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ABSTRACT

Post-transcriptional regulation of mRNA includes restriction mechanisms to prevent export and expression of mRNAs that are
incompletely spliced. Here we present evidence that the mammalian protein Tpr is involved in this restriction. To study the role
of Tpr in export of mRNA with retained introns, we used reporters in which the mRNA was exported either via the Nxf1/Nxt1
pathway using a CTE or via the Crm1 pathway using Rev/RRE. Our data show that even modest knockdown of Tpr using RNAi
leads to a significant increase in export and translation from the mRNA containing the CTE. In contrast, Tpr perturbation has no
effect on export of mRNA containing the RRE, either in the absence or presence of Rev. Also, no effects were observed on export
of a completely spliced mRNA. Taken together, our results indicate that Tpr plays an important role in quality control of mRNA
trafficked on the Nxf1 pathway.
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INTRODUCTION

The mammalian Tpr protein associates with nuclear pore
complexes (NPCs) and may constitute an important
structural part of the nuclear basket (Cordes et al. 1997;
Krull et al. 2004). In addition, this protein has also been
found in apparently discrete foci throughout the nuclear
interior (Frosst et al. 2002). Although the exact functions of
Tpr remain unclear, it has been proposed to serve in
regulation of export of mRNAs into the cytoplasm, possibly
as a cellular mechanism for preventing the expression of
aberrantly unspliced or mis-spliced isoforms (Fasken and
Corbett 2009). Evidence for such a ‘‘gatekeeping’’ function
has been established in the case of the Tpr yeast ortholog
Mlp1 (Galy et al. 2004; Vinciguerra et al. 2005). In addition,
a recent article has reported that Mlp1 interacts genetically
with Mex67, the yeast ortholog of the mammalian mRNA
export protein Tap/Nxf1 (Nxf1), in regulating export of
mRNA during heat shock (Carmody et al. 2010).

In spite of the clear role for Mlp1 in mRNA regulation in
yeast, no strong evidence has been presented for such a role

for Tpr in mammalian cells. However, Tpr has previously
been reported to be involved in regulating Crm1-mediated
protein export (Frosst et al. 2002). Since Crm1 is also used to
export unspliced and incompletely spliced HIV mRNAs (as
well as some other viral RNAs) (Hammarskjöld 1997), this
raises the possibility that Tpr may regulate this RNA export
as well. However, only a few mammalian cellular mRNAs
appear to be exported through the Crm1 pathway (Culjkovic
et al. 2006; Prechtel et al. 2006; Schutz et al. 2006). Instead,
the Nxf1 protein, in conjunction with another cellular
protein, Nxt1, is believed to serve as the major mRNA
export receptor (for review, see Erkmann and Kutay 2004).

Many studies support the notion that mammalian cells
possess a checkpoint that will normally only allow for the
export of mRNA once splicing has been completed (Legrain
et al. 1988; Chang and Sharp 1989). Yet, some cellular genes
and many viruses express alternatively spliced mRNA
isoforms in which one or more introns are retained
(Hammarskjöld 1997; Galante et al. 2004; Li et al. 2006).
Although some of these are subject to degradation in the
cytoplasm through nonsense-mediated decay (NMD)
(Green et al. 2003b), there are an increasing number of
examples of cellular mRNAs with retained introns, which
avoid the NMD machinery and express functional proteins
(Forrest et al. 2004; Li et al. 2006; Marinescu et al. 2007;
Torrado et al. 2009; Mollet et al. 2010). Retroviruses have
become models for this and provide important tools for
the analysis of such cellular restriction mechanisms and

1These authors contributed equally to this work.
2Present address: PRA International, 4105 Lewis & Clark Drive,

Charlottesville, VA 22911, USA.
3Corresponding author.
E-mail mh7g@virginia.edu.
Article published online ahead of print. Article and publication date are

at http://www.rnajournal.org/cgi/doi/10.1261/rna.2616111.

1344 RNA (2011), 17:1344–1356. Published by Cold Spring Harbor Laboratory Press. Copyright � 2011 RNA Society.



how these mechanisms can be overcome (Hammarskjöld
1997).

All retroviruses must efficiently export and express unspliced
mRNA with one or more retained introns, since this RNA
constitutes the viral genome and, in addition, is translated into
the viral Gag and GagPol proteins (Hammarskjöld 1997). We
and others showed many years ago that, in the case of HIV, the
action of a specific regulatory protein, Rev, is needed for this
process (Hadzopoulou-Cladaras et al. 1989; Hammarskjöld
et al. 1989; Malim et al. 1989). Rev interacts directly with a cis-
acting element in viral mRNA, the Rev Response Element
(RRE), to allow efficient export and expression of the HIV
mRNAs with retained introns. Rev also interacts directly with
Crm1 (Fornerod et al. 1997; Otero et al. 1998), and thus, as
a consequence, these mRNAs are exported through this
pathway. However, the simpler retroviruses do not express
viral regulatory proteins. Instead, many of them use cis-acting
constitutive transport elements (CTEs) to export their intron-
retaining RNAs (Bray et al. 1994; Zolotukhin et al. 1994; Ogert
and Beemon 1995). This was first demonstrated by us in the
case of Mason Pfizer Monkey Virus (MPMV) (Bray et al.
1994), and these CTEs interact directly with the cellular
machinery. It has been shown that the MPMV CTE works
through direct interactions with the Nxf1/Nxt1 complex,
enabling mRNA export through the Nxf1/Nxt1 pathway
(Grüter et al. 1998; Guzik et al. 2001). More recently, we have
also shown that the MPMV CTE is probably not of viral origin,
since a nearly homologous sequence is found in intron 10 of
the NXF1 gene itself (Li et al. 2006). This CTE allows the
export and expression, through the Nxf1/Nxt1 pathway, of an
Nxf1 mRNA that retains intron 10.

The results of the experiments discussed above provide
considerable evidence for the notion that there is an intricate
regulation of the export of cellular mRNAs, which includes
proofreading at the nuclear level to determine whether any
introns are remaining. Based on the data from the yeast studies,
we have hypothesized that this regulation may involve Tpr.

To further this hypothesis, we decided to investigate the
role of Tpr in the export and expression of mRNA with
retained introns using either the Crm1 or Nxf1/Nxt1
pathway. Here we show that perturbation of Tpr through
siRNA-mediated knockdown leads to increased export and
expression of HIV RNAs with retained introns. However,
this effect is only seen when these RNAs are trafficked
through the Nxf1/Nxt1 pathway through the use of a CTE.
In contrast, no effects were observed when export was
mediated by the Crm1/Rev/RRE pathway.

