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The hepatitis B virus posttranscriptional regulatory element (PRE) is an RNA element that increases the
expression of unspliced mRNAs, apparently by facilitating their export from the nucleus. We have identified a
cellular protein that binds to the PRE as the polypyrimidine tract binding protein (PTB), which shuttles
rapidly between the nucleus and the cytoplasm. Mutants of the PRE with mutations in PTB binding sites show
markedly decreased activity, while cells that stably overexpress PTB show increased PRE-dependent gene
expression. Export of PTB from the nucleus, like PRE function, is blocked by a mutant form of Ran binding
protein 1 but not by leptomycin B. Therefore, PTB is important for PRE activity and appears to function as an
export factor for PRE-containing mRNAs.

Eucaryotic mRNA transcription takes place in the nucleus,
but translation occurs in the cytoplasm, necessitating the ex-
port of mRNA through nuclear pores. In mammalian cells, this
export is strictly controlled, in that only fully spliced and pro-
cessed mRNA is exported (22, 27). Part of the control is at the
level of retention of incompletely spliced mRNA, probably by
splicing factors binding to splice sites. However, this retention
mechanism cannot explain all of the available data. First, some
genes give rise to alternatively spliced transcripts, in which
some of the mature mRNAs still contain splice sites. Second,
for at least some cellular genes (e.g., the �-globin gene), re-
moval of all introns leads to a defect in the export of mRNA to
the cytoplasm (4). Therefore, the presence of splice sites does
not always preclude RNA export, while the absence of splice
sites does not always lead to export. These data imply that at
least some mRNAs contain cis-acting elements that can effect
export independently of splicing.

In recent years, the existence of such RNA export elements
has been confirmed. The best-studied element is the Rev re-
sponse element (RRE) of human immunodeficiency virus
(HIV) and related lentiviruses (6, 14). Like almost all retrovi-
ruses, HIV contains only one promoter that gives rise to a
transcript that is alternatively spliced, resulting in the export of
completely spliced, partially spliced, and unspliced mRNAs
into the cytoplasm. HIV codes for a trans-acting protein prod-
uct that modulates the relative amounts of completely spliced
versus incompletely spliced and unspliced messages. This pro-
tein, called Rev, binds to the RRE in the nucleus and strongly
enhances the export of RRE-containing, unspliced or incom-
pletely spliced transcripts. It has become clear that Rev con-
tains a leucine-rich nuclear export signal (NES) that allows it
to form a trimolecular complex with two cellular proteins,
Crm1 (exportin) and Ran (8, 9, 29, 34). This complex, together

with its RNA cargo, interacts with components of the nuclear
pore in order to migrate into the cytoplasm. Rev is then
stripped off the mRNA in the cytoplasm and is recycled back
into the nucleus by virtue of a nuclear localization signal.

Other retroviruses also contain RNA export elements which
bind to cellular rather than viral trans-acting proteins. The
simian retrovirus element is called the constitutive transport
element (CTE) (3, 43) and is exported by binding to TAP, the
human homolog of the yeast RNA export protein Mex67p (1,
2, 23). RNA helicase A also plays a role in this export pathway
(36).

Hepatitis B virus (HBV) is not a retrovirus but also under-
goes reverse transcription during its replication and utilizes
only unspliced mRNA for expressing its gene products (10).
Recently, HBV transcripts were found to contain an element
that facilitates the export of HBV transcripts to the cytoplasm
(7, 16, 19, 39). This posttranscriptional regulatory element
(PRE) can restore export to an unspliced, HIV-derived tran-
script in the absence of Rev and RRE (7, 20). In addition, the
PRE can increase the export of RNA transcribed from an
intronless version of the �-globin gene (20). Therefore, the
PRE has the attributes of an RNA export element, although
effects on other posttranscriptional processing events in the
nucleus have also been found and may further contribute to
PRE function (18).

