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Viruses often contain cis-acting RNA elements, which facilitate the posttranscriptional processing and
export of their messages. These elements fall into two classes distinguished by the presence of either viral or
cellular RNA binding proteins. To date, studies have indicated that the viral proteins utilize the CRM1-
dependent export pathway, while the cellular factors generally function in a CRM1-independent manner. The
cis-acting element found in the woodchuck hepatitis virus (WHV) (the WHV posttranscriptional regulatory
element [WPRE]) has the ability to posttranscriptionally stimulate transgene expression and requires no viral
proteins to function. Conventional wisdom suggests that the WPRE would function in a CRM1-independent
manner. However, our studies on this element reveal that its efficient function is sensitive to the overexpression
of the C terminus of CAN/Nup214 and treatment with the antimicrobial agent leptomycin B. Furthermore, the
overexpression of CRM1 stimulates WPRE activity. These results suggest a direct role for CRM1 in the export
function of the WPRE. This observation suggests that the WPRE is directing messages into a CRM1-dependent
mRNA export pathway in somatic mammalian cells.

The generation of mature cytoplasmic mRNAs requires
numerous processing steps, namely, transcription, capping,
splicing, polyadenylation, and transport to the cytoplasm. This
process is tightly regulated, since aberrant transcripts are de-
graded in the nucleus and only properly processed mRNAs are
exported to cytoplasm (43). Thus, nuclear export ensures that
only completely processed mRNAs can be translated into pro-
tein.

Much of our present understanding of nuclear export has
come from the study of how viruses exploit host cell RNA
processing and export pathways. The first viral export system
studies were those of complex retroviruses, exemplified by
human immunodeficiency virus type 1 (HIV-1). HIV-1 repli-
cation requires unspliced and partially spliced RNAs to be
exported from the nucleus by the virally encoded Rev protein
(9, 13, 44). Rev contains an RNA binding domain, which spe-
cifically binds to the Rev response element (RRE), located
within the second intron of HIV-1 pre-mRNA, and a nuclear
export signal (NES) that interacts with CRM1, a member of
the importin � family of transport receptors (6, 15, 17, 44, 58).

The interaction between Rev and CRM1 is dependent upon
CRM1 association with the GTP-bound form of the GTPase
Ran protein (RanGTP). Once assembled, the RRE/Rev-
CRM1-RanGTP ribonucleoprotein complex interacts with
NPs, which trigger its nuclear export. CRM1 has been pro-
posed to mediate this interaction by directly contacting se-
lected nucleoporins (NPs), including CAN/Nup214. Binding of
CRM1 to CAN has been mapped to the NP domain located
within the extreme carboxy terminus of CAN (16). Overexpres-

sion of the isolated NP domain of CAN, termed �CAN, is able
to inhibit Rev-mediated export by competing with the NPs for
binding to CRM1 (2). Rev-mediated export is also inhibited by
the antibiotic leptomycin B (LMB), which disrupts the inter-
action between NES and CRM1 (38, 39).

The use of the CRM1 export pathway is common among
complex viruses. Other lentiviruses, such as feline immunode-
ficiency virus and equine infectious anemia virus, encode Rev-
like proteins with atypical NESs that can interact with CRM1
(48, 51, 52). Complex oncoretroviruses, for instance, human
T-cell leukemia virus and bovine leukemia virus, encode Rex
proteins that are believed to use the CRM1 pathway (12, 23,
49). DNA viruses also utilize the CRM1 pathway. Thus, Ep-
stein-Barr and herpes simplex viruses encode the MTA and
ICP27 proteins, respectively, which use CRM1 to mediate the
export of at least some of the virally encoded messages (45, 54,
56, 57). Additionally, influenza virus A uses the NS2 protein to
mediate the export of viral messages via the CRM1 pathway
(46, 47). Therefore, the use of virally encoded proteins to
couple the export of viral RNA to the CRM1 pathway is a
common strategy among the complex retroviruses. In contrast,
simple viruses that use cellular RNA binding proteins for nu-
clear export do not use CRM1. The best characterized are the
type D retroviruses. These simple retroviruses, exemplified by
the Mason-Pfizer monkey virus, do not encode a Rev-like
protein but rather act through a cis-acting RNA element
named the constitutive transport element (CTE) (10, 11). Cy-
toplasmic accumulation of unspliced RNAs from these viruses
involves the interaction between their CTEs and the host-
encoded RNA binding protein Tap. Tap has been reported to
directly bind the CTE and mediate the export of CTE-contain-
ing substrates (3, 21, 34). Although CTE and RRE/Rev can
functionally substitute for each other in mediating nuclear
RNA export, �CAN and LMB do not inhibit CTE-mediated
nuclear export (2, 48). These data indicate that the Tap export
mechanism is distinct from that of Rev and that it is CRM1
independent. Recent data indicated that Tap itself is a nuclear

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology (M/C 790), University of Illinois at Chicago
College of Medicine, E-704 Medical Sciences Building, 835 S. Wolcott
Ave., Chicago, IL 60612-7344. Phone: (312) 413-3424. Fax: (312) 996-
6415. E-mail: thope@uic.edu.

