticulocyte lysates
substantially reduced the ability of the HCV IRES to direct
translation. In addition, Ito and Lai (33) have suggested that
PTB regulates HCV translation in vitro through interactions
with RNA sequences in the 59 and 39 NTRs as well as the
59-proximal open reading frame. Nonetheless, Kaminski et al.
(37) found that reticulocyte lysates depleted of PTB on an
RNA affinity column were able to support a normal level of
HCV-directed translation. Thus, the available in vitro data
bearing on the role of PTB in HCV translation are contradic-
tory. To determine whether transient expression of PTB in vivo
would enhance translation directed by the IRES of HCV in a
manner similar to that observed with picornaviral IRESs, we

constructed dicistronic plasmids similar to those shown in Fig.
1A but containing (in lieu of the picornaviral IRES) the HCV
59NTR and the first 8 nt of the HCV open reading frame fused
in frame to the CAT coding sequence and either the wt or null
mutant PTB in the upstream cistron (pPwt/CC and pD87-
571/CC respectively [Fig. 1B]).

When these constructs were transfected into BS-C-1 or
Huh-7 cells, we observed an approximately fivefold increase in
CAT expression from the construct encoding wt PTB relative
to that encoding the null mutant (Fig. 9). As was the case with
cells transfected with dicistronic constructs containing the
HCV IRES, Northern analysis demonstrated only a single
transcript of equal size in BS-C-1 cells transfected with either
of the HCV constructs (data not shown). There were no con-
sistent differences in the abundance of this transcript in cells
transfected with the null mutant, pD87-571/CC, and that en-
coding wt PTB. We conclude from these results that cap-
independent translation directed by the IRES of HCV is also
stimulated by transient expression of PTB in either BS-C-1 or
Huh-7 cells, although the extent of translational enhancement
was considerably less than that observed with the HAV IRES
in these cell types (Fig. 4). Thus, the translational activity of
the HCV IRES appears to be less affected by the abundance of
cellular PTB than either the poliovirus or HAV IRES.

DISCUSSION

We sought to develop direct evidence for a role for PTB in
IRES-directed translation in vivo by determining whether the
transient overexpression of PTB enhances or otherwise alters
the translational activity of representative picornaviral and fla-
viviral IRES elements. Toward this end, we used a novel ex-
pression system involving the cap-dependent translation of
PTB from the upstream cistron of dicistronic transcripts in
which an intercistronic IRES controlled translation of a down-
stream reporter protein sequence. We studied the translational
activity of these transcripts in several cell types, including BS-
C-1 cells which normally express PTB at relatively low levels
(Fig. 7C) (15). We found that the expression of PTB signifi-
cantly enhanced the translational activity of two structurally
different IRES elements from distantly related picornaviruses,
poliovirus and HAV (Fig. 3 and 4), as well as that of a third,

FIG. 8. Immunoblot detection of PTB in transfected BS-C-1 and Huh-7 cells in comparison to increases in translation directed by the wt IRES of HAV. (A) Relative
expression of renilla luciferase (RLuc) following DNA transfection of cells with a dicistronic plasmid expressing wt PTB from the upstream cistron, compared with a
matched control plasmid encoding the PTB null mutant, D87-531, in the upstream cistron. RLuc was translated from the downstream cistron by a cap-independent
process under control of the wt 59NTR of HAV. Transfection was by a liposome-mediated procedure. (B) Immunoblot analysis of BS-C-1 and Huh-7 cells following
DNA transfection under conditions identical to those used in panel A with monocistronic plasmids expressing either wt PTB or the null mutant, D87-531. C, cytoplasmic
fraction; N, nuclear fraction.
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structurally distinct IRES which is present within the 59NTR of
a flavivirus, HCV (Fig. 9). While our data do not specifically
exclude a general increase in cellular translation due to PTB
expression (i.e., both cap-dependent and IRES-directed trans-
lation), such a phenomenon would not account for the wide
variance in the degree to which different IRES elements were
transactivated by PTB. Moreover, we saw no increase in b-ga-
lactosidase expression when we cotransfected b-galactosidase
expression vectors with PTB constructs (data not shown). The
data presented here thus provide an important in vivo confir-
mation of prior reports suggesting that PTB may function as a
noncanonical internal initiation factor in cell-free translation
systems (2, 8, 28, 37, 38, 49).