The PRE, like the CTE, functions in the absence of any viral
proteins and thus presumably binds to one or more cellular
trans-acting export factors. These factors apparently utilize an
export pathway different from that of either Rev or TAP, since
a mutant form of Ran binding protein 1 (RBP1) blocks export
mediated by RRE and PRE but not by CTE (41), while lep-
tomycin B blocks export mediated by RRE but not by PRE or
CTE (30, 41). Two cellular proteins, approximately 35 and 55
kDa in mass, that bind specifically to functionally important
regions of the PRE were previously identified (21). The
smaller protein was previously shown to be glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (40), whose functional
role in PRE export is still unclear. In this report, we present

* Corresponding author. Mailing address: Department of Pathology,
VA Medical Center 113B, University of California School of Medicine,
4150 Clement St., San Francisco, CA 94121. Phone: (415) 476-6006.
Fax: (415) 750-6947. E-mail: yen@itsa.ucsf.edu.

10779



evidence that the larger protein is the polypyrimidine tract
binding protein (PTB), or hnRNP I, an RNA binding protein
previously postulated to play a role in mRNA export. Mutants
of the PRE that show decreased binding to PTB also show
decreased export activity. Overexpression of PTB leads to an
increase in PRE-mediated gene expression. PTB shuttles rap-
idly between the nucleus and the cytoplasm, and its export
from the nucleus is blocked by mutant RBP1 but not by lep-
tomycin B. Therefore, PTB has the properties of a cellular
effector of PRE function.

MATERIALS AND METHODS

Plasmids. The chloramphenicol acetyltransferase (CAT) expression plasmid
pDM138 was obtained from T. Parslow and contains the simian virus 40 (SV40)
enhancer-early promoter driving the expression of a chimeric CAT–HIV type 1
(HIV-1) mRNA that is not highly expressed unless an export element is present
within the transcribed region (15). Plasmid pDM138-PRE contains the entire
HBV PRE inserted downstream of the CAT gene in the transcribed region of
pDM138 (20). Clustered point mutants of pDM138-PRE were obtained by
two-stage PCR (11). Plasmid pDM121, which expresses HIV-1 Rev, was ob-
tained from T. Parslow (15). The plasmid that expresses NES-mutated RBP1 was
obtained from B. Felber (42). Plasmid pCMV-PTB-myc/cyto expresses human
PTB with a myc epitope tag at the C terminus. It was constructed by using PCR
to generate the entire human PTB cDNA and inserting this fragment into the
XhoI and NotI sites of plasmid pCMV-myc/cyto (Invitrogen). Plasmid pGEM-
FIII1, which contains the fragment III region of PRE under the transcriptional
control of a T7 promoter, has been previously described (40). Mutants of pGEM-
FIII1 were made by two-stage PCR (11).

RNA-protein interaction. Northwestern blotting, UV cross-linking, and RNA
electrophoretic mobility shift assays were performed as described previously (21,
40). The probes were synthesized by transcription in vitro from pGEM-FIII1 or
mutants thereof in the presence of [�-32P]UTP. Oligoribonucleotides were pur-
chased from IDT. Western blotting following Northwestern blotting was per-
formed by using purified rabbit antibodies to human PTB (obtained from A. Gil
and P. Sharp) at a final concentration of 500 ng/ml, followed by alkaline phos-
phatase-labeled secondary antibody and chemiluminescence detection using an
Amersham Pharmacia ECL kit. Immunoprecipitation following UV cross-linking
was performed as described previously (40) using 10 �g of rabbit antibodies to
PTB or 10 �g of rabbit antibodies to integrin �1 (Chemicon International) as a
negative control.

Selection of PTB-expressing cell lines. Plasmid PTB-Flag/pcDNA3.1, express-
ing full-length PTB with a 3�-end Flag tag (Sigma) under the control of the
cytomegalovirus immediate-early promoter, was transfected into DBT cells, a
murine astrocytoma cell line (13), using the lipid reagent DOTAP (Roche). At
12 h after transfection, the medium was removed from the cells and replaced by
selection medium, which consists of modified Eagle’s medium with 1� Earle’s
salts and supplemented with 7% newborn calf serum, 1% glutamine-penicillin-
streptomycin solution, 10% tryptose phosphate broth (Difco), and 500 ng of
G418 sulfate (Omega Scientific)/ml. The transfected cells were cultured for 4
weeks with refreshment of the selection medium every 3 days. Colonies were
picked and examined for the expression of Flag-tagged PTB with both Western
blotting and immunofluorescence using an antibody against the Flag tag (Sigma),
and one representative clone was picked for the experiments described here.
Exogenous PTB is predominantly localized in the nucleus, similar to endogenous
PTB (data not shown). Cells transfected with the empty vector plasmid were
similarly selected.

