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Unexpected roles for UPF1 in HIV-1 RNA metabolism
and translation
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ABSTRACT

The HIV-1 ribonucleoprotein (RNP) contains the major structural protein, pr55©°8, viral genomic RNA, as well as the host
protein, Staufent. In this report, we show that the nonsense-mediated decay (NMD) factor UPF1 is also a component of the
HIV-1 RNP. We investigated the role of UPF1 in HIV-1-expressing cells. Depletion of UPF1 by siRNA resulted in a dramatic
reduction in steady-state HIV-1 RNA and pr55%?8. Pr55%°8 synthesis, but not the cognate genomic RNA, was efficiently rescued
by expression of an siRNA-insensitive UPF1, demonstrating that UPF1 positively influences HIV-1 RNA translatability.
Conversely, overexpression of UPF1 led to a dramatic up-regulation of HIV-1 expression at the RNA and protein synthesis
levels. The effects of UPF1 on HIV-1 RNA stability were observed in the nucleus and cytoplasm and required ongoing
translation. We also demonstrate that the effects exerted by UPF1 on HIV-1 expression were dependent on its ATPase activity,

but were separable from its role in NMD and did not require interaction with UPF2.
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INTRODUCTION

A principal player in nonsense-mediated mRNA decay
(NMD), a process by which RNAs that harbor premature
termination codons are cleared from cells, is upframeshift
protein 1, or UPF1. UPF1, an ATP-dependent RNA heli-
case of the SFI superfamily, is required for NMD and for
efficient translation termination at nonsense codons in
eukaryotes. UPF1 is also involved at various levels of RNA
fate such as RNA splicing, transport, translation, and
mRNA turnover (Atkin et al. 1995; Lykke-Andersen et al.
2000; Mendell et al. 2002; Nazarenus et al. 2005; Wilkinson,
2005). UPFI1 is a component of several functional ribo-
nucleoprotein (RNP) complexes in cells. In NMD, for
example, UPF1 is recruited by UPF2, which is, in turn,
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recruited by UPF3 to make up an NMD RNP complex on
RNA. UPF1 is also a component of the SMG-1-UPFI1-
eRF1-eRF3 (SURF) RNP complex (Kashima et al. 2006)
that is functionally important during the activation of
NMD by linking the terminating ribosome to downstream
exon junction complexes. This RNP is also important for
RNA degradation via NMD and translational activity.
Recent results have uncovered a role for an additional
RNP complex that is formed when UPF1 and the double-
stranded (ds) RNA-binding protein Staufenl interact on an
RNA. Staufenl can bind a structured RNA sequence in the
3’-UTR of an mRNA and can recruit UPFI to shunt an
mRNA into a decay pathway called Staufenl-mediated
decay (SMD) (Kim et al. 2005).

Staufenl has roles in RNA trafficking, transport, and
translation. It is found in neuronal RNA trafficking
granules that contain RNA and many types of proteins
including motor proteins, translation factors, and several
proteins involved in the fate of RNA in the cell (Cochrane
et al. 2006). Barentsz (Btz) is one such co-resident protein
in RNA trafficking granules or RNPs, and it was demon-
strated that Staufenl and Btz interact (Macchi et al. 2003).
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Btz was later found to be a component of the exon junction
complex (EJC), a complex that is deposited upstream of
exon—exon junctions prior to splicing of primary tran-
scripts. Furthermore, in experiments in which Btz was
knocked down by siRNA, Btz, like UPFI, was found to be
an important factor for NMD (Palacios et al. 2004). These
results point toward tight functional links between EJC
proteins in splicing, RNA trafficking, and RNA metabolism
(Hachet and Ephrussi 2001; Mohr et al. 2001).

HIV-1 RNA metabolism is controlled by a variety of
cis-acting sequences in its 9-kb HIV-1 genomic RNA
(Mouland et al. 2003). It was first noted that the genomic
HIV-1 RNA has an AU-rich codon bias and a rare codon
usage (Kotsopoulou et al. 2000). Multiple purine-rich se-
quences named cis-repressive sequences or instability se-
quences (CRS/INS) were also identified in the genomic
RNA (Schwartz et al. 1992). These sequences are bound by
hnRNP Al, polypyrimidine tract binding protein (PTB),
poly(A)-binding protein (PABP), and polypyrimidine
tract-binding protein-associated splicing factor (PSF) to
regulate HIV-1 gene expression at the post-transcriptional
level (Black et al. 1996; Zolotukhin et al. 2003). Tethering
of other proteins such as the K homology splicing regula-
tory protein to HIV-1 RNA can also elicit RNA destabili-
zation (Chou et al. 2006).