The approach taken to demonstrate this role for PTB in
IRES-directed translation was unique in that PTB or PTB
variants were expressed from the same dicistronic mRNA that
contained the viral IRES and downstream reporter protein-
coding sequence. This obviated the need for cotransfection of
multiple plasmids. It also ensured that PTB was produced in
every cell that expressed the reporter protein under control of
the IRES and within the microenvironment of the IRES. The
use of BS-C-1 cells that normally contain a relatively low level
of cytoplasmic PTB (15) (Fig. 7C) allowed us to demonstrate
that stimulation of IRES-directed translation occurs with levels
of PTB expression that are similar to or only modestly higher
than those levels that are normally present in HeLa cells (Fig.
7A and D). RNase protection assays and Northern analysis of
transfected cells (Fig. 5) demonstrated that the increase ob-
served in IRES-directed translation was not due to quantitative
or qualitative differences in transcription from transfected
plasmids. Furthermore, experiments involving the coexpres-
sion of the poliovirus 2Apro protease (Fig. 6) demonstrated
that the increase in IRES-directed translation required the
cap-dependent translation of PTB from the upstream cistron

of the expressed transcripts, indicating that the increase in
translation was not due to altered folding of transcripts con-
taining mutated PTB segments.

The results obtained with dicistronic plasmids encoding dif-
ferent PTB mutants (Fig. 1A) provide insight into the func-
tional domains of PTB that are required for stimulation of
IRES activity in vivo. Previous analyses have suggested that
PTB may contain up to four RRMs, each of which comprise
about 80 amino acid residues (21, 39, 56). Only part of the first
of these four RRMs is present in the 86-residue N-terminal
fragment of PTB expressed from the null mutant, D87-531
(Fig. 1A). This small protein fragment is unlikely to have any
RNA binding activity, although it does contain the nuclear
localization signal of PTB (56). This suggests that the D87-531
product was not functioning as a dominant negative mutant in
these transient expression experiments and supports the use of
dicistronic plasmids encoding the null mutant to establish basal
levels of IRES activity in the absence of PTB overexpression.
In contrast, the large C-terminal deletion in the pD361-531
frameshift mutant eliminates most of RRM-3 and all of
RRM-4 but leaves RRM-1 and RRM-2 intact (Fig. 1A). The
resulting PTB fragment did not stimulate translation directed
by either picornaviral IRES (Fig. 3 and 4). This is consistent
with previous observations which indicate that RRM-3 and
RRM-4 play a critical role in the RNA binding activity of both
murine and human forms of PTB, although they are not re-
quired for dimerization of the molecule (9, 56). It is also
consistent with previous results obtained in a cell-free transla-
tion system by Kaminski et al. (37).

The deletion of residues 87 to 118 from the pD87-118 mu-
tant eliminates the conserved core residues of the RRM-1
motif. Previous studies indicate that this domain is not essen-
tial for either dimerization or RNA binding activities of PTB
(9, 56). We found that this PTB mutant was capable of fully
stimulating translation directed by the poliovirus IRES (Fig.
3). However, it was able to only partially stimulate the trans-
lational activity of the HAV IRES in either BS-C-1 or Huh-7
cells (Fig. 4). These results indicate a subtle difference between
these picornaviral IRES elements in their requirements for this
noncanonical translation initiation factor. However, detailed
studies of the RNA binding activities of the D87-118 mutant
will be required to understand the molecular basis underlying
this difference.

The mechanism by which PTB stimulates the translational
activities of picornaviral IRESs is unknown. However, avail-
able evidence suggests that the internal initiation of HAV and
HCV translation, like that of EMCV, involves the binding of
the 40S ribosome subunit to the viral RNA at a position close
to the initiator AUG codon, rather than at an upstream site
with subsequent 39 scanning to the AUG codon as occurs with
the poliovirus IRES (1, 11, 12, 29, 35, 36). Thus, it is likely that
PTB facilitates the initial interaction of the 40S subunit with
these viral RNAs, rather than its subsequent 39 movement
along the RNA (50). This initial interaction between the 40S
subunit and the viral RNA is highly dependent on proper
folding of the IRES, suggesting the possibility that the trans-
lation-enhancing activity of PTB may result from a stabilizing
action on higher-ordered RNA structures. The notion that
PTB might serve as an RNA chaperone (37) is strengthened by
binding studies which indicate that PTB specifically interacts
with more than one pyrimidine-rich RNA segment within each
IRES (15, 27, 44, 80). There are also multiple RRMs within the
PTB molecule, which exists in solution predominantly as a
homodimer (21, 56). Thus, it is likely that the PTB dimer
makes multiple contacts with the viral RNA. This could facil-