Cell culturing, transfection, and protein and RNA analyses. HuH-7 human
hepatoma cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum. Stably transfected DBT cells were grown
in G418 selection medium (see above). Transient transfection was done with the
calcium phosphate method and 60-mm dishes (5 Prime33 Prime, Inc.). Two
days after transfection, the cells were harvested for either CAT assays or nuclear
and cytoplasmic RNA extraction as described previously (41) or nuclear export
assays as described below. RNA samples were electrophoresed on a denaturing
1% agarose gel, transferred to a nitrocellulose membrane, and probed for CAT
and GAPDH RNAs as described previously (41).

Nuclear export assays. To assay the nuclear export of endogenous PTB, the
human-mouse heterokaryon assay was used (25). HuH-7 human hepatoma cells
and mouse NIH 3T3 cells were separately cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. At 30 h posttrans-

fection, the transfected HuH-7 cells were mixed with an equal number of NIH
3T3 cells, and the mixture was seeded onto a two-well chamber slide. After
overnight incubation, 50 �g of cycloheximide/ml was added to the culture me-
dium to inhibit protein synthesis for 45 min. The cocultured cells were then fused
with 50% polyethylene glycol 8000 in serum-free medium for 1 min, washed once
with medium containing 50 �g of cycloheximide/ml, and incubated in medium
containing 50 �g of cycloheximide/ml for 15 min before fixation and immuno-
staining. In some experiments, 2.5 ng of leptomycin B/ml (courtesy of M. Yo-
shida) (28) was added to the cocultured cells 1 h before the addition of cyclo-
heximide. To assay the export of exogenously expressed PTB, HuH-7 cells were
transfected with pCMV-PTB-myc/cyto, which expresses human PTB with a myc
epitope tag at the C terminus. In some experiments, HuH-7 cells were cotrans-
fected with a plasmid that expresses RBP1 with a mutated NES, fused to green
fluorescent protein (GFP) (42).

Because a small but significant portion of Rev can be present in the cytoplasm
at steady state (33), the heterokaryon assay is not suitable for examining the
nuclear export of Rev. Instead, we examined the subcellular localization of Rev
following actinomycin D treatment, which decreases the relative rate of Rev
import versus export and hence causes Rev to localize to the cytoplasm at steady
state (33, 35). Briefly, HuH-7 cells were transfected with pDM121, which ex-
presses HIV-1 Rev. After 2 days, the cells were treated with 50 �g of cyclohex-
imide/ml for 45 min followed by 1 �g of actinomycin D/ml for 1 h and processed
for immunostaining. In some experiments, 2.5 ng of leptomycin B/ml was added
1 h before the addition of cycloheximide.

Immunofluorescence microscopy. Cells were fixed and permeabilized with
100% methanol for 5 min. Immunostaining with primary antibody was done by
incubating the cells with a mouse antibody specific for human PTB (courtesy of
S. Huang and D. Spector) (17), a mouse anti-myc antibody (Invitrogen), or a
mouse anti-Rev antibody (Intracel Corporation) at a 1:100 dilution in phosphate-
buffered saline (PBS) for 1 h. After washing of the cells with PBS, secondary
antibody staining was done by incubating the cells with PBS containing fluores-
cein isothiocyanate-labeled goat anti-mouse antibody (Sigma) at a 1:25 dilution
and saturated 4�,6�-diamidino-2-phenylindole (DAPI) at a 1:100 dilution for 1 h.
The stained cells were washed, placed on coverslips, and visualized with a Zeiss
epifluorescence microscope.