† Present address: Walter Reed Army Institute of Research, Divi-
sion of Retrovirology, Rockville, MD 20850.

‡ Present address: Allergan, Inc., Irvine, CA 92623.

2057

 at S
A

LK
 IN

S
T

IT
U

T
E

 on June 26, 2009 
m

cb.asm
.org

D
ow

nloaded from
 

http://mcb.asm.org


transport factor that directly mediates the nuclear export of its
substrate RNA (3, 32, 59). Like CRM1, Tap interacts with
CAN/Nup214, albeit through a distinct interaction domain (1,
32, 34). These data suggest that there are at least two inde-
pendent mRNA export pathways: (i) a CRM1-dependent path-
way utilized by virally encoded RNA binding proteins and (ii)
a CRM1-independent pathway utilized by cellular factors.

Recently, Tap has also been implicated in the export of
spliced cellular mRNAs (3, 34, 50, 55). However, in this case,
the interaction between Tap and the cellular spliced messages
appears to be mediated via the RNA binding proteins Aly (also
known as Ref) and Y14 (60, 62, 65). These proteins are com-
ponents of the recently identified exon junction complex, which
is left associated with the exon-exon junction after the intron is
excised (5, 40).

In contrast to the above examples, human hepatitis B virus
(HBV) and woodchuck hepatitis virus (WHV) encode intron-
less messages. HBV and WHV messages contain specific cis-
acting elements named posttranscriptional regulatory elements
(PREs) (the HBV PRE [HPRE] and the WHV PRE [WPRE],
respectively) that are essential for their expression (8, 27, 30).
The activity of the PREs is independent of any virally encoded
protein, suggesting that the PREs require as yet unidentified
cellular trans-acting factors for function. Although the function
of the PREs is unclear, their ability to work in a Rev-depen-
dent assay and their requirement for RNA cytoplasmic accu-
mulation have been suggestive of a role in export. Earlier ex-
periments demonstrated that HPRE function is LMB resistant,
indicating that, similar to CTE, it does not use CRM1 as an ex-
port receptor (48, 64). Mapping studies have demonstrated
that HPRE and WPRE contain two homologous cis-acting
sequences, or subelements, designated PRE� and PRE� (7,
8). However, there are significant functional differences be-
tween HPRE and WPRE. In a Rev-dependent assay, WPRE is
significantly more active than HPRE (8). WPRE also has the
unique ability to posttranscriptionally stimulate the expression
of heterologous cDNAs (41, 66). The increased activity corre-
lates with the presence of an additional subelement, PRE�,
which is not found in HPRE (8). The data suggest that WPRE,
compared to HPRE, has an additional posttranscriptional ac-
tivity that may shed light upon the mechanism by which intron-
less mRNAs are processed and exported from the nucleus.

In this study we demonstrated that WPRE posttranscrip-
tional activity is both CRM1 dependent and independent. A
potential for cooperation between CRM-dependent and -inde-
pendent posttranscriptional activities is demonstrated by the
observed cooperation between CRM1-dependent Rev and the
CRM1-independent HPRE� subelement. Hence, WPRE is
the first example of an RNA element that is partially depen-
dent upon CRM1 function, does not require virally encoded
proteins for its cytoplasmic localization, and has an activity that
is mediated by several alternative pathways that may not be
mutually exclusive but may instead be cooperative.

MATERIALS AND METHODS

Plasmids. The following plasmids were previously described: the chloram-
phenicol acetyltransferase (CAT) reporter plasmids pDM138 and pDM138RRE
(23, 24); the pDM138 derivatives pDM138HPRE, pDM138WPRE, p138HPRE�,
p138HPRE�(AS), p138Bul, and p138BulII (28) (7); and the �HBVPRE
surface expression vector (�RV) (30) and its derivatives, �RVHPRE and

�RVWPRE (8). To generate p138HPRE�/Bul and p138HPRE�(AS)/Bul, a
fragment encompassing amino acids 1352 to 1684 of HBV, containing the HPRE�
subelement (7), was inserted in both orientations into the ClaI site located at the 5�
end of the Bul fragment in pDM138Bul. To generate p138HPRE�/Bul(AS) and
p138HPRE�(AS)/Bul(AS), the Bul fragment was inserted into the unique ClaI
site located at the 3� ends of the HPRE� subelements within p138HPRE� and
p138HPRE�(AS). Rev was expressed from the plasmid pRSV-Rev (24) or ptk-
Rev (26). The plasmid pBC12-�CAN, expressing amino acids 1864 to 2090 of
CAN/Nup214 (2), was a gift from Bryan Cullen (Howard Hughes Medical In-
stitute, Duke University Medical Center). The plasmid pDMCRM1, expressing
human CRM1, was kindly provided by David McDonald (Dept. of Microbiology
and Immunology, University of Illinois at Chicago).