Rev is the key mediator of nucleocytoplasmic transport
of the unspliced, genomic, and singly spliced HIV-1 RNAs
via a specific interaction with the Rev-responsive element
(RRE) in these RNAs (Malim et al. 1988). This is achieved
via the CRM1-dependent pathway (Askjaer et al. 1998).
The Rev—RRE interaction counteracts the activities of the
CRS/INS by conferring stability to viral transcripts and also
promotes polysomal loading in the cytoplasm (D’Agostino
et al. 1992; Schwartz et al. 1992). Rev can also inhibit
splicing of genomic RNA (Pomerantz et al. 1992), but in its
absence, HIV-1 genomic RNA is retained in the nucleus
and is completely spliced to generate 2-kb RNAs. The post-
transcriptional regulation of HIV-1 gene expression impli-
cates cis-acting RNA sequences and the activities of viral
and host cell RNA-binding proteins. HIV-1 may coopt the
functions of these proteins, and this may offer the virus a
replicative advantage and/or the ability to enter a state of
low or latent expression in the host (Cullen 2003).

The association of Staufenl to proteins belonging to the
EJC and implicated in NMD was intriguing to our group.
Our observation that the abundance of UPF1 was enhanced
in the HIV-1 RNP led us to examine the function of UPF1
during HIV-1 gene expression. In this study, we depleted
cells of UPF1 by siRNA and show that while UPF1
knockdown resulted in suppression of NMD as expected,
there was also a catastrophic decrease in HIV-1 RNA and
pr559% expression. We rescued pr55“ expression using
an siRNA-insensitive UPF1 expression construct, but HIV-
1 mRNA levels could not be rescued, indicating that UPF1
enhances HIV-1 mRNA translatability. Conversely, over-

expression of UPFI led to enhanced levels of pr55°*¢ and
steady-state HIV-1 RNA. These effects were found in both
nucleus and cytoplasm and were found to be dependent on
ongoing translation of the genomic (or gag) mRNA. Finally,
we demonstrate that UPFI’s role in HIV-1 expression is
separable from its role in NMD. This study identifies novel
functions for UPF1 in the maintenance of HIV-1 RNA
stability and protein synthesis.

RESULTS

Identification of UPF1 in the HIV-1 RNP

In order to characterize cellular binding partners of
Staufenl, we generated a cell line that stably expresses a
75-kDa TAP-tagged Staufenl protein following transfec-
tion of a CMV/Staufen1-TAP construct that is described in
detail elsewhere (Villace et al. 2004). Of 12 independent
clones, two expressed Staufenl-TAP at high levels (Fig. 1A,
#11,#12). A control stable cell line was also clonally
expanded that expressed the TAP tag alone (Fig. 1A, TAP
control cell line). The expression of TAP in these cell lines
was confirmed using mouse anti-Protein A antisera (M.
Milev and A.J. Mouland, unpubl.). Staufen1-TAP clone #11
was selected because Staufenl was expressed at levels
similar to those observed for endogenous Staufen1>”P?,
We investigated the binding partners of Staufenl using the
TAP purification method as described previously (Villace
et al. 2004). TAP- and Staufenl-TAP-expressing cell lines
were transfected with HIV-1 proviral DNA and processed
for TAP purification at 40 h post-transfection. Western blot
analysis was performed to identify Staufenl-TAP before
affinity purification (Staufenl-TAP) and post-elution to
identify the fusion protein between Staufenl and the
remaining calmodulin binding domain (Staufen1-CBD)
to the TEV protease cleavage site. The 75-kDa Staufenl-
TAP was well expressed in cells (Fig. 1B). Staufen1-CBD
was identified in the Staufen1-TAP extracts to demonstrate
efficient affinity purification. Previously, we showed that
Staufenl principally binds the precursor, 55-kDa Gag,
prSSGag (Chatel-Chaix et al. 2004); therefore, we validated
this assay by probing the Staufen1-TAP affinity eluates for
Gag proteins. An anti-p24 antiserum was used to detect
pr5578 as well as the mature Gag proteins, pr4l and p25/
p24. Pr555° and mature Gag products were detected in cell
lysates, but only pr55“°€ was detected in the eluates. This
result validated the assay and demonstrates the selectivity of
this virus—host interaction (Chatel-Chaix et al. 2004). The
results are representative of five experiments.