RESULTS

Binding of PTB to PRE. A functionally important subele-
ment of the PRE was previously localized between map posi-
tions 1487 and 1582 of HBV strain adw2 (21). This subelement,
named fragment III, binds strongly to an �55-kDa cellular
protein, as revealed by Northwestern blotting of nuclear pro-
teins separated by gel electrophoresis and probed with 32P-
labeled fragment III (Fig. 1, right panel). In order to identify
this protein, antibodies to known RNA binding proteins of
similar masses were used in Western blotting of the nuclear
extracts. As shown in Fig. 1, left panel, blotting with antibodies
to PTB revealed a pattern similar to that obtained in North-
western blotting with fragment III. This result raised the pos-
sibility that the PRE binding protein is PTB.

To confirm that PTB can bind to the PRE, we used two
different methods to detect the binding of fragment III by a
fusion protein containing PTB and glutathione S-transferase
(GST) purified from bacteria (courtesy of A. Gil and P. Sharp)
(12). The first method was UV cross-linking to 32P-labeled
probes, which revealed that fragment III indeed bound to
GST-PTB (Fig. 2, left lane). This binding was specific, since
fragment III did not bind to GST present at more than eight
times the concentration of GST-PTB (Fig. 2, middle lane) and
since 5S RNA from Xenopus did not bind GST-PTB (Fig. 2,
right lane). In the second experiment, we used an electro-
phoretic mobility shift assay (EMSA). Again, GST-PTB bound
labeled fragment III, as assessed by the retarded mobility of
the probe, while GST did not (data not shown; see also Fig. 5).
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Therefore, purified PTB expressed as a fusion protein in bac-
teria can bind fragment III in vitro.

To assess whether cellular PTB can similarly bind fragment
III, we cross-linked 32P-labeled fragment III to nuclear extracts

and immunoprecipitated the mixture with antibodies to PTB.
As shown in Fig. 3, left lane, cross-linking under these condi-
tions revealed two bands, a stronger band corresponding to the
55-kDa protein and a weaker band corresponding to GAPDH
(40). Antibodies to PTB precipitated the larger labeled protein
but not GAPDH (Fig. 3, middle lane). In contrast, antibodies
to an irrelevant protein (integrin �1) precipitated neither pro-
tein (Fig. 3, right lane). Together, these data establish that
PTB binds to the PRE, both as a purified fusion protein and
when present in its native state in a mixture of total nuclear
proteins.

Localization of PTB binding sites. PTB, as its name implies,
binds preferentially to pyrimidine-rich RNA sequences. In-
deed, examination of the fragment III sequence revealed that
it comprises 70% pyrimidine residues (Fig. 4). However, PTB
binding also depends on the primary sequence of the RNA.
Two groups have used SELEX to obtain putative consensus
high-affinity PTB binding sites that differ somewhat from each
other (31, 32). Therefore, we used a computer program to
search for similar sequences within fragment III. Two such
sites were found, with one homologous to each consensus
sequence (Fig. 4, sites 1 and 2).

To determine which, if either, of these sites may be a true
PTB binding site, we synthesized oligoribonucleotides com-
prising each site and assessed their ability to compete with
fragment III for binding to GST-PTB in an EMSA. As shown
in Fig. 5, the oligoribonucleotide corresponding to site 1
weakly competed for GST-PTB binding (lanes 9 and 10), while
site 2 competed as efficiently as an authentic high-affinity PTB
binding site, namely, P3 from intron 2 of �-tropomyosin (com-
pare lanes 5 and 6 with lanes 3 and 4, respectively) (31). The

FIG. 1. Serial Northwestern and Western blotting of nuclear pro-
teins. Nuclear proteins were isolated from HuH-7 cells and electro-
phoresed on a sodium dodecyl sulfate-polyacrylamide gel. The sepa-
rated proteins were transferred to a polyvinylidene difluoride
membrane. PRE binding proteins (arrow) were revealed by North-
western blotting with a 32P-labeled PRE fragment III probe and au-
toradiography (right panel). Northwestern blotting is relatively ineffi-
cient in detecting the binding of GAPDH to fragment III; hence, the
GAPDH band is not visible in the autoradiogram. The blot was washed,
and PTB was detected by Western blotting with rabbit antibodies against
human PTB (left panel). Numbers at left are kilodaltons.