Cells lines and transient transfections. The human and monkey kidney fibro-
blast cell lines, 293 and CV-1, respectively, were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum and grown
at 37°C. Approximately 24 h prior to transfection, 10-cm-diameter plates of
confluent cells were split 1:60 into 6-well plates, for CAT or HBV surface antigen
(HSAg) assay, and 1:10 into 15-cm-diameter plates, for Northern blot analysis.
Transient transfections were performed using the calcium phosphate method (7).
For CAT assays, cells were transfected with 0.25 �g of either pDM138 reporter
constructs or 0.25 �g of pDM138RRE plus 0.25 �g of pRSV-Rev. �CAN inhi-
bition experiments were performed with 0.5 �g of pBC12-�CAN. �CAN,
CRM1, and Rev dose-response experiments were performed in the presence of
increasing levels of the pBC12-�CAN (0 to 0.5 �g), pDMCRM1 (0 to 4 �g), or
ptk-Rev (0 to 0.4 �g) expression plasmid. For CRM1 dose response, cells were
transfected with 0.125 �g of pDM138WPRE. Each transfection included 0.25 �g
of pCH110 (a simian virus 40 �-galactosidase [�-gal] reporter) and enough
pUC118 or pCMVpoly(A) plasmid to bring the total amount of DNA to 2 �g.
For the HSAg assay, cells were transfected with 0.25 �g of a �RV reporter
construct and 0.25 �g of a plasmid coding for a secreted alkaline phosphatase
(SEAP). The total amount of DNA was kept constant (2 �g) with the
pCMVpoly(A) plasmid. All transfections were performed in triplicate, and data
were normalized to the cotransfected internal controls (�-gal for the CAT assay
and SEAP for the HSAg assay). For Northern blot analysis, cells in 15-cm-
diameter plates were transfected with 4.5 �g of pDM138 constructs or 4.5 �g
of pDM138RRE plus 4.5 �g of pRSV-Rev and 4.5 �g of pCH110. For CRM1
treatment, 2.25 �g of pDM138WPRE was used. Total transfected DNA was kept
constant (30 �g) with the pUC118 or pCMVpoly(A) plasmids. LMB treatment
was performed as previously described (48). Briefly, 18 h posttransfection, cul-
ture medium was replaced with fresh medium with or without 5 nM LMB. Cells
were harvested for analysis 24 h later. No cell death was observed at the end of
the 24 h LMB treatment. The CAT and HSAg assays have been described
elsewhere (7, 8).

Northern blot analysis of RNA. Cells from the 293 cell line were harvested
using phosphate-buffered saline containing 5 mM EDTA, followed by a brief
centrifugation. Nuclear and cytoplasmic RNAs were prepared as previously
described (8), except that the cytoplasmic lysis buffer consisted of 0.01 M Tris
(pH 8.00), 0.14 M NaCl, 0.0015 M MgCl2, 0.5% Nonidet P-40, and 20% glycerol.
Cytoplasmic and nuclear poly(A)� RNA selection was accomplished by using the
Poly(A) Pure kit from Ambion according to the manufacturer’s recommenda-
tions. Ten micrograms of cytoplasmic and 5 �g of nuclear poly(A)� RNA were
electrophoresed on 1% agarose gels containing 20 mM guanidine thiocyanate
(20) and transferred to a Duralon-UV membrane (Stratagene). The 5� LTR
probe was obtained by digesting pDM138 with XbaI and NotI. This probe hy-
bridizes with unspliced pDM138 RNA. The �-gal probe was obtained by digest-
ing pCH110 with SacI and EcoRV. Radiolabeling of the probes with
[�-32P]dCTP was performed by using the Prime-It kit from Stratagene. Blots
were hybridized with the probes in UltraHyb (Ambion), according to the man-
ufacturer’s instructions. Quantitation of the cytoplasmic accumulation of the
unspliced and �-gal mRNAs was performed using a Molecular Dynamics Phos-
phorImager. To correct for different transfection efficiencies, the data for the
unspliced mRNAs were normalized to the �-gal values.

Numbering of sequences. The sequence numbering presented in this report is
based on the following GenBank sequences: D003329 for HBV, J02442 for
WHV, and K03455 for HIV-1.

RESULTS

�CAN and LMB inhibit WPRE-mediated export. To test
whether the functional difference between HPRE and WPRE
was CRM1-dependent, we used the dominant negative form
of CAN/Nup214 (�CAN), which was shown to specifically in-
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hibit CRM1 (2). We hypothesized that, if WPRE function is
mediated by CRM1, then the cytoplasmic accumulation of
WPRE-containing RNA should be inhibited by overexpression
of �CAN. For this study we utilized the well-characterized
pDM138 system. We have previously shown that the PREs
could substitute for RRE/Rev in facilitating the export of un-
spliced pDM138 transcripts (7). A schematic representation
of the pDM138 reporter and the constructs utilized in this
study is presented in Fig. 1A. The reporter is derived from the
second half of the HIV-1 sequence, with the CAT gene placed
within the intron (24). In the absence of any export element,
the CAT coding region is removed by splicing and degraded in
the nucleus. Insertion of a functional transport element into
the unique ClaI site results in cytoplasmic accumulation of
unspliced reporter, allowing the CAT gene to be translated.
Thus, CAT assay can be used to quantitate export activity of
the element of interest. Human 293 cells were transfected with