We then determined if we could identify UPF1 in the
HIV-1 RNP complex. UPF1 was abundantly expressed in
cell lysates, and a strong band corresponding to UPF1 (130
kDa) was detected in the eluates derived from Staufenl-
TAP-expressing cells, but not from TAP control cell lines.
This was confirmed by mass spectrometry of the eluates
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(M. Milev and A.J. Mouland, in prep.). We also probed for
a binding partner of UPF1, UPF2, but we could not detect
it even though UPF3 was detectable in the Staufenl eluates
by Western blot analyses (data not shown).

The presence of UPF1 in the pr55°¢ complex was then
confirmed by immunoprecipitation, and effects of UPF1
depletion on the interaction were examined. Cells were
mock transfected, transfected with HIV-1 proviral DNA,
pNL4-3 both with a nonsilencing, control siRNA (siNS) or
transfected with pNL4-3 and siRNA to UPF1 (siUPF1) to
deplete UPF1 from cells (Fig. 1C). In cell lysates, a UPF1
signal was found in siNS-transfected cells (in both mock
and pNL4-3 transfected), but it was dramatically reduced
in UPF1-depleted cells. Pr55°%8 expression was abundant in
siNS-treated cells, but decreased by 75% in UPF1-depleted
cells (see additional data in Fig. 2). Glyceraldehyde-3'-
phosphate dehydrogenase (GAPDH) served as a loading
control, and the amount of GAPDH in the input samples
did not differ. Pr55°*¢ was immunoprecipitated from cell
lysates, and the immunocomplexes were fractionated on
SDS-PAGE gels followed by Western blotting for UPFI1,
pr55“°¢, and GAPDH. A prominent UPF1 signal was ob-
served in the pr55°*® immunoprecipitate from pNL4-3/
siNS-treated cells, but not from mock-transfected or UPF1-
depleted cells (Fig. 1C). Pr55%% levels were decreased in
siUPF1 conditions, and this was also reflected by the
negligible signal for UPF1 in the immunoprecipitate. The
absence of GAPDH in the Gag immunoprecipitate dem-
onstrated that the interaction was selective. Based on the
loading and signal intensities, we calculated that ~0.1%
and 5% of cellular UPF1 and Gag, respectively, was found
in the Staufen1-TAP eluates. The abundance of pr55“€ in
Staufen1-TAP eluates is consistent with our live-cell inter-
action analyses in which a small proportion of Gag was
shown to interact with Staufenl (Chatel-Chaix et al. 2004).

Laser scanning confocal microscopy (LSCM) was per-
formed to identify the cellular locations of UPF1 and Gag
in HIV-1-expressing cells. In mock-transfected cells, UPF1
exhibited diffuse, cytoplasmic staining (Fig. 1D, top panels)
and there was no detectable signal for Gag. When HIV-1
was expressed by transfection of a proviral DNA construct,
UPF1 staining was again mostly diffuse in the cytoplasm,
and Gag was found in the cytoplasm as well as at the cell
periphery, presumably representing assembly sites for HIV-
1. We calculated that ~10%-20% of the UPF1 signal
colocalized with Gag when analyzing entire cells. However,
in almost 70% of cells with detectable Gag expression,
UPF1 was also found to colocalize with Gag at the cell
periphery in the form of small punctae (Fig. 1D, bottom
panels). Sixty-five percent of the UPF1 in this region of the
cell strictly overlapped with the Gag. These results put a
proportion of UPFI and Gag in the same cellular locale and
would explain why UPF1 coimmunoprecipitates with Gag.
The result also suggests that UPF1 may have a continued
role during virus assembly.
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UPF1 depletion results in decreased pr55©?8 synthesis
and a catastrophic loss of HIV-1 RNA