FIG. 2. UV cross-linking of a recombinant GST-PTB fusion or
GST to PRE fragment III or 5S RNA. GST-PTB (3 �g) (right and left
lanes) and GST (25 �g) (middle lane) purified from bacteria were
separately incubated with 32P-labeled PRE fragment III (left and mid-
dle lanes) or 5S RNA (right lane) and cross-linked with UV irradia-
tion. After RNase digestion, the mixtures were electrophoresed on a
sodium dodecyl sulfate-polyacrylamide gel and labeled proteins (ar-
row) were detected by autoradiography. Numbers at left are kilodal-
tons.

FIG. 3. Immunoprecipitation of nuclear proteins cross-linked to
PRE fragment III. Nuclear proteins extracted from HuH-7 cells were
cross-linked by UV irradiation to 32P-labeled PRE fragment III. After
RNase digestion, the mixture was divided into three portions. One was
not further manipulated (NO IP), one was immunoprecipitated with
rabbit antibodies to human PTB, and one was immunoprecipitated
with rabbit antibodies to human integrin �l (Int.). All three portions
were then electrophoresed on a sodium dodecyl sulfate-polyacrylam-
ide gel, and the labeled proteins were detected by autoradiography.
The band corresponding to PTB is marked with an arrow. A weak,
nonspecific band migrating at �43 kDa is present in both immunopre-
cipitates. Numbers at left are kilodaltons.
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binding was specific, since a mutant site 2 with five A residues
substituted for pyrimidines (mutant 34 in Fig. 4) did not com-
pete (Fig. 5, lanes 7 and 8). Therefore, both sites 1 and 2 bind
PTB, with the latter binding more strongly than the former.

Since RNA molecules fold into higher-order structures that
may affect binding to proteins, we also tested whether sites 1
and 2 are important for PTB binding in the context of the
entire fragment III. To this end, we performed an EMSA on
fragment III with either site 1 or site 2 mutated by substitution
of A residues for pyrimidines (mutants 33 and 34, respectively,
in Fig. 4). As shown in Fig. 6A, both mutant 33 (lanes 4 to 6)
and mutant 34 (lanes 7 to 9) showed markedly decreased
binding compared with the wild type (lanes 1 to 3). In contrast,
substitution of a similar number of A residues for pyrimidines
between the two sites (mutant 39 in Fig. 4) did not significantly
decrease binding to PTB (Fig. 6B). These results confirm that
both sites 1 and 2 in the context of fragment III bind PTB. It

is noteworthy that both sites are well conserved, being identical
in sequence in 12 HBV genomes (two each from the six geno-
types A to F; GenBank accession numbers V00866, X51970,
J02203, U95551, D00630, D28880, X97850, X97851, X75657,
X75664, X75658, and X75663, respectively).

Role of PTB binding in PRE function. The binding of PTB
to fragment III does not necessarily reflect a role for PTB in
PRE function. To assess the functional significance of PTB
binding, we performed two sets of experiments. First, we de-
termined the effect of diminishing PTB binding on PRE func-
tion by individually mutating sites 1 and 2 in the context of the
entire PRE and inserting these mutations into pDM138. This
plasmid contains the SV40 enhancer-early promoter driving
the bacterial CAT gene, which is embedded within a poorly
utilized intron from HIV-1 (15). Consequently, the CAT mes-
sage is largely degraded in the nucleus rather than exported to
the cytoplasm, unless an export element is inserted down-
stream of the CAT gene. The activity of this export element in
transfected cells can be easily quantitated by enzymatic assays
of CAT activity. In HuH-7 human hepatoma cells, the PRE
activates CAT expression from this plasmid by approximately
sevenfold (Fig. 7) (20). Mutating either PTB site of PRE frag-
ment III by substituting A residues for pyrimidines significantly
reduced PRE function, with a greater effect of mutating site 2
than of mutating site 1 (mutants 34 and 33, respectively, in Fig.
7; sequences are shown in Fig. 4). In contrast, similar substi-
tutions introduced into a region between sites 1 and 2 (mutant
39 in Fig. 4) had no significant effect on PRE function (Fig. 7).
Northern blotting confirmed a significant decrease in cytoplas-
mic unspliced CAT mRNA amounts in mutant 33- and mutant
34-transfected cells as well as a decrease in nuclear CAT RNA
(Fig. 8), indicating decreases in both nuclear stability and ex-
port of unspliced RNA, as expected from previous data (30,
41). Note that the PRE has no effect on transcription from the
SV40 promoter in this plasmid (20). Thus, these results show
that both PTB sites in fragment III are important for PRE to
function posttranscriptionally.