pDM138WPRE in the presence or absence of 0.5 �g of
pBC12�CAN, a concentration reported to be efficient in in-
hibiting Rev-mediated export (2). To demonstrate specificity
for the observed effects, we used pDM138RRE/Rev as a pos-
itive control. As shown in Fig. 1B, overexpression of �CAN
disrupted Rev function, without perturbing the function of
HPRE. In the absence of �CAN, WPRE was 2.7 times more
active than HPRE. Interestingly, �CAN inhibited WPRE ac-
tivity by 57%, to approximately the same level of activity as the
HPRE. CTE RNA, the negative control, was not affected,
which is consistent with previous results demonstrating that the
CTE does not depend on a leucine-rich NES for its function (2,
48) (data not shown). The inhibition of WPRE function was
specific, as demonstrated by a dose-response experiment, while
increased concentrations of �CAN had no effect on HPRE
activity (Fig. 1C).

To test whether �CAN could also inhibit WPRE activity in
the more natural context of the intronless surface mRNA, we
used the HSAg assay. This assay uses an intronless HSAg
expression vector (�R5) from which the HPRE has been re-
moved (30). Insertion of any of the PREs into the unique ClaI
site contained within the intronless HSAg message results in
efficient HBV surface gene expression that can be quantified in

FIG. 1. �CAN inhibits WPRE function. (A) Schematic represen-
tation of the pDM138 reporter and constructs utilized in Fig. 1B and
C. The pDM138 reporter is derived from the second intron of the
HIV-1 genome. The CAT gene, located within the intron, is expressed
only when unspliced RNA is exported. The unique ClaI restriction site,
splice donor (SD), splice acceptor (SA), and 3� LTR are indicated.
HPRE contains a region of the HBV liver-specific enhancer I (hatched
box) that is not required for its function. (B) �CAN inhibits WPRE-
dependent CAT expression. 293 cells were transiently transfected with
the indicated expression plasmids in the presence or absence of
�CAN. �-gal expression vector was included for transfection efficiency
normalization. Results shown are the means � standard deviations
(SD) of triplicate CAT values. (C) Dose-response curves of �CAN
effects on WPRE- and HPRE-mediated CAT expression. 293 cells
were transiently transfected with WPRE- and HPRE-containing
pDM138 reporter, in the presence of increasing concentrations of
�CAN. Normalized CAT values shown are the means � SD of tripli-
cate transfections.
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the culture medium by radioimmunoassay (8). The WPRE and
HPRE surface constructs depicted in Fig. 2A were transiently
transfected into 293 cells. As previously reported, WPRE-me-
diated surface protein expression was slightly higher than that
mediated by HPRE (8). Similar to data obtained with the
pDM138 reporter assay, overexpression of �CAN did not in-
hibit HPRE-mediated surface antigen expression (Fig. 2B).
However, WPRE-mediated surface expression was inhibited
about 30%, to approximately the same level as HPRE-medi-
ated expression (Fig. 2B). These results demonstrate that
�CAN can partially inhibit WPRE activity in a specific, dose-
response fashion.

The above data suggested that a part of the WPRE activity
may be CRM1 dependent. As previously discussed, LMB spe-
cifically disrupts the interaction between CRM1 and NES-
bearing proteins. To test whether WPRE activity is LMB sen-
sitive, cells transfected with pDM138HPRE, pDM138WPRE,

and pDM138RRE�Rev were treated with LMB for 24 h. Rev,
the positive control, was inhibited over 80% by LMB, while
HPRE, the negative control, was unaffected (Fig. 3). Interest-
ingly, LMB inhibited WPRE activity by approximately 50%, to
the level of HPRE activity. These results suggest that WPRE
posttranscriptional function is both CRM1 dependent and in-
dependent, while the less active HPRE is entirely CRM1 in-
dependent. Moreover, the data indicate that the increased
WPRE activity was due to this additional CRM1 dependency.

Reduced CAT activity is due to inhibition of unspliced CAT
RNA export. Since the CAT assays represent an indirect mea-
sure of cytoplasmic unspliced RNA levels, we also performed
a Northern blot analysis for unspliced CAT RNA (Fig. 4).
Cytoplasmic and nuclear poly(A)� RNAs (Figs. 4A and B,
respectively) were isolated from LMB-treated and untreated
293 cells transfected with pDM138WPRE, pDM138RRE/
pRSV	Rev, and pDM138HPRE. PhosphorImager quantita-
tion of the Northern blot is shown underneath each blot. Con-
sistent with the CAT and HSAg assays, LMB treatment inhib-
ited Rev-mediated export, while HPRE-mediated cytoplasmic
accumulation was unaffected. Direct RNA analysis of cytoplas-
mic accumulation of WPRE-containing RNA found that LMB
inhibited WPRE activity by 
50%, to levels similar to those
observed for HPRE. These data confirm that WPRE-mediated
accumulation of cytoplasmic RNA is partially dependent upon
CRM1 function. The data also demonstrate that WPRE is not
dedicated to an exclusive posttranscriptional processing path-
way, but is instead a potential example of CRM1-dependent
and -independent posttranscriptional processing events being
mediated by a single RNA element.