RESULTS

Knockdown of Tpr increases protein expression
from a CTE-containing reporter plasmid

To modulate Tpr levels, we constructed a plasmid that uses
an H1 RNA Pol III promoter to express short hairpin RNA

(shRNA) targeted against the mRNA encoding the endog-
enous Tpr protein (nucleotides 1376 to 1394 in TPR
Accession #U69668), since it is well established that when
shRNA is expressed in cells, it gets cleaved by Dicer to
generate siRNA (Brummelkamp et al. 2002). This construct
was first tested by cotransfecting cells with a plasmid
expressing an eGFP-tagged version of Tpr and examining
GFP expression by flow cytometry and microscopy. Both
methods indicated that expression from the shRNA plas-
mid was able to efficiently generate siRNA that targeted Tpr
(data not shown).

We next analyzed whether knockdown of endogenous
Tpr would have an effect on CTE or Rev/RRE-dependent
expression of intron-containing RNA. This was done by
cotransfecting the H1-Tpr shRNA plasmid together with
reporter plasmids that express the HIV GagPol proteins. As
can be seen in Figure 1B, this resulted in a >50% reduction
in levels of endogenous Tpr. We have used the GagPol
reporter system in multiple previous studies where we have

FIGURE 1. The effect of Tpr knockdown on p24 expression from
a GagPol-CTE reporter plasmid. 293T cells (1 3 106) were trans-
fected in 6-cm dishes with 1.8 mg of the pCMVGagPol-CTE reporter
plasmid (pHR1361) and 0.09 mg of pCMVSEAP (pHR1831); (A)
with or without 1 mg of a plasmid expressing Tpr shRNA under the
control of the human H1 promoter (pHR3068) targeting nucleotides
1376–1394 of TPR (Accession # U69668) or nonspecific control
shRNAs (NS1 and NS2, pHR2791 and pHR2842, respectively).
Supernatants were collected at 72 h post-transfection, and p24
(upper panel) or SEAP (lower panel) levels in each sample were
determined. The data represent the average from two independent
transfections. (B) Validation of Tpr knockdown in transfected cells
with quantitative Western blot analysis. Lysates from each of the
transfected cells in A were separated on denaturing SDS-PAGE gels.
Blots were probed with either anti-Tpr antibody (Santa Cruz) or
anti-b-tubulin (Abcam). After incubating with appropriate second-
ary antibodies as described in Materials and Methods, blots were
visualized using the Odyssey infrared imaging system and analyzed
with the Odyssey software. The values under each lane represent the
measured intensity.
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shown that expression and translation of the GagPol pro-
duced from this reporter can be monitored by measuring the
accumulation of HIV p24 in the supernatant of the trans-
fected cells (Smith et al. 1990; Bray et al. 1994; Guzik et al.
2001; Coyle et al. 2003; Jin et al. 2003; Bor et al. 2006; Li et al.
2006; Swartz et al. 2007). Such expression is absolutely
dependent on the presence of a cis-acting element, either
a CTE or an RRE. We first tested the CTE construct, where
the mRNA interacts directly with Nxf1/Nxt1 (Guzik et al.
2001). As a control for transfection efficiency and specificity,
we also cotransfected a plasmid expressing secreted alkaline
phosphatase (SEAP) from a normally spliced mRNA (Berger
et al. 1988). Expression from this plasmid can also be easily
monitored by measuring SEAP levels in the supernatant.

The results of this experiment are shown in Figure 1,
where it can be seen that expression of Tpr shRNA resulted
in a very significant 60-fold enhancement of p24 protein
levels in the supernatants of transfected cells (Fig. 1A, top
panel). In contrast, the levels of SEAP remained virtually
the same (Fig. 1A, lower panel). Thus, there was a very
striking differential effect on p24 expression from the
intron-retaining GagPol-CTE mRNA, compared to SEAP
expression from the completely spliced mRNA. To address
potential nonspecific effects of shRNA expression, we also
performed experiments with plasmids expressing two non-
specific shRNAs (NS1 and NS2). As can be seen in Figure
1A, these had only minimal effects on either p24 or SEAP
expression.

Expression of p24 is not enhanced by Tpr
knockdown when the mRNA is exported through
the Crm1 pathway

As described above, Rev and the RRE can alternatively be
used to achieve export and expression of the unspliced
GagPol mRNA. In this case, the Crm1 pathway is used for
export, and p24 expression is absolutely dependent on Rev
that binds to the RRE and interacts with this export
receptor (Smith et al. 1990). To analyze whether Tpr
knockdown had an effect on Rev-RRE-mediated expression
as well, we cotransfected cells with a GagPol-RRE reporter
plasmid and the H1-Tpr shRNA plasmid, in the presence
and absence of Rev. As before, the plasmid expressing SEAP
from a spliced mRNA was also added as a normalization
control. The results are shown in Figure 2A. Consistent
with many previous studies, no significant p24 expression
was observed with the RRE construct alone in the absence
of Rev, whereas cotransfection of Rev led to high levels of
p24 expression. Significantly, in contrast to the results in
Figure 1, Tpr knockdown did not lead to an increase in
p24, either in the absence or presence of Rev. Thus, taken
together with the results from Figure 1, our results indicate
that perturbation of Tpr affects expression from the unspliced
GagPol mRNA only when it traffics on the Nxf1/Nxt1
pathway.

Expression of Sam68 and Tpr shRNA show an additive
effect on p24 expression from the CTE plasmid but
has no effect on the RRE reporter

We have previously demonstrated that exogenous expres-
sion of the KH-domain RNA-binding protein Sam68 also
enhances CTE-mediated, but not Rev/RRE-mediated ex-
pression in 293 cells using the GagPol reporters (Coyle et al.
2003). This effect was shown to be due to increased
translation of the CTE-containing mRNA, whereas effects
on nucleo-cytoplasmic export were minimal. Since both
Tpr and Sam68 appear to be regulated by kinases and signal
transduction (Matter et al. 2002; Coyle et al. 2003; Vomastek
et al. 2008), we decided to determine the effect that a
combination of Sam68 and Tpr shRNA expression would
have on p24 expression from both the GagPol-CTE and
GagPol-RRE reporter plasmids. As shown in Figure 2A,
cotransfection of a plasmid that expressed Sam68 had no
significant effects on p24 expressed from the GagPol-RRE
plasmid, and no enhancement was seen when the Tap shRNA
plasmid was cotransfected. The lack of effect of Sam68 on
GagPol-RRE expression confirms our previously reported
observations (Coyle et al. 2003). In contrast, when p24
expression from the GagPol-CTE plasmid was measured,
coexpression of Tpr shRNA or Sam68 gave a significant

FIGURE 2. Tpr siRNA-mediated enhancement of p24 expression
specifically requires the cis-acting CTE element. 293T cells (1 3 106)
were transfected in 6-cm dishes with 1.8 mg of either (A) a pCMVGagPol-
RRE plasmid (pHR354) or (B) a pCMVGagPol-CTE plasmid
(pHR1361) and plasmids expressing Tpr shRNA (pHR3068; 0.2 mg),
Rev (pHR30; 0.4 mg), or Sam68 (pHR2208; 0.4 mg) in the combinations
indicated. In all cases, 0.09 mg of pCMVSEAP (pHR1831) was also
transfected as a normalization control. Supernatants were collected at 72 h
post-transfection and p24 and SEAP levels in each sample were de-
termined. p24 values were then normalized for variations in SEAP levels.
The data represent the average from two independent transfections.
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increase in CTE-mediated expression, compared to shRNA
and Sam68 alone. As seen before (Coyle et al. 2003), Sam68
alone was able to increase p24 to levels comparable to those
seen with Rev/RRE. This is consistent with results from
previous studies and is due to poor translation of the
GagPol-CTE mRNA that can be rescued by Sam68 and
other cellular cofactors for CTE function (Coyle et al. 2003;
Jin et al. 2003; Bor et al. 2006; Li et al. 2006; Swartz et al.
2007). In addition, the combination of Sam68 expression
and Tpr knockdown resulted in levels of p24 that were
higher than those seen with Rev/RRE.