We next performed the converse experiment by determining
if the overexpression of PTB would increase PRE-mediated
gene expression. We used a murine cell line which overex-
presses human PTB from a stably integrated plasmid (Fig. 9A).
Another cell line stably transfected with the empty vector plas-
mid was used as a control. Both of these cell lines were trans-
fected with either pDM138-PRE or parental pDM138, and the
amounts of CAT expression in the cells were quantitated. As
shown in Fig. 9B, CAT expression from pDM138-PRE was
approximately sixfold higher than that from pDM138, similar

FIG. 4. Sequence of PRE fragment III from HBV strain adw2. The two potential PTB sites are underlined. Site 1 shows homology to the
consensus sequence UCUU embedded in a pyrimidine-rich region and identified by Perez et al. (31), while site 2 shows homology to a longer
consensus sequence identified by Singh et al. (32). The mutated sequences in mutants 33, 34, and 39 are shown below the wild-type sequence. X,
Y or G; Y, �C or U; Z, U or G.

FIG. 5. EMSA of wild-type PRE fragment III binding to GST-PTB
and competition by oligoribonucleotides. 32P-labeled PRE fragment
III was incubated with or without (lanes 2 and 1, respectively) 8 ng of
GST-PTB and electrophoresed on a native polyacrylamide gel. In
addition, unlabeled oligoribonucleotides corresponding to a known
PTB site (P3) from intron 2 of �-tropomyosin (lanes 3 and 4) (31), site
2 of fragment III (lanes 5 and 6), mutant site 2 (lanes 7 and 8), and site
1 of fragment III (lanes 9 and 10) were included in the incubation
mixture at a 50 or 100-fold molar excess (even- and odd-numbered
lanes, respectively) over the amount of labeled probe.
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to the sevenfold activation seen with HuH-7 cells (Fig. 7).
However, in PTB-overexpressing cells, this ratio increased to
approximately 18 (Fig. 9B). Thus, the expression of exogenous
PTB caused a threefold increase in the function of the PRE. In
contrast, the CAT activity expressed from mutant 34 was not

FIG. 6. EMSA of wild-type and mutant PRE fragment III binding
to GST-PTB. (A) 32P-labeled wild-type fragment III, mutant 33, or
mutant 34 was incubated with the indicated amount of GST-PTB and
then electrophoresed on a native polyacrylamide gel. Mutants 33 and
34 contain clustered point mutations in sites 1 and 2, respectively (Fig.
4). (B) 32P-labeled wild-type fragment III or mutant 39 was incubated
with the indicated amount of GST-PTB and then electrophoresed on
a native polyacrylamide gel. Mutant 39 contains clustered point mu-
tations between sites 1 and 2 (Fig. 4).

FIG. 7. Effect of mutations in PTB sites on the function of the PRE
in plasmid pDM138, as assessed by CAT activity. HuH-7 cells were
transfected with parental pDM138 or pDM138 containing either wild-
type full-length PRE or PRE with mutations in PTB site 1 (mutant 33),
PTB site 2 (mutant 34), or an irrelevant site (mutant 39). After 2 days,
the cell lysates were assayed for CAT activity with thin-layer chroma-
tography. The data are the mean and standard deviation for three
transfections and represent the relative CAT activity normalized to
that for cells transfected with pDM138.

FIG. 8. Effect of mutations in PTB sites on the function of the PRE
in plasmid pDM138, as assessed by CAT RNA levels in the nucleus
and cytoplasm. HuH-7 cells were transfected with parental pDM138 or
pDM138 containing either wild-type full-length PRE or PRE with
mutations in PTB site 1 (mutant 33) or PTB site 2 (mutant 34). After
2 days, total RNA was extracted from the nuclei and cytoplasm of
these cells and used for Northern blotting with a 32P-labeled CAT
probe. As an internal control, the blot was washed and reprobed for
GAPDH RNA. Similar results were obtained from a duplicate exper-
iment.
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increased by the expression of PTB (Fig. 9B). These results
show that PTB is a positive trans-acting factor for the PRE.