Overexpression of CRM1 stimulates WPRE-mediated ex-
port. The ability of LMB and �CAN to inhibit WPRE function
suggests that CRM1 is required for the maximal activity of this
element. To further explore this relationship, we determined
the effect of CRM1 overexpression on the function of WPRE

FIG. 2. �CAN inhibits WPRE-mediated HSAg expression. (A)
Schematic representation of the constructs used in the surface antigen
assay. The surface antigen gene is expressed only when WPRE or
HPRE are inserted into the unique ClaI site contained within the
intronless message. �RV, the HSAg expression vector. (B) WPRE-
dependent HSAg expression is inhibited by �CAN. 293 cells were
transiently transfected with the indicated surface constructs in the
presence or absence of �CAN. A SEAP-encoding expression plasmid
was included as an internal control for the efficiency of transfection.
SEAP-normalized count-per-minute values are the means � SD from
the media of triplicate transfections.

FIG. 3. LMB inhibits WPRE-mediated CAT expression. 293 cells
were transiently transfected in triplicate with the constructs described
in Fig. 1A. A �-gal expression vector was included for transfection
efficiency normalization. Transfections were performed in the pres-
ence or absence of LMB. Results shown are the means � SD of
triplicate CAT values.
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(Fig. 5). For this study, constant amounts of DNA encoding the
reporters for the WPRE, HPRE, and RRE were cotransfected
with increasing amounts of a CRM1 expression vector. To fa-
cilitate comparison, half as much of the WPRE reporter was
transfected. The results of this study revealed that the activity
of the WPRE was stimulated by the exogenous expression of
CRM1, while the activity of RRE/Rev and HPRE did not change
significantly (Fig. 5A). Cotransfection of larger amounts of the
CRM1 expression vector did not have any additional stimula-
tory effect on any of the reporters. To explore the observation
further, cytoplasmic (Fig. 5B) and nuclear (Fig. 5C) poly(A)�

RNAs were isolated from 293 cells transfected with either the
WPRE or HPRE in the presence or absence of exogenous
CRM1 and analyzed by Northern blot analysis. Again, half as
much of pDM138WPRE relative to pDM138HPRE was trans-
fected. Quantitation of the Northern blot analysis results, nor-
malized to the �-gal internal control, is shown below each blot.
The RNA analysis revealed that the CRM1-mediated increase
in levels of WPRE-stimulated expression was reflected by a
corresponding increase in the cytoplasmic RNA levels. Impor-
tantly, the coexpression of CRM1 caused an increase in the ra-
tio of cytoplasmic to nuclear RNA. Cytoplasmic WPRE RNA

was increased by more than threefold, while the nuclear frac-
tion increased by 50%. The increase in the amount of cytoplas-
mic WPRE RNA relative to the increase in the nuclear fraction
when CRM1 is overexpressed is consistent with a stimulation
of the rate of nuclear export of the WPRE-containing mes-
sages. In contrast, the levels of HPRE-containing messages are
not altered by the overexpression of CRM1.

CRM1-dependent and -independent transport elements can
act cooperatively. Our results demonstrated that WPRE func-
tion was partially CRM1 dependent, which suggests that the
CRM1-dependent element(s) of WPRE was able to function in
concert with the CRM1-independent element(s) to stimulate
the cytoplasmic accumulation of unspliced messages. To test
whether CRM1-independent and -dependent subelements
could function together, we generated a chimeric export
element containing a minimal Rev binding site and HPRE�.
Previously, we have shown that HPRE� is CRM1-indepen-
dent, functionally conserved, and interchangeable between
HPRE and WPRE (8). For the Rev binding site, we utilized
the previously characterized derivative known as Bul. Bul is
composed of the RRE high-affinity binding site for Rev, placed
on a double-stranded RNA pedestal (28).