FIG. 9. PTB stimulates the HCV IRES following transfection of mammalian
cells with plasmids containing dicistronic transcriptional units (see Fig. 1B and
the legend to Fig. 3). (A) CAT activities in lysates collected following DNA
transfection of BS-C-1 cells with the null mutant, pD87-531/CC, or pPwt/CC.
Transfection was by a cationic liposome-mediated method (see Materials and
Methods) and with the null mutant, pD87-531/CL, generated a mean CAT
activity of 22,907 cpm. Because of variation in transfection efficiency was greater
with liposome-mediated transfection than with electroporation as in the exper-
iments shown in Fig. 3 and 4, the results are shown as the ratio of CAT activities
produced by the wt versus null mutant expression vectors. The data shown
represent the mean values obtained in seven separate transfection experiments 6
standard deviation. (B) CAT activities following DNA transfection of Huh-7 cells
with the same plasmids. Transfection with the null mutant, pD87-531/CL, gen-
erated a mean CAT activity of 30,170 cpm. Results shown represent the mean
values obtained in two separate transfection 6 range.
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itate its putative role as a protein which stabilizes RNA struc-
ture.

However, an alternative mechanism by which PTB might
stimulate IRES-directed translation is suggested by studies
that identified a specific interaction between the cellular gly-
colytic enzyme GAPDH and the IRES of HAV (68). GAPDH,
through its NAD1 binding groove, binds specifically to multi-
ple pyrimidine-rich segments within the 59NTRs of HAV and
EMCV (15, 68). Circular dichroic spectropolarimetry demon-
strated that the interaction of GAPDH with a stem-loop lo-
cated within the IRES of HAV results in the destabilization of
this RNA structure, an effect which would likely reduce the
translational competence of the IRES (68). Since PTB com-
petes strongly with GAPDH for binding to this RNA segment
(68), it could stimulate HAV IRES activity by preventing the
binding of GAPDH to the RNA. Since translation is an essen-
tial step in viral replication, the relative abundance of these
proteins within the cytoplasm of infected cells could represent
an important host determinant of the extent to which a cell is
permissive for replication of a virus.

In comparison with HAV-directed translation, there was
only a modest enhancement of HCV translation following the
transient overexpression of PTB in either BS-C-1 or Huh-7
cells (e.g., compare Fig. 4 and 7). Nonetheless, the fivefold
enhancement of HCV translation that we observed from tran-
scripts encoding the intact PTB is consistent with prior studies
that have suggested that PTB stimulated IRES-dependent
translation in vitro (2). However, our observations should not
be construed as indicating that PTB is absolutely required for
the activity of the HCV (or either picornaviral) IRES, and it is
noteworthy that other studies have shown that HCV transla-
tion is not impaired in PTB-depleted rabbit reticulocyte lysates
(37). It is not clear why there is such a great difference in the
extent to which the efficiencies of the HAV and HCV IRES
elements are enhanced by PTB. It may be that the HCV IRES
binds PTB with only low affinity (33, 37). The poliovirus IRES
also appears to have relatively low affinity for PTB (57), and it
was stimulated to an intermediate degree by PTB in BS-C-1
cells (Fig. 3A) (we did not assess poliovirus translation in
Huh-7 cells). It is also possible that the lesser increase in
translational efficiency that was observed with the HCV IRES
reflects greater intrinsic stability of the essential higher-or-
dered RNA structures within the HCV IRES than in picorna-
viral IRESs or that the interaction of PTB with the HCV IRES
does not enhance the stability of these structures. In support of
this argument is the observation that the HCV IRES, but not
picornaviral IRESs, can form binary complexes with the 40S
ribosome particle in the absence of any additional cellular
proteins (58). Finally, it may be that the HCV IRES has lower
affinity for cellular helix-destabilizing proteins such as GAPDH
(68). Further experimentation will be required to distinguish
between these possibilities.

IRES elements are not restricted to viral RNAs, and they
have been increasingly recognized in a small subset of cellular
mRNAs (46, 66). Interestingly, these include mRNAs which
direct the translation of important mammalian regulatory pro-
teins, such as fibroblast growth factor 2, insulin-like growth
factor II, and platelet-derived growth factor B (4, 74, 76). The
activity of these cellular IRES elements may vary according to
the differentiation state of the cell (4, 5), adding an additional
layer of posttranscriptional control to the regulation of these
important genes. It is reasonable to suspect that cellular pro-
teins which influence the translational activity of viral IRES
elements, such as PTB, may also play a role in regulating the
translational activity of cellular IRESs. Thus, the characteriza-
tion of such proteins is of potentially broad significance to a

better understanding of cellular mechanisms for posttranscrip-
tional regulation of gene expression.
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