PTB as a potential RNA export factor. While PTB is a
nuclear protein at steady state, it has been previously shown to
shuttle rapidly between the nucleus and the cytoplasm and thus
potentially can play a direct role in the export of PRE-contain-
ing RNA (26). If such is the case, then its export from the
nucleus should show the same pattern of sensitivity to inhibi-
tors as that seen with PRE. It was previously shown that PRE-
mediated export is not blocked by leptomycin B, an antibiotic
that blocks the function of a leucine-rich NES, such as the one
present in Rev (38). Therefore, we determined the effect of
leptomycin B on PTB export. This was accomplished with a

heterokaryon fusion assay (25), in which we fused human
HuH-7 cells with murine NIH 3T3 cells in the presence of
cycloheximide and stained the heterokaryons with a monoclo-
nal antibody that recognizes human but not murine PTB (17).
The murine nuclei can be identified by the presence of bright
granules with nuclear staining by DAPI (25) (compare the
nuclei marked by arrows with the other nuclei in Fig. 10B and
D). Even in the presence of leptomycin B, at 15 min after
fusion, there was already a substantial amount of human PTB
in the murine nucleus (Fig. 10A), similar to the situation seen
in the absence of leptomycin B (Fig. 10C). A positive control
experiment showed that leptomycin B prevented Rev nuclear
export under the conditions used (data not shown). Therefore,
PTB export is not blocked by leptomycin B, just like PRE
function.

On the other hand, PRE-mediated gene expression is
blocked by a mutant form of RBP1 that lacks its NES (41). To
determine if mutant RBP1 also blocks PTB export, we again
used the heterokaryon fusion assay. However, because mutant
RBP1 must be expressed from a transfected plasmid, we
looked for export of myc-tagged PTB expressed from a co-
transfected plasmid rather than export of native human PTB.
A murine nucleus (Fig. 11A) that had imported mutant RBP1
from the cytoplasm (Fig. 11B) failed to import PTB (Fig. 11C)
from the transfected human nuclei (Fig. 11A) in the hetero-
karyon. Thus, mutant RBP1 must have blocked the export of
PTB from the nucleus to the cytoplasm. This effect was not due
to the GFP moiety fused to mutant RBP1, since GFP by itself
(Fig. 11E) did not prevent the export of PTB from human

FIG. 9. PRE function in murine cells overexpressing PTB. (A)
Western blot of DBT cells stably transfected with a plasmid expressing
human PTB (lane 2) or empty vector plasmid (lane 1). The former cells
express approximately twice as much of the long form of PTB as the
latter cells. The short form is not expressed from the cDNA expression
plasmid, since it is generated by alternative splicing. Numbers at right
are kilodaltons. (B) Cells were transfected with pDM138, pDM138-
PRE, or mutant 34. After 2 days, the cells were harvested and assayed
for CAT activity. The data are the mean and standard deviation for
three transfections and represent the relative amount of CAT activity
in cells transfected with either pDM138-PRE or mutant 34, normal-
ized to the amount of CAT activity in cells transfected with pDM138.

FIG. 10. Effect of leptomycin B on PTB nuclear export in a het-
erokaryon fusion assay. Human HuH-7 and murine NIH 3T3 cells
were cocultured in the presence of cycloheximide and fused for 15 min.
(A and B) Cells were pretreated with leptomycin B to block leucine-
rich NES-mediated export. Human PTB was localized with a mono-
clonal antibody that recognizes human but not murine PTB and fluo-
rescein isothiocyanate-labeled secondary antibody (A and C), while
nuclei were stained with DAPI (B and D). Murine nuclei (arrows) can
be identified by the presence of bright DAPI-positive granules that are
absent in human nuclei. In the fused cells, even in the presence of
leptomycin B, murine nuclei stained for human PTB (long arrows),
while the murine nucleus in an unfused cell (short arrow) did not stain.
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nuclei (Fig. 11D) into a mouse nucleus (Fig. 11F). Taken
together, these data are consistent with PTB being an export
factor for PRE-containing RNA.