FIG. 4. LMB inhibition of WPRE-mediated CAT expression occurs at the level of RNA export. Northern blot analysis of cytoplasmic (A) and
nuclear (B) poly(A)� RNAs isolated from 293 cells transiently transfected with the indicated constructs in the presence or absence of LMB is
shown. Blots were hybridized with probes complementary to HIV 5� LTR or �-gal coding sequences. PhosphorImager quantification is shown
underneath each blot. Values were normalized to the amount of poly(A)� �-gal RNA and presented as activities relative to WPRE activity.
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FIG. 5. CRM1 overexpression stimulates WPRE-mediated export. (A) Effect of increasing concentrations of CRM1 on WPRE- and HPRE-
mediated CAT expression. 293 cells were transiently transfected with 0.125 �g of pDM138WPRE or 0.25 �g of pDM138HPRE reporters, in the
presence of increasing concentrations of pDMCRM1. Normalized CAT values shown are the means � SD of triplicate transfections. (B and
C) Northern blot analysis of cytoplasmic (B) and nuclear (C) poly(A)� RNAs isolated from 293 cells transiently transfected with the indicated
constructs in the presence or absence of 1 �g of CRM1. Blots were hybridized with probes complementary to HIV 5� LTR or �-gal coding
sequences. PhosphorImager quantification is shown below each blot. Values were normalized to the amount of poly(A)� �-gal RNA and represent
activities relative to WPRE activity.
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This artificial element is relatively inactive by itself (28).
However, duplication of the site generates an element with
wild-type activity (28). Thus, the duplication of the high-affinity
site mimics the function of the respective native response
element (RRE), which contains both a high-affinity and
several low-affinity binding sites (6, 37, 63). Our chimera,
pDM138HPRE�-Bul, consisted of HPRE� (CRM1 indepen-
dent) adjacent to Bul (CRM1 dependent). Three control re-
porters were also generated: both subelements in the antisense
(AS) orientation, pDM138HPRE�(AS)-Bul(AS), or only one
subelement in the AS orientation, pDM138HPRE�(AS)-Bul
or pDM138HPRE�-Bul(AS). The different reporter derivatives
used in this experiment are schematically shown in Fig. 6A.
The positive control consisted of pDM138Bul II, which con-
tains two copies of the Bul element (28). These reporter con-
structs were transfected into CV-1 cells in the presence or
absence of saturating amounts of Rev (25). The results are
presented in Fig. 6B. The negative control, pDM138HPRE�

(AS)-Bul(AS), was not activated in the presence of Rev. Rev
trans-activated pDM138HPRE�(AS)-Bul to 20% of the level
of the positive control, consistent with the construct containing
only one copy of Bul. Due to the presence of HPRE�, the
construct pDM138HPRE�-Bul(AS) exhibited a low level of
activity (20% of the positive control) which was Rev-indepen-
dent. This result was expected for the following reasons: (i)
HPRE does not need Rev to function (48, 64), and (ii) HPRE
subelements function cooperatively; therefore, the presence of
only one subelement results in minimal activity (7). When Rev
was cotransfected with pDM138HPRE�-Bul, the level of acti-
vation was 86% of that of the positive control with Rev. These
results demonstrated that combining HPRE� and Bul can
stimulate the pDM138 reporter to levels greater than those
resulting from the sum of their individual activities.

To further explore the observed Rev-dependent effect, we
performed a dose-response experiment using nonsaturating
levels of Rev expressed from the plasmid ptk-Rev. We have
previously shown that expression of Rev from the minimal
HSV-TK promoter results in CAT activity proportional to the
amount of plasmid transfected (25). Increasing amounts of ptk-
Rev were cotransfected into 293 cells together with pDM138
or pDM138 constructs containing HPRE�/Bul, HPRE�(AS)/
Bul, HPRE�/Bul(AS), Bul, and Bul II. The results are pre-
sented in Fig. 6C. Regardless of the amount transfected, Rev
did not have any effect on pDM138. CAT expression from

FIG. 6. CRM1-dependent and CRM1-independent transport ele-
ments act cooperatively to mediate the export of unspliced RNA.
(A) Schematic representation of the pDM138 and constructs used in
Fig. 5B and C. The arrows indicate the AS orientation of the HPRE�
and Bul subelements. (B) HPRE� and Bul act synergistically to stim-
ulate CAT expression from the pDM138 reporter. CV-1 cells were
transfected with the indicated constructs and a �-gal expression plas-
mid, in the presence or absence of Rev. �-Gal values were used for
transfection efficiency normalization. Results shown are the means �
SD of triplicate CAT values. (C) Dose-response analysis of Rev effect
on chimera-mediated CAT expression. 293 cells were transfected with
the constructs shown in Fig. 5A in the presence of increasing concen-
trations of Rev. Normalized CAT values shown are the means � SD of
triplicate transfections.
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pDM138HPRE�(AS)-Bul, which contains a single binding site
for Rev, was slightly affected by increasing amounts of Rev. In
contrast, increasing concentrations of Rev increased CAT ex-
pression from both pDM138HPRE�-Bul and pDM138BullII
in proportion to the amount of trans-activator present;
note that pDM138BullII activity was lower that that of
pDM138HPRE�-Bul (compare Fig. 6B to Fig. 6C). This
might be due to the fact that different cell lines were used for
the two experiments (see figure legend). For each concentra-
tion point, pDM138HPRE�-Bul showed greater than additive
activity compared to those of pDM138HPRE�(AS)-Bul and
pDM138HPRE�-Bul(AS). Therefore, the synergy achieved by
combining Rev/Bul with HPRE� was not dependent on the
Rev concentration or the identity of the cell line. Further
analysis of Rev mutants showed that all three functional do-
mains of HIV-1 Rev were required. Mutations in the NES,
RNA binding domain, and multimerization domains prevented
any stimulation of pDM138HPRE�-Bul (data not shown).
Since a functional NES was required, it suggests that the syn-
ergy observed was dependent on the cooperation between

CRM1 and the cellular factor(s) that mediate HPRE� func-
tion.