To assess the function of UPF1 in HIV-1-expressing cells,
siRNA was used to deplete cells of UPFI. Stable HeLa cell
lines were used that contain a T-cell receptor-B (TCR-B)
minigene with either a natural termination codon (PTC™,
3C1) or a premature termination codon (PTC", 7C3) in the
second VD] exon (Fig. 2A; Carter et al. 1995). In order to
confirm the sensitivity to ongoing translation of the TCR-f3
NMD substrate (Li et al. 1997; Shibuya et al. 2004), both cell
lines were mock transfected or treated with cycloheximide
(CHX). The TCR-B and gapdh mRNAs were analyzed by
Northern blotting. As shown in Figure 2A, the TCR-$
mRNA lacking a PTC was abundantly expressed in 3Cl
cells. However, in PTC" cells, levels of the TCR-3 mRNA
were increased only when cells were treated with CHX to
block translation, demonstrating the dependence of NMD
on ongoing translation. UPF1 expression levels were con-
stant in these cell lines, showing that the NMD effect of CHX
treatment was not caused by impaired UPF1 expression.
These cell lines were employed to explore the effects of
UPF1 on HIV-1 expression and to have a homologous
control for UPF1 function in NMD. 7C3 cells were mock
transfected with siNS or siRNA to UPF1 (siUPF1) without
proviral DNA (Mock-siNS, Mock-siUPF1), or with proviral
pNL4-3 DNA (Fig. 2B, lanes 3-8) and Flag DNA (empty
vector) and siNS or siUPF1 (Flag-siNS or Flag-siUPF1),

FIGURE 1. Long-term expression of Staufenl-TAP and identifica-
tion of UPF1 in the HIV-1 RNP. (A) Stable Staufenl-TAP (STF1-
TAP)- (#11 and #12) and TAP-expressing 293T cell lines were
created. Expression was verified by Western blot analysis for Staufenl
identifying Staufen1-TAP fusion (MW = 75 kDa) and endogenous
Staufenl (55 kDa and 63 kDa) proteins. Staufen1-TAP expression for
clones #11 and #12 is shown. The identity of TAP-expressing cell lines
was verified by PCR of harvested genomic DNA (data not shown). (B)
Cells were mock transfected or transfected with HIV-1 provirus, and
TAP affinity purification was performed. Full-length fusion protein
(Staufen1-TAP), truncated, TEV protease cleaved Staufenl contain-
ing the calmodulin binding domain (Staufen1-CBD), and viral
proteins were verified by Western blotting of cell extracts before
(left) and after (right) tandem affinity purification. The identification
of pr55%°8 as a Staufen1-binding partner and not mature Gag proteins
in the eluates was used for validation of the assay. UPF1 was identified
in Staufenl-TAP, but not in TAP eluates (bottom). (C) pr55°° was
immunoprecipitated from mock (+siNS), pNL4-3+siNS-, or pNL4-
3+siUPF1-transfected cells using a monoclonal anti-p24 antisera as
described in the Materials and Methods. UPF1, prSSGag, and GAPDH
[as loading control in cell lysates and negative control in immuno-
precipitation (IP) lanes] were identified by Western blotting analyses
in input cell lysates and Gag immunoprecipitates. (D) To determine
the cellular localization of Gag and UPF1, cells were mock transfected
(top panels) or transfected with pNL4-3 (bottom panels), followed by
LSCM analyses for UPF1 and Gag. The number in the inset in HIV-1-
expressing cells represents the colocalization coefficient (%) of the
UPF1 signal (red fluorescence) found to colocalize with Gag (blue
fluorescence signal) at the cell periphery indicated by magenta-
colored regions and calculated as described in the Materials and
Methods.
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FIGURE 2. UPF1 expression is essential for NMD and HIV-1 RNA
stability. HeLa cells expressing a TCR-3 transgene harboring either a
wild-type codon (PTC™, 3CI cells) or an introduced nonsense codon
(PTC", 7C3 cells) as depicted in A (adapted from Miihlemann et al.
2001) were tested for their NMD responsiveness by inhibiting trans-
lation by a brief treatment with cycloheximide (CHX). Both cell lines
were mock transfected, treated with CHX, or transfected with siN§ as
described in the Materials and Methods. Expression of UPF1, GAPDH
(as loading control), TCR-B, and gapdh mRNA levels were examined
at 30 h post-transfection by Western and Northern analyses. Two
exposures for TCR-B mRNA are shown. (B,C) 7C3 cells were
transfected with siNS (odd-numbered lanes) or siUPF1 (even-
numbered lanes) for 24 h. They were then mock transfected (lanes
1,2), or transfected with pNL4-3 (wild-type HIV-1, lanes 3-8), with
Flag (lanes 3,4), UPF1T (lanes 5,6), or a UPF1R® (1 g, lanes 7,8).
UPF1, UPF2 (as loading control), pr55°€, and GAPDH (as loading
control) levels were monitored by Western blot analysis. (C) TCR-§3,
gapdh (as loading control), and HIV-1 RNAs were assessed by
Northern blot analysis. All three HIV-1 RNA species (unspliced
genomic, 9 kb; singly spliced, 4 kb; and multiply spliced, 2 kb) are
shown here.
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UPF1WT, and siNS or siUPF1 (UPF1WT -siNS or UPF1WT -
siUPF1) or UPF1R®¢ and siNS or siUPF1 (UPF1Rescue.
siNS or UPF1R®_gjUPF1). UPF1, UPF2, prSSGag, and
GAPDH expression levels were assessed by Western blot
analysis. UPF1 knockdown was efficient and routinely
ranged from 85% to 98% in most experiments (Fig. 2B,
lanes 2,4,6) even when UPF1 was supplied in trans (Fig. 2B,
lane 6). When cells were transfected with siUPFI, a
significant reduction in pr55°*¢ was observed (Fig. 2B, cf.
lanes 3,4). Cells either expressing UPFI™?T or the siRNA-
insensitive, UPF12%° iy trans led to a threefold to fourfold
up-regulation of pr55°° expression levels (Fig. 2B, lanes
57). In cells depleted of UPF1, however, UPFIRee