DISCUSSION

The PRE is important for high-level HBV gene expression
by acting at the posttranscriptional level to increase the
amount of cytoplasmic mRNA (16, 19, 39). It can also increase
the amount of unspliced HIV-derived mRNA in the cytoplasm
(19), similar to the RRE in the presence of Rev, which are
known cis- and trans-acting effectors of RNA export, respec-
tively. Therefore, the PRE has the attributes of an RNA export
element. To begin to understand the molecular mechanism of
PRE function, we have looked for cellular proteins that bind to
PRE. Two cellular proteins, approximately 35 and 55 kDa in
mass, were previously shown to bind to the PRE (21). The
smaller protein was identified as GAPDH (40), whose role in
PRE function is as yet undefined. The data presented here
show that the other PRE binding protein is PTB, a well-known
RNA binding nuclear protein. PTB binds to two pyrimidine-
rich regions of the critical central region of PRE. These two
sites are entirely conserved among 12 HBV isolates of all six

genotypes. When either PTB binding site is mutated, the func-
tion of PRE is markedly compromised. In contrast, mutation of
a region between the two sites has no effect. Furthermore,
mutation of the higher-affinity site (site 2) has a greater detri-
mental effect on PRE function than mutation of the other site.
These results are all consistent with PTB playing an important
role in PRE function. Nevertheless, it remained possible that
another cellular factor that is the true effector of PRE function
also binds to these sites and/or that mutation of these sites
changes the secondary or tertiary structure of the PRE and
thus prevents the binding of another factor at other sites within
the PRE. However, we have also been able to demonstrate a
strong positive effect of the expression of exogenous PTB on
PRE function. This result confirms that PTB binding to PRE is
functionally important. It is pertinent that a putative export
element in the herpesvirus thymidine kinase mRNA has been
shown to bind to hnRNP L (24), which is the hnRNP showing
the greatest sequence homology to PTB.

PTB is known to play a role in pre-mRNA metabolism.
Specifically, it has been implicated in regulating the selection
of alternative exons by repressing the usage of splice sites in
the vicinity of cognate binding sites (37). Therefore, PTB can
potentially increase the export of mRNA by an indirect mech-
anism, e.g., by blocking an alternative fate of the pre-mRNA
(interaction with the splicing machinery). On the other hand,
PTB also shuttles rapidly between the nucleus and the cyto-
plasm by virtue of possessing a nuclear localization signal and
an NES (26); hence, it has the capacity of being more directly
involved in mRNA export. Indeed, Xenopus PTB may play a
role in the localization of Vg1 mRNA in the oocyte cytoplasm
(5). Furthermore, we have shown here that the export of PTB
is blocked by mutant RBP1 but not by leptomycin B, just like
PRE-mediated mRNA export (41). Taken together, these data
suggest that PTB directly plays a role in PRE-mediated export,
although they do not rule out the possibility that PTB also has
other effects on HBV pre-mRNA metabolism.

Our data show that PTB is important for PRE function.
Based on this observation, we have attempted to examine
whether the introduction of consensus PTB sites into plasmid
pDM138 would increase CAT gene expression. However, no
significant increase in CAT activity was observed (data not
shown). One interpretation of this result is that for PTB to
function as an export factor, its cognate sites must be in a
specific spatial array in the RNA. On the other hand, this result
raises the possibility that other cellular proteins (such as
GAPDH) are required to cooperate with PTB for PRE func-
tion. These roles may include helping PTB to bind PRE, pre-
venting an alternative fate of the pre-mRNA in the nucleus,
functioning as a cofactor in nuclear export, and/or stripping
PTB from mRNA that has reached the cytoplasm.

In summary, we have presented data showing that PTB plays
an important role in PRE function by binding to cis sequences
in PRE. Further experiments are needed to understand the
detailed mechanism of action of PTB and the possible role of
other cellular factors in PRE function.
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