The effects of Tpr shRNA expression are significantly
reversed by expression of an siRNA-resistant
form of Tpr

We next wanted to further verify that the enhancement of
CTE function seen with the Tpr shRNA plasmid was a
direct consequence of Tpr knockdown. To this end, we
used a commercial siRNA that targets a different region
within TPR (nucleotides 4436–4454 in TPR Accession
#U69668). We also included a ‘‘scrambled’’ nonspecific
(NS) siRNA in these experiments. To further address the
specificity issue, we also included a Tpr expression plasmid
that has an altered siRNA target region, making the Tpr
mRNA produced from it resistant to siRNA inhibition.

The results of these experiments are shown in Figure 3.
As before, targeting of Tpr gave a significant increase in p24
expression (Fig. 3A), and reduced levels of the endoge-
nous Tpr were also seen (Fig. 3B, cf. first and second lanes
from left). In the presence of a plasmid expressing Flag-
tagged wild type (wt) Tpr, almost the same levels of p24
were observed and no Flag-tagged protein was detected
on the Western blot, indicating that newly expressed Tpr
was efficiently targeted (Fig. 3B, third lane from left). In
contrast, p24 expression was significantly reduced when the
siRNA-resistant form of Tpr was expressed, and FLAG-Tpr
was readily detected, confirming siRNA resistance (Fig. 3B,
fourth lane from left). However, although p24 levels were
significantly reduced as expected, the resistant form of Tpr
did not reduce p24 expression back to the levels that were
observed in the absence of siRNA. In the control experi-
ment, using the nonspecific (NS) siRNA, no enhancement
of p24 was observed when this siRNA was expressed alone,
again demonstrating that only the specific siRNA enhanced
p24 expression. However, in this case, significant enhance-
ment of p24 expression was seen in cotransfections with
both the wt and RNAi-resistant Tpr plasmids, and the
Western blot showed that both of these proteins were
efficiently expressed (Fig. 3B, the two last lanes at right).
Thus, it is clear that overexpression of Tpr from these
plasmids also leads to significant p24 enhancement. The
reasons for this are unclear at the present time, but it has
been observed in several experiments and seems to be
a direct result of transient overexpression.

Very small amounts of Tpr shRNA are sufficient
to significantly enhance p24 levels but do not
significantly down-regulate overall Tpr levels

The experiments presented above suggested that a very
large increase in p24 expression could be achieved even
when endogenous Tpr levels were rather moderately re-
duced. To analyze this further, we performed a titration
experiment using an shRNA. To this end, we made shRNAs
in vitro, again targeting TPR nucleotides 4436–4454.
Purified shRNA was titrated from 0.0016 mg to 1.0 mg in
cells transfected with the GagPol-CTE- and SEAP-express-
ing plasmids. The minimum concentration of Tpr shRNA
required to achieve maximal p24 enhancement was sur-
prisingly low (0.008 mg) (Fig. 4A). SEAP levels increased
slightly (less than twofold), but at levels above 0.2 mg there
was a slight decrease compared to the control, likely due to
nonspecific effects (Fig. 4B). Although only 0.008 mg of Tpr
shRNA plasmid was sufficient to maximize p24 enhance-
ment with minimal effects on SEAP levels, Figure 4C shows

FIGURE 3. A Tpr mutant resistant to siRNA suppresses the effect of
Tpr knockdown. 293T cells (1 3 106) were transfected in 6-cm dishes
with 1.8 mg of the pCMVGagPol-CTE reporter plasmid (pHR1361),
0.09 mg of pCMVSEAP (pHR1831), and 2 mg of plasmids that
expressed either wild-type (wt) FLAG-Tpr (pHR3120) or RNAi-
resistant FLAG-Tpr (pHR3122). Two micrograms of purified siRNA,
which targets TPR nucleotides 4436–4454 (accession # U69668) or
a nonspecific control siRNA (N/S) were also co-transfected, as
indicated. (A) Supernatants were collected at 72 h post-transfection,
and p24 and SEAP levels from each sample were measured. p24 values
were then normalized for variation in SEAP levels. Data represent the
average from two independent transfections. (B) One hundred fifty
micrograms of total lysate from each of the transfected 293T cell
cultures in A was separated on denaturing SDS-PAGE gels and
analyzed by Western blotting. Blots were probed with either the M2
anti-Flag antibody (top) to detect FLAG-Tpr or a rabbit polyclonal
Tpr antibody (bottom) to detect endogenous Tpr. The blots were
visualized using ECL.
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that >30-fold higher levels of Tpr shRNA were needed before
the steady-state levels of endogenous Tpr were significantly
knocked down.

To further analyze the effects of the Tpr shRNA on p24
expression, a 15-h pulse-chase experiment was carried out
in 293T cells that were transfected with plasmids expressing

either wild-type (wt) or RNAi-resistant Tpr in the presence
or absence of 0.2 mg of Tpr shRNA. As shown in Figure 4C,
a similar level of this shRNA (0.25 mg) had little effect on
the endogenous pool of Tpr over a 72-h period. Figure 4D
(lanes 1 and 9) shows that during a 3-h labeling period, the
amounts of FLAG-Tpr produced from the Tpr wt plasmid
in the absence of shRNA were similar to those made by
the RNAi-resistant plasmid in the presence of shRNA. In
contrast, lane 5 in Figure 4D shows that the Tpr shRNA
completely abrogated wt FLAG-Tpr synthesis. Lanes 2–4
and lanes 10–12 of this figure further show that in the 12-h
chase period, the stability of the Tpr proteins expressed was
the same for both plasmids.

This experiment indicates that levels of Tpr-targeted
shRNA, which have little effect on the stable endogenous Tpr
pool, can efficiently block the synthesis of the newly made
Tpr molecules. Together with the results from Figure 4A,C,
these results suggest that the knockdown of newly synthesized
Tpr, which constitutes a minor portion of the total Tpr in the
cell, is sufficient to results in a severalfold specific enhance-
ment of p24 expression from the GagPol-CTE plasmid.