To confirm that the observed synergistic activation of
pDM138 was the consequence of an increased accumulation
of unspliced CAT-containing RNA, we performed a North-
ern blot analysis. Cytoplasmic (Fig. 7A) and nuclear (Fig.
7B) poly(A)� RNAs were isolated from 293 cells transfected
with pDM138, pDM138HPRE�-Bul, pDM138HPRE�, and
pDM138Bul. Blots were probed for CAT (upper panels) and
luciferase (lower panels). PhosphorImager data are shown un-
der each blot. In the absence of Rev, the amount of exported
pDM138Bul was the same as that of pDM138, as expected. In
the presence of Rev, the amount of cytoplasmic pDM138Bul
was increased slightly. In the absence of Rev, the chimeric
element accumulated unspliced RNA in the cytoplasm slightly
more than pDM138. This is consistent with the low level of
activity previously reported for the HPRE� subelement in
CAT assays (7). In the presence of Rev, the export activity of
the chimeric element was higher than those of the other con-
structs.

FIG. 7. Synergistic stimulation of CAT expression by HPRE�/Bul chimera is due to an increased nuclear export of unspliced RNA. Northern
blot analysis was performed on cytoplasmic (A) and nuclear (B) poly(A)� RNAs isolated from 293 cells transiently transfected with the indicated
constructs in the presence or absence of Rev. Blots were hybridized with probes complementary to CAT or luciferase coding sequences.
PhosphorImager quantification of the effect of Rev on chimera-mediated RNA export is presented below each blot. Values were normalized to
the amount of poly(A)� luciferase RNA and show activities relative to HPRE�/Bul activity.
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Taken together, these data demonstrated that CRM1-de-
pendent and -independent export mechanisms can cooperate
to enhance the cytoplasmic accumulation of a single mRNA.

DISCUSSION

Originally it was believed that Rev/CRM1-mediated export
likely represented the paradigm for all cellular RNA export
pathways. However, studies with LMB and the discovery that
simpler retroviruses use cellular factors other than CRM1 to
export their unspliced mRNA (1, 21, 31, 32, 33, 53) made the
role of CRM1 in cellular mRNA export debatable (61). This
led to a general belief that CRM1 directs RNA export only
when virally encoded RNA binding proteins act as adapt-
ers, whereas cellular factor-dependent RNA export, i.e., CTE
RNA or cellular mRNA, is CRM1 independent (2, 14, 15).
Recently, it has been demonstrated that, in specific circum-
stances, the export of certain cellular mRNAs can be CRM1
dependent (4). The studies by Gallouzi and coworkers found
that the c-fos message can be exported in a CRM1-dependent
manner after heat shock (18, 19). We decided to further in-
vestigate this controversial issue by using WPRE RNA as a
model system. Consistent with the study of c-fos mRNA ex-
port, we show that CRM1 is involved in an mRNA export
pathway that is not mediated by virally encoded NES-contain-
ing proteins.

�CAN overexpression can inhibit WPRE activity, but not
HPRE activity, in both CAT and HSAg assays (Fig. 1 and 2).
The inhibition of WPRE by �CAN suggests that part of the
WPRE activity requires functional CRM1. However, recent
data have implied that �CAN is not a selective inhibitor of
CRM1 function (22). A fusion between Tap and an export-
incompetent Rev mutant protein (RevM10) was LMB in-
sensitive, indicating that it does not use the CRM1-mediated
export pathway. However, �CAN was able to inhibit RevM10-
Tap-mediated export. It is not clear why �CAN affects RevM10-
Tap. Even though the C terminus of Tap has been shown to
bind the FG repeat domain of CAN/Nup214 in vitro, effective
binding by Tap requires a higher number of repeats (residues
1690 to 2090) than the number of repeats present in �CAN (1,
34). Additionally, in vivo experiments demonstrated that Tap-
mediated CTE and cellular mRNA export is not sensitive to
�CAN (2). A conformational change in RevM10-Tap could
render this fusion protein sensitive to �CAN, while the native
Tap protein is insensitive. This could explain the ability of
�CAN to act as a selective inhibitor of CRM1 function. More-
over, if export function is LMB sensitive, it would be expected
that function would also be sensitive to the overexpression of
�CAN, which is what we observe for WPRE function.