Inhibition of Tpr synthesis leads to a significant
increase in export of GagPol-CTE RNA

To investigate the level at which Tpr regulation affected CTE-
mediated expression, we performed Northern blot analysis
on total and cytoplasmic fractions from transfected cells. We
have previously used this kind of analysis in multiple studies
to show that either a CTE or the RRE in cis is required for
export of the unspliced GagPol RNA (Smith et al. 1990; Bray
et al. 1994; Guzik et al. 2001; Bor et al. 2006). In these
studies, we have demonstrated that Rev and a functioning
Crm1 pathway are essential for export of GagPol-RRE RNA.
In contrast, export of GagPol-CTE RNA is mediated by the
Nxf1 protein in a complex with the cofactor Nxt1. These
proteins are endogenously expressed, enabling export of
GagPol-CTE RNA without the addition of exogenous pro-
tein. Although Sam68 can significantly enhance expression
from the CTE-containing RNA, we have as described above
shown that this is a result of increased translation of the
mRNA in the cytoplasm after export (Coyle et al. 2003).

To investigate whether Tpr directly affected export, we
transfected cells with the GagPol-CTE plasmid alone, or in
cotransfections with shRNA against Tpr (with or without
Sam68). Total RNA and cytoplasmic RNA were prepared
and analyzed as described in Materials and Methods. As
a control, we also cotransfected GagPol-CTE with Nxf1and
Nxt1, since we have also previously shown that exogenously
added Nxf1/Nxt1 does not increase export (Jin et al. 2003;
Bor et al. 2006; Li et al. 2006; Swartz et al. 2007). In all
cases, the cells were cotransfected with the SEAP-expressing
plasmid as a transfection control. The results are shown
in Figure 5A. We also performed a separate experiment in
which the GagPol-RRE plasmid was transfected alone or in

FIGURE 4. Dose response of the Tpr shRNA effect on GagPol-CTE
expression. 293T cells were transfected in 6-cm dishes with 1.8 mg of
the pCMVGagPol-CTE reporter plasmid (pHR1361) and 0.09 mg of
pCMVSEAP (pHR1831) together with varying amounts of Tpr
shRNA produced by transcription using T7 RNA polymerase (0 mg
to 1.0 mg as indicated). The shRNA targeted TPR nucleotides 4436–
4454 (accession #U69668). Supernatants were collected at 72 h post-
transfection, and (A) p24 or (B) SEAP levels in each sample were
determined. (C) Western blot of endogenous Tpr levels in the
presence of increasing amounts of Tpr shRNA. Total lysates from
293T cells (150 mg of protein) previously transfected with increasing
amounts of in vitro transcribed Tpr shRNA (0 to 5.0 mg) were
prepared at 72 h, separated by SDS-PAGE, and analyzed by Western
blotting. Endogenous Tpr was detected using a rabbit polyclonal
antibody and visualized using ECL. (D) Pulse-chase analysis of Tpr in
the presence of Tpr shRNA. 293T cells in 6-cm dishes were transfected
with wt FLAG-Tpr (pHR3120) or si-Resist FLAG-Tpr (pHR3122)
plasmids in the presence or absence of 0.2 mg of Tpr shRNA. At 48 h
post-transfection, transfected cells were metabolically labeled for
3 h in the presence of 35S Trans-label (methionine/cysteine) and
chased with complete media for either 0, 4, 8, or 12 h and lysed. Equal
amounts of lysate were used to immunoprecipitate wt FLAG-Tpr
or si-Resist FLAG-Tpr with M2 anti-Flag antibody. IPs were analyzed
by SDS-PAGE and a Molecular Dynamics PhosphorImager.
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cotransfection with Rev, with or without Tpr shRNA. Again,
total RNA and cytoplasmic RNA were analyzed (Fig. 5B).

Analysis of the blots shown in Figure 5 confirms previous
results, showing that Nxf1/Nxt1 do not give a significant
increase in either total or cytoplasmic levels of GagPol-CTE
RNA (Fig. 5A). In contrast, cotransfection with Tpr shRNA
increased cytoplasmic levels of GagPol-CTE RNA 7.3-fold.
This is slightly more than the increase seen in the presence
of Rev in the case of GagPol-RRE (see Fig. 5B, lower panel).
Thus, Tpr shRNA caused a significant increase in export of
the GagPol-CTE RNA. Total GagPol-CTE RNA levels were
also somewhat increased by shRNA targeting Tpr, as were
the levels of GagPol-RRE RNA with Rev (Fig. 5A,B, upper
panels). This may be due to a slightly lower stability of
mRNA in the nuclear fraction, as has been described before

for GagPol-RRE RNA. The addition of
Sam68 did not increase levels of cyto-
plasmic RNA compared to what was
seen with shRNA alone; rather, a small
decrease was observed. This is consis-
tent with our previously published stud-
ies showing that Sam68 increases cyto-
plasmic utilization, not export per se
(Coyle et al. 2003).

In contrast to the results with GagPol-
CTE RNA, Tpr shRNA did not increase
GagPol-RRE RNA in either the cyto-
plasmic or total fractions (Fig. 5B). In
addition, Tpr shRNA did not increase
levels of cytoplasmic RNA in the pres-
ence of Rev. This is consistent with the
lack of effects of Tpr shRNA on GagPol-
RRE p24 expression in experiments with
or without the plasmid that expressed
Rev (see Fig. 2A). Taken together, these
results indicate that Tpr specifically reg-
ulates the nucleo-cytoplasmic export of
CTE-RNA.

shRNA targeting Tpr also promotes
the association of GagPol-CTE RNA
with large polyribosomes

In previous studies, we have demon-
strated that although GagPol-CTE RNA
is exported rather efficiently in 293T cells,
it is inefficiently translated in the cyto-
plasm after export. We have also shown
that moderate overexpression of either
Sam68 or Nxf1 together with Nxt1 pro-
motes GagPol protein synthesis (Coyle
et al. 2003; Jin et al. 2003). In the case of
Nxf1/Nxt1, we demonstrated that this is
reflected in an increased association of
the mRNA with large polyribosomes.

To investigate whether shRNA targeting Tpr, alone or in
combination with Sam68 expression, affected association of
the mRNA with ribosomes, we performed a polyribosome
analysis on lysates of transfected cells (Fig. 6A–D). After
sucrose fractionation, RNA from each of 12 fractions was
isolated and analyzed by Northern blot using a Gag-specific
probe. To each fraction, a small amount of in vitro tran-
scribed gag RNA (IVT gag) was added as an internal
standard for RNA quantification in each sample, thereby
controlling for potential RNA degradation and variations
between RNA sample preparations during isolation.

As shown in Figure 6, when the GagPol-CTE plasmid was
transfected alone, the GagPol-CTE RNA was mainly detected
in the fractions containing small polyribosomes (Fig. 6A), with
only 9% observed in fractions containing larger polyribosomes,

FIGURE 5. Northern blot analyses of total and cytoplasmic mRNA in transfected 293T cells.
(A) Cells (9 3 106) in 15-cm dishes were transfected with 15 mg of pCMVGagPol-CTE
(pHR1361) and 5 mg of pCMVSEAP (pHR1831) with or without plasmids that expressed Nxf1
(pHR2128, 6 mg) and Nxt1 (pHR2283, 3 mg) or Sam68 (pHR2208, 3 mg), as indicated. Tpr
shRNA was also transfected as indicated. (B) As a control, cells were transfected with 15 mg of
pCMVGagPol-RRE (pHR354) and 5 mg of pCMVSEAP (pHR1831) in the absence or presence
of 5 mg of a plasmid expressing Rev (pHR30) as indicated. Tpr shRNA was also transfected as
indicated. Sixty hours post-transfection, total and cytoplasmic poly(A)+ mRNA was isolated
from the transfected cells. Blots containing the RNA samples were made and hybridized with
32P-labeled GagPol and SEAP probes. The values shown under the CTE panel (A) represent
the fold difference in the levels of GagPol-CTE mRNA in the various lanes compared with
GagPol-CTE transfection alone. Similarly, the values shown under the RRE panel (B) represent
the fold difference in the levels of GagPol-RRE mRNA in the various lanes compared with
GagPol-RRE transfection alone. All values were normalized using the SEAP band.
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indicating inefficient translation. The addition of Tpr shRNA
led to 16% of the GagPol-CTE RNA appearing in larger poly-
ribosomes (Fig. 6B), whereas cotransfection with GagPol-CTE
and the Sam68 plasmid increased this to 31% (Fig. 6C). Thus,
Tpr appears to have a slight effect on translation efficiency,
but its effect is not as great as the effect of Sam68. With a
combination of Tpr shRNA and Sam68, 42% of the RNA was
now observed in the fractions containing large polysomes
(Fig. 6D). This increase is greater than the effect of either the
Tpr shRNA or Sam68 alone, consistent with the results seen
in Figure 2B. Taken together, these results indicate that Tpr
shRNA also promotes polyribosome association of the
GagPol-CTE RNA, in addition to the effect on export (Fig. 5).

Increased amounts of the Gag protein are synthesized
in cells treated with Tpr shRNA, but protein stability
is not affected

The results above indicate that Tpr knockdown increases
both GagPol-CTE RNA export and translation of this

mRNA in the cytoplasm. In combina-
tion, these effects are likely to cause the
large enhancement in p24 levels that is
observed when Tpr is perturbed. Al-
though more unlikely, Tpr knockdown
could also have effects on Gag protein
stability after synthesis. To analyze this,
we performed a pulse/chase analysis on
transfected cells. Since the Gag proteins
are eventually cleaved into different
protein products, including p24, which
complicates a direct analysis of effects
on synthesis and stability, we per-
formed this experiment using variants
of the GagPol-CTE and GagPol-RRE
plasmids that express a nonmyristoy-
lated (myr�) protease negative (pro�)
form of the Gag protein. This is the
result of two specific point mutations
in the plasmids. Thus, all of the syn-
thesized Gag protein remains in the cell
and is not cleaved, facilitating a pulse-
chase analysis. We have used this con-
struct in similar experiments in pre-
vious studies (Jin et al. 2003; Bor et al.
2006).

Cells were transfected with the GagPol-
CTE myr� pro� plasmid alone or in
cotransfections with either Sam68 or
shRNA targeting Tpr. As a control, we
also performed an experiment with
a GagPol-RRE myr� pro� plasmid, with
or without a plasmid that expressed
Rev. Thirty-six hours post-transfection,
the cells were labeled for 15 min with

35S Trans-label (methionine/cysteine) and either harvested
immediately or ‘‘chased’’ for 10 h. Lysates were then made,
and immunoprecipitation (IP) was performed with a
monoclonal antibody against an epitope within the p24
portion of Gag. Before the IP, 35S-labeled GST-p24 was
added as a control for IP recovery. After SDS-PAGE, ra-
dioactivity was detected using a PhosphorImager. As can
be seen in Figure 7, significantly increased amounts of
Pr55Gag were synthesized in the cotransfections with either
Sam68 or Tpr shRNA, consistent with the above results (see
Fig. 6). In each case, the protein appeared stable over the
10-h chase period. As expected and consistent with pre-
vious studies, no Pr55 Gag was detected in the case of the
GagPol-RRE plasmid in the absence of Rev, but a large
amount of protein was detected when Rev was added.
Again, the protein was stable throughout the 10-h chase
period. Taken together, these results confirmed that knock-
down of Tpr leads to increased translation of an unspliced
CTE-containing mRNA, without any effects on protein
stability.

FIGURE 6. Polyribosome analysis of GagPol-CTE mRNA in 293T cells transfected with
a plasmid expressing Sam68 and/or in vitro transcribed Tpr shRNA. Cells (9 3 106) in 15-cm
dishes were transfected with 16 mg of pCMVGagPol-CTE plasmid (pHR1361) and 0.825 mg of
pCMVSEAP (pHR1831) alone (A) or in the presence of 4 mg Tpr shRNA (B), 3.3 mg of
a plasmid expressing Sam68 (pHR2208) (C), or both (D). Forty-eight hours after transfection,
cytoplasmic fractions were prepared and separated over sucrose gradients by centrifugation, as
described in the Materials and Methods. The gradients were fractionated, and the OD254 of
each fraction was measured. An in vitro transcribed (IVT) gag RNA was added to each
fraction, as a control for RNA recovery and degradation, before RNA was isolated from each
fraction. The isolated RNA was then analyzed for GagPol-CTE mRNA by Northern blots. The
intensity of the bands on the blots was quantified using a PhosphorImager and ImageQuant
software. The measured intensity of each GagPol-CTE band was then corrected for recovery,
using the IVT gag RNA band in each fraction. The values shown in each panel are the
percentage of cumulative GagPol-CTE RNA detected in the light and heavy portions of the
polysome fractions. This experiment was repeated three times with similar results. A single
representative experiment is shown.
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DISCUSSION

It is well established that unspliced and incompletely
spliced mRNA is subject to specific restrictions at the level
of nuclear export (Legrain et al. 1988; Chang and Sharp
1989). Many recent studies have shown that the NPC serves
as a site for the control of transport substrates (for review,
see Walde and Kehlenbach 2010). Studies in yeast have
indicated that the nuclear pore basket protein, Mlp1, func-
tions in the control of export of unspliced RNA (Galy et al.
2004; Fasken and Corbett 2009). By analogy, these results
have pointed to a potential role for the mammalian Mlp1
ortholog, Tpr, in the regulation of mRNA export, but this has
never been clearly demonstrated. Our results show for the
first time that Tpr functions to regulate unspliced RNA with
retained introns in mammalian cells, supporting the concept
of an important role for Tpr in mRNA quality control.