Numerous studies have demonstrated that LMB specifically
inhibits NES-CRM1 interactions and directly blocks Rev-me-
diated export. In this study, LMB inhibited the nuclear and
cytoplasmic RNA accumulation mediated by both Rev and
WPRE but not that mediated by HPRE (lanes 6 in Fig. 4A
and B). Prior studies (48) have also demonstrated that LMB
treatment reduced the amounts of nuclear RRE RNAs. This
suggests that the disruption of CRM1 function causes the un-
spliced nuclear RRE RNA and WPRE RNA to become un-
stable in the nucleus and probably to degrade. Alternatively,
LMB may lower the amount of nuclear WPRE RNA available

for export, which would result in a reduced amount of cyto-
plasmic WPRE RNA. However, the similar sensitivity and
RNA accumulation profiles for WPRE- and RRE-containing
RNAs suggests that part of the WPRE function is CRM1-de-
pendent export. Support for this model comes from the obser-
vation that the overexpression of CRM1 stimulates WPRE
function while having only a minimal effect on the activity of
RRE/Rev and HPRE. Importantly, excess CRM1 causes a
relative increase in the amount of cytoplasmic WPRE-contain-
ing messages relative to the nuclear pool of these messages.
This shift is consistent with the increased amounts of CRM1
improving the efficiency of WPRE-mediated mRNA export.

The exact nature of the relationship between WPRE and
CRM1 is presently unclear. CRM1 has not been shown to
directly interact with RNA; hence, it is unlikely that the WPRE
and CRM1 interact directly. One possibility is that CRM1 is
involved in the shuttling of a factor essential for WPRE activ-
ity. The disruption of CRM1 function would prevent the shut-
tling of this hypothetical factor, disrupting WPRE function
while not having a direct effect on RNA export. However, the
similarity between the RRE and WPRE RNA accumulation
profiles suggests that partial CRM1 dependence is more direct.
Further support for a direct role of CRM1 in WPRE-mediated
export is suggested, because CRM1 overexpression increases
WPRE activity and the relative abundance of cytoplasmic
WPRE-containing RNA. Finally, our studies with an artificial
element containing Bul acting in concert with HPRE� support
this idea. If HIV Rev can act synergistically with the CRM1-
independent PRE� subelement, it is possible that a cellular
equivalent of Rev is doing the same in mediating the action of
the WPRE. A more likely scenario is that NES-containing
cellular bridging factor(s), functionally similar to Rev, binds to
the WPRE and mediates the export of WPRE-containing
RNA via the CRM1 pathway. Hence, it will be interesting to
identify the cellular adapter protein(s).

The observation that the efficient function of the WPRE is
CRM1 dependent has interesting potential implications. The
partial CRM1 dependence of the WPRE suggests, as discussed
above, that WPRE may be a bona fide RNA export element.

Of potentially greater interest is the observation that WPRE
function is both CRM1 dependent and independent. This re-
sult is rather surprising, since HPRE is CRM1 independent
and HPRE and WPRE share a high degree of sequence sim-
ilarity. However, the two elements have consistently shown sig-
nificant functional differences, including the fact that WPRE
exhibits a much greater posttranscriptional activity. This study
demonstrates that the increased WPRE activity is due to a
CRM1-dependent function for WPRE. When WPRE-trans-
fected cells are treated with LMB or �CAN is overexpressed,
WPRE activity is inhibited to the exact levels observed with
HPRE. These data suggest that WPRE can utilize multiple
cellular processing pathways that may function cooperatively.
The potential for cooperativity between different processing
pathways was addressed by testing whether CRM1-dependent
Rev-mediated export can act cooperatively with the CRM1-
independent HPRE� subelement. The observed synergistic ac-
tivity suggests that it is possible that a cellular equivalent of
Rev is doing the same in mediating the action of WPRE. There
are interesting parallels between the activity of WPRE and the
export of c-fos. Both are partially dependent on CRM1 func-
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tion and appear to have the ability to utilize CRM1-dependent
and CRM1-independent posttranscriptional pathways. These
similarities suggest that the WPRE may be mimicking certain
aspects of highly regulated cellular messages such as c-fos.

It is interesting to point out the WPRE can posttranscrip-
tionally stimulate the expression of heterologous messages,
which do not contain introns or other inhibitory sequences.
This stimulatory ability is vector and transgene independent,
making the WPRE a potentially important tool in situations,
such as gene therapy or large-scale protein production, where
optimal gene expression is advantageous. This ability is unique.
Neither CTE nor HPRE can stimulate transgene expression.
The unique combination of CRM1-dependent with CRM1-
independent elements within WPRE may be responsible for its
potent activity. For instance, one element could influence
CRM1-dependent export, while another could increase the
efficiency of 3�-end processing. This would be consistent with
recent data demonstrating that intronless mRNA export ele-
ments could be involved in other steps of pre-mRNA process-
ing beside nuclear export, such as splicing and polyadenylation
(29). Many other observations suggest the existence of intimate
links between the various steps in the posttranscriptional reg-
ulation of gene expression, particularly between splicing and
downstream events, including mRNA export, translation, sta-
bility, and cytoplasmic localization (35, 36, 40, 42, 65). There-
fore, the ability of the WPRE to facilitate multiple levels of
RNA processing and export may lead to efficient handling of
the transgene message in the nucleus and result in optimal
gene expression. It seems probable that analysis of the WPRE
function will lead to major insight into the steps governing the
nuclear export and processing of cellular mRNA.
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