We have previously shown that a CTE in an mRNA with
retained introns directly recruits the export receptor Nxf1,
in a complex that also includes Nxt1 (Guzik et al. 2001). In
293T cells, endogenous levels of Nxf1/Nxt1 are sufficient to
allow significant export. However, in these cells, over-
expression of Nxf1/Nxt1 leads to an increase in the trans-
lation of the CTE-RNA in the cytoplasm (Jin et al. 2003). In
contrast, here we show that a very modest knockdown or
increase in the levels of Tpr causes a significant increase in
export of unspliced mRNA containing a CTE. Thus, the
increase in export that occurs when Tpr levels are altered is
not likely to be due to additional levels of endogenous
Nxf1/Nxt1 being recruited to the mRNA. Rather, they
speak for an additional level of restriction that is mediated,
at least in part, by Tpr.

Intriguingly, perturbation of Tpr affected export of RNA
with retained introns only when export was mediated by

a CTE, which uses the Nxf1/Nxt1 pathway. In contrast,
when the mRNA contained an RRE and was exported by
Crm1, using Rev as an adapter, knockdown of Tpr had no
effect. Tpr knockdown also did not lead to export of RRE-
RNA, when Rev was not provided. These findings support
the notion that mRNA export restrictions in mammalian
cells differ as a function of the export pathway that is
used. The specificity seen with Tpr speaks against a model
whereby restricted RNA simply escapes control because of
a general defect in Tpr function at the nuclear or NPC level.
Thus, these results are in contrast to results obtained in
yeast with Mlp1, where Mlp1 defects alone were reported to
lead to ‘‘leakage’’ of unspliced mRNA out of the nucleus
(Galy et al. 2004). This difference may be a reflection of the
fact that higher eukaryotic systems regulate expression of
mRNAs that have many alternatively spliced forms and
multiple introns (Wang et al. 2008). Higher eukaryotes
thus likely have a much more sophisticated regulation than
yeast, with multiple levels of quality control, and corre-
spondingly, multiple mechanisms to escape this control.

The lack of effect on mRNA exported by Crm1 that we
observed in this study was somewhat unexpected, since we
originally started our experiments based on the hypothesis
that Tpr would be specifically involved in RNA export
mediated by Crm1. This was based on previous studies
suggesting a role for Tpr in Crm1-mediated protein export
(Frosst et al. 2002). It is possible that specific functional
interactions between Tpr and Nxf1/Nxt1 exist, which would
not be in play when the unspliced mRNA is exported through
the Rev/RRE axis that uses Crm1, independent of Nxf1/Nxt1.

Our results suggest that the Tpr may function differently
in conjunction with Crm1 during protein export compared
to RNA export. Alternatively, Rev and the RRE may serve
to overcome Tpr-mediated restrictions through the re-
cruitment of additional factors to the RNA. Although the
Crm1 pathway for mRNA export has been most thoroughly
studied in HIV and other viruses, it is clear that some
cellular mRNAs are also exported with the help of Crm1
(Culjkovic et al. 2006; Prechtel et al. 2006; Schutz et al.
2006). Thus, the differences that we have observed between
RRE- and CTE-mediated export may reflect differences in
the way in which cellular mRNA intron surveillance and
quality control are achieved when the mRNA is trafficked
on different pathways.

Previous studies have suggested functional interactions
between Mlp1 and Mex67/Mtr2 in yeast, since Mlp1 defects
increase the effects of Mex67 temperature-sensitive muta-
tions. This is of interest since Mex67 is the Nxf1 yeast
ortholog and has been shown to be a major mRNA export
factor (Segref et al. 1997; Katahira et al. 1999). Mlp1 has
also been shown to interact with Nab2, a poly(A)-binding
protein that also interacts with Mex67 (Green et al. 2003a;
Fasken et al. 2008). Currently, no definitive mammalian
ortholog for Nab2 has been identified. However, there is
some evidence to suggest that one or more isoforms of the

FIGURE 7. Pulse-chase analysis of the Pr55Gag protein expressed
from pCMVGagPol-CTE myr� pro� or pCMVGagPol-RRE myr�

pro� in transfected 293T cells. Cells (3 3 106) in 10-cm dishes were
transfected with 5 mg of pCMVGagPol-CTE myr� pro� (pHR2900)
with or without 1 mg of a plasmid expressing Sam68 (pHR2208)
or 0.2 mg of Tpr shRNA. As a control, cells were also transfected with
5 mg of pCMVGagPol-RRE myr� pro� (pHR2899) with or without
1 mg of pCMVRev (pHR30). Thirty-six hours post-transfection, cells
were pulsed with 35S Trans-label (methionine/cysteine) for 15 min
and chased for 10 h. Lysates were made, 35S-labeled GST-p24 was
added as a recovery control, and an IP was performed using an anti-
p24 monoclonal antibody (183-H12-5C). The precipitates were
analyzed on a 15% SDS-PAGE using a PhosphorImager. The locations
of the immunoprecipitated Pr55Gag and the control GST-p24 protein
are indicated. (P) Pulse; (C) chase.

Tpr-regulated mRNA export

www.rnajournal.org 1351



human/mouse poly(A)-binding proteins expressed from
the gene ZC3H14 may serve in this function (Leung et al.
2009). Also, several previous studies suggest a coupling
between the polyadenylation machinery and mRNA export
in mammalian cells (for review, see Zhao et al. 1999). More
recently, the CPSF6 gene product (the CF Im68 protein)
was reported to stimulate Nxf1-mediated mRNA export
(Ruepp et al. 2009). It was suggested that the CF Im68
protein accompanies the RNP complex to the cytoplasm
and that it is released in the cytoplasm during the initial
stages of translation. In view of these studies, it will be of
clear interest to explore potential physical and functional
interactions between Tpr and CF Im68.

Another poly(A)-binding protein, the KH-domain pro-
tein Sam68, which was shown in this and previous studies
to enhance CTE function at the cytoplasmic level (Coyle
et al. 2003), has been reported to stimulate mRNA 39 process-
ing, resulting in increased gene expression (McLaren et al.
2004). Like Nab2, the function of Sam68 is regulated by
mitogen-activated protein (MAP) kinases as well as other
kinases (Matter et al. 2002; Coyle et al. 2003). The fact that
overexpression of Sam68 and Tpr knockdown shows an
additive effect on CTE function may be indicative of a cross
talk between these two factors, which ultimately results in
increased ribosome association and translation of proteins in
the cytoplasm.

Our experiments demonstrate that only a very small
decrease in overall levels of Tpr is needed for a significant
enhancement of CTE export and expression. When only
a small amount of Tpr shRNA was used, the effects on
expression of a completely spliced mRNA (the SEAP RNA)
were minimal, whereas higher levels caused a decrease in
expression of this RNA. Thus, the effect seen at higher
levels of knockdown is clearly a different effect from the
one seen at lower levels. This may explain a previous report
that showed a general decrease in mRNA export when Tpr
function was perturbed (Shibata et al. 2002).

Our results may indicate that only newly synthesized Tpr
protein is involved in the regulation of CTE-RNA export.
Previous studies have suggested that there may be two
‘‘pools’’ of Tpr in mammalian cells. Specifically, image
analysis has indicated that Tpr is present in the nucleo-
plasmic fraction, in association with splicing factors and
other proteins, in addition to being present at the nuclear
basket (Frosst et al. 2002). One potential model to explain
our observations is that this more ‘‘dynamic’’ fraction of
Tpr interacts with mRNPs at the transcriptional level,
before and during the splicing process, and that this
interaction contributes to cytoplasmic retention until
splicing has been completed. The inhibitory effects that
were seen on completely spliced mRNA when higher levels
of Tpr shRNA were used could then be a reflection of an
effect on the structural Tpr nuclear basket component. This
component would be expected to be increasingly compro-
mised when levels of Tpr are more drastically reduced.

We observed a significant increase in p24 expression not
only in Tpr knockdown experiments, but also when this pro-
tein was moderately overexpressed (see Fig. 3). Such appar-
ently ‘‘paradoxical’’ effects, where both knockdown and over-
expression lead to a similar phenotype, are not unprecedented.
For example, it has been shown that in some cases, both
reduced and increased amounts of a factor involved in tran-
scription can result in the same phenotype, presumably be-
cause of squelching of limiting cofactors (for an example, see
Drewelus et al. 2010). We thus hypothesize that an increase in
Tpr synthesis may lead to squelching of one or more cellular
proteins that are also involved in mRNA quality control.
This suggests the possibility of a complex RNA gatekeeping
function, involving other factors in addition to Tpr.

In addition to the effects of Tpr on export, the mRNA
also appears to be affected at the cytoplasmic level, since
Tpr knockdown also leads to an increase in association of
CTE-RNA with large polyribosomal complexes. Sam68 also
increases polyribosome association of CTE-containing
mRNA. However, Sam68 does not increase export, either
alone (Coyle et al. 2003) or in combination with shRNA
targeting Tpr. It is also interesting that the combination of
Tpr shRNA and Sam68 expression causes more CTE-RNA
to be associated with polyribosomes than when either is
expressed alone. This suggests that the mechanisms that
allow more polyribosome association when Tpr is knocked
down may be mechanistically different from the Sam68
effect. We have previously demonstrated that modest over-
expression of Nxf1/Nxt1 as well as the splicing SR protein
9G8 give rise to a similar phenotype as overexpression of
Sam68 (Swartz et al. 2007). Together these results support
the hypothesis that important couplings exist between
splicing, export, and translation of mRNA in the cytoplasm.

In the yeast system, many studies have provided evidence
for couplings that start at the level of transcription, and it
has been proposed that Mlp1 associates with newly tran-
scribed mRNA at the chromatin level (for review, see Fasken
and Corbett 2009). A very recent study involving the
Drosophila Tpr ortholog, Megator, shows that this protein,
in conjunction with nucleoporin Nup153, binds to tran-
scriptionally active chromatin regions (Vaquerizas et al.
2010). The authors propose that this binding is reflective
of chromosomal organization involved in gene expression
control. In view of these experiments and the results
presented here, we would like to suggest that a dynamic
functional pool of Tpr may associate with the CTE-mRNA as
early as at the chromatin level, enabling a functional regu-
lation at many steps in post-transcriptional gene regulation.

MATERIALS AND METHODS

Plasmids

Most of the plasmids used in this study have been previ-
ously described. These are the HIV-1 reporter constructs
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pCMVGagPol-RRE (pHR354) and pCMVGagPol-CTE (pHR1361)
(Srinivasakumar et al. 1997); pCMVRev (pHR30) (Smith et al.
1993); pCMVNxf1 (pHR2128), a plasmid that expresses the Tap/
Nxf1 protein (amino acids 61 to 619) (Yoon et al. 1997; Guzik
et al. 2001); pcDNA3FLAGNXT1 (pHR2283), a plasmid that
expresses a Flag-tagged Nxt1 protein (Black et al. 1999);
pcDNA3FSam68 (pHR2208), a plasmid that expresses a Flag-
tagged Sam68 (Lin et al. 1997); pCMVSEAP (pHR1831), a plasmid
that expresses secreted alkaline phosphatase (Berger et al. 1988);
pCMVGagPolRRE myr� pro� (pHR2899) and pCMVGagPolCTE
myr� pro� (pHR2900), plasmids that contain inactivating point
mutations in the myristoylation signal and protease region of
the HIV gagpol gene; pGEXp24 (pHR163), a plasmid that
expresses glutathione S-transferase (GST)-p24 (Jin et al. 2003);
and pGEMgagBstHII/PstI (pHR2654), a plasmid used to prepare
in vitro transcribed gag (Bor et al. 2006).

The H1-RNA promoter plasmid (pHR2790) was constructed
essentially as previously described (Brummelkamp et al. 2002).
The H1-RNA promoter sequence was amplified from 293T cell
genomic DNA with Deep Vent DNA polymerase (New England
Biolabs), using the oligonucleotide 59-CCATGGAATTCGAACGC
TGACGTC-39 (#969; the EcoRI site is underlined) as the forward
primer, and the oligonucleotide 59-GCAAGCTTAGATCTGTG
GTCTCATACAGAACTTATAAGATTCC-39 (#970; the BglII site
is underlined) as the reverse primer. The resulting 239-bp PCR
fragment was cloned into the EcoRV site of pBluescript II SK(+)
(Stratagene), and the recombinant plasmids were transformed
into Escherichia coli DH5a-competent cells. Plasmids isolated
from the resulting colonies were screened by EcoRI and HindIII
restriction digest to identify a clone in which the HindIII site
present in the polylinker of pBlusecript II SK(+) is located
downstream from the H1-RNA promoter. The base pair distance
between BglII (derived from oligonucleotide #970) and HindIII
sites in this orientation allows a more efficient restriction cleavage
by BglII and HindIII restriction enzymes than that of the published
pSUPER vector (Brummelkamp et al. 2002). To construct pH1-
shTpr (pHR3068), which expresses an shRNA targeting TPR, two
complementary oligonucleotides,

59-GATCCCCGTGGAAGCCAAAGCACCAATTCAAGAGATTGG
TGCTTTGGCTTCCACTTTTTGGAAA-39 (#1145) and

59-AGCTTTTCCAAAAAGTGGAAGCCAAAGCACCAATCTCTT
GAATTGGTGCTTTGGCTTCCACGGG-39 (#1146),

were annealed to yield a duplex containing 19 nt of the target
(underlined, nucleotides 1376 to 1394 TPR accession #U69668),
a 9-base loop sequence for hairpin formation, followed by the
19-nt ‘‘inverted’’ target sequence. BamH1- and HindIII-compatible
overhangs were introduced at each end of the oligonucleotide to
facilitate ligation into the pH1-RNA promoter plasmid. The plas-
mids NS1 and NS2 (pHR2791 and pHR2842, respectively), express-
ing nontargeting shRNA, were constructed similarly to pH1-shTpr.
These plasmids were used for the experiments presented in Figures 1
and 2.

The plasmids expressing Flag-tagged Tpr (pcDFLAG Tpr,
pHR3120) and Flag-tagged Tpr that is resistant to siRNA targeting
TPR (nucleotides 4436–4454; accession # U69668; pHR3122),
were kindly provided by Vinay K. Nandicoori and Michael Weber
(University of Virginia). The plasmid expressing siRNA-resistant
Tpr was made by introducing synonymous mutations into the
target region. The plasmid expressing the eGFP-Tpr fusion pro-

tein, peGFP-Tpr (pHR2955), was a gift from Larry Gerace (The
Scripps Research Institute, La Jolla, CA).

Source of commercial siRNA used in this study

The experiments presented in Figure 3 were performed using
commercial siRNA duplexes (QIAGEN) targeted to TPR nucleo-
tides 4436–4454 (accession #U69668) or a nonspecific control
siRNA (Dharmacon).

Production by in vitro transcription of short
hairpin (sh) RNA for TPR RNAi

A construct was designed to express an shRNA targeting TPR
nucleotides 4436–4454 (accession #U69668). Two complementary
oligonucleotides,

59-TAATACGACTCACTATAGCACAACAGGATAAGGTTAAAG
TTCTCTTAACCTTATCCTGTTGTGCTT-39 (#1214) and

59-AAGCACAACAGGATAAGGTTAAGAGAACTTTAACCTTAT
CCTGTTGTGCTATAGTGAGTCGTATTA (#1213),

were annealed to form a DNA duplex that served as a T7 in vitro
transcription template. The annealed duplex contains a T7 RNA
polymerase promoter at one end (underlined), followed by 19 bases
of the shTpr target (double underlined), a 9-base loop sequence,
and an inverted repeat for the 19 bases of the shTpr target. In a final
volume of 1 mL, each in vitro transcription reaction consisted of
0.1 mM annealed DNA duplex, 40 mM Tris-HCl (pH 7.9), 6 mM
MgCl2, 2 mM spermidine, 10 mM DTT, 2.5 mM rNTPs, 0.8 U/mL
RNasin, and 20 mL of T7 RNA polymerase. After incubation for 5 h
at 40°C, 2 units of RNase-free DNase I was added and the reaction
was incubated for 45 min at 40°C. Phenol/chloroform-extracted
reaction mixture was ethanol-precipitated and resuspended in 50
mL of DEPC-treated water, and the in vitro transcribed shRNA was
purified using a Chroma Spin-30 column according to the
manufacturer’s instructions (Clontech). The resulting shRNA was
used for the experiments presented in Figures 4–7.

Cell lines and transient transfections

293T/17 cells (Pear et al. 1993) were maintained in Iscove’s
Modified Dulbecco’s medium supplemented with 10% bovine
calf serum. 293T/17 cells were transfected by using a calcium
phosphate transfection protocol (Graham and van der Eb 1973).
Transfections were performed with the amounts of plasmids and
si/shRNA described in the figure legends.

p24 ELISA and SEAP assay

Supernatants from transfected cells were collected at 72 h post-
transfection and subjected to a short spin in a microcentrifuge to
remove residual cells and debris. Expression levels of p24 were
determined by an ELISA protocol using a p24 monoclonal
antibody (183 H12-5C) and pooled human anti-HIV immuno-
globulin G (Wehrly and Chesebro 1997). The p24 antibody was
obtained from the AIDS Research and Reference Reagent Program
and was contributed by Bruce Chesebro (National Institute of
Allergy and Infectious Diseases–Rocky Mountain Laboratories).
SEAP activity in the supernatants was measured with the Phos-
pha-Light Chemiluminescent Reporter Kit (Tropix).
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Western blot analysis and antibodies

Western blot analysis was performed essentially as previously de-
scribed (Hammarskjöld et al. 1986). In brief, lysates from transfected
cell were separated by electrophoresis on 6% SDS-polyacrylamide gel
and transferred to an Immobilon-P membrane (Millipore). For
detection of the FLAG-Tpr protein, the blots were probed with
a 1:5000 dilution of M2 anti-Flag monoclonal antibody (Sigma). For
detection of endogenous Tpr protein, the blots were probed with
a rabbit polyclonal Tpr antibody raised against amino acid residues
2095–2348 (Frosst et al. 2002). Blots were developed using a horse-
radish peroxidase–coupled secondary antibody and the enhanced
chemiluminescence (ECL) system (GE Health, Amersham Bio-
sciences). To detect proteins using the Odyssey infrared imaging
system (LI-COR), lysates from transfected cells were resolved in 8%
SDS-PAGE and transferred to an Immobilon-FL. Membranes were
probed with a mouse anti-Tpr monoclonal antibody (1:200 dilution;
Santa Cruz), followed by incubating with a goat anti-mouse IgG
antibody-IRDye 800 (1:25,000 dilution; LI-COR). As a loading
control, the blot was also probed with a rabbit anti-b-tubulin
(1:10,000 dilution; Abcam), washed, and probed with a goat anti-
rabbit IgG-IRDye 680 (1:25,000 dilution; LI-COR). The blots were
scanned on the Odyssey infrared imager. Protein levels were
quantified with the Odyssey software.

Polyribosome analysis

The polyribosome analysis used for the detection of GagPol
mRNA was performed essentially as previously described (Jin
et al. 2003; Bor et al. 2006).

RNA fractionation and Northern blot analysis

The methods used for nuclear and cytoplasmic RNA extraction,
poly(A) mRNA selection, and Northern blot analysis were previously
described (Hammarskjöld et al. 1986, 1994). 293T cells were harvested
at 65 h post-transfection. A SacI–BglII (nucleotides 682–2093) frag-
ment of the HIV-1 BH10 clone and a BamHI fragment of the human
SEAP cDNA (nucleotides 213–1698) were labeled with ½a-32P�dCTP
by using the Rediprime II Kit (GE Healthcare, Amersham Bio-
sciences). Northern blots were quantified using the Molecular
Dynamics PhosphorImager and ImageQuant analysis software.

35S labeling and immunoprecipitations

293T cells were transfected with pCMVGagPol-CTE myr� pro� with
or without pcDNAFLAGSam68 or pH1shTpr; or pCMVGagPol-
RRE myr� pro� with or without pCMVRev. At 36 h post-
transfection, cells were washed twice with methionine and cysteine-
free Dulbecco’s modified Eagle’s medium (GIBCO/Invitrogen) and
then incubated for 15 min at 37°C in labeling medium containing
200 mCi of 35S Trans-label (ICN Biochemicals). Cells were then
washed with normal medium and incubated for 10 h. At the end of
incubation, cell lysates were made and IPs were performed as
previously described (Jin et al. 2003; Bor et al. 2006).
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