representative of at least 10 experiments. Increasing doses of
UPF1R* in transfections partially rescued pr55%°¢ levels
(Supplemental Fig. S2).

A more detailed analysis was performed to evaluate the
importance of UPF1 expression at several time points
following transfection. Cells were transfected with either
the empty vector Flag or UPF17****® in the presence of siNS
or siUPFI1. Protein and RNA analyses were performed at 6,
12, 24, and 30 h post-transfection. UPF1 expression was
stable, and pr55Gag and HIV-1 RNA levels increased with
time in siNS- and Flag-transfected cells (Fig. 3A, lanes 1-4).
There was a time-dependent knockdown of UPF1 mediated
by siUPF1, and this resulted in dramatically reduced levels

expression modestly rescued pr559%
synthesis by 60% (%£10%, SD; seven
experiments) relative to UPF1ResUe.
siNS-transfected cells, indicating that
UPF1 expression was important for
the observed effects on pr55“° expres-
sion (Fig. 2B, lane 8). The dramatic
effects of UPF1 depletion on pr5598
synthesis were reflected by a corre-
sponding 20-fold decrease in virus pro-
duction (data not shown). These effects
on HIV-1 gene expression were abso-
lutely identical in 3Cl, parental Hela,
and other human epithelial cell types
(data not shown). Similar results were
obtained using another set of siRNAs
providing further evidence that the
observed results were not due to off-
target effects.

When TCR-3 and HIV-1 RNA levels
were quantitated by Northern analyses,
PTC-containing TCR-f mRNA levels
responded accordingly such that they
were up-regulated when cells were
depleted of UPF1 (Fig. 2C, lanes
2,4,6,8). In contrast, HIV-1 mRNA
levels were dramatically down-regulated
to near undetectable levels (Fig. 2C,
lanes 4,6; Supplemental Fig. S1).

Overexpression of UPF1 by expression
of UPF1WT or UPF1Resue up-regulated
HIV-1 RNA severalfold, corresponding
to UPFD’s effects on pr55°° synthesis
(Fig. 2B, lanes 5,7). UPF1R¢ was not
able to efficiently rescue the HIV-1 RNA
levels, despite the modest 60%—-70%
rescue of TCR-B NMD-mediated degra-
dation (Fig. 2C, lane 8). In contrast, a
modest rescue was obtained for pr55“8
synthesis (Fig. 2B, lane 8), suggesting
that UPFI influenced HIV-1 mRNA
translation efficiency. These results are
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FIGURE 3. Time-course effects of siUPF1 and UPF1 overexpression on HIV-1 pr55°€ and
RNA levels. HeLa cells were transfected with siNS or siUPF1 for 24 h. They were then
transfected with pNL4-3 (HIV-1) and Flag or UPF1R*™ (2 1) and again with siNS or siUPF1
(Time 0). At 6, 12, 24, and 30 h post-transfection (hr PT), cells were harvested for Western and
Northern analyses. (A) A set of mock-transfected cells (no pNL4-3) with siNS or siUPF1 is
shown on the left at 30 h post-transfection. Expression levels of UPF1, UPF2, pr55°°, and
GAPDH (as loading control) were monitored by Western analyses. Expression levels of HIV-1
genomic RNA and gapdh mRNA (as loading control) were assayed by Northern blotting. Two
exposures of the results for HIV-1 genomic RNA are shown. Flag and (lanes 1-4) siNS- or
(lanes 5-8) siUPF1-transfected cells; UPF1R*™™ and (lanes 9-12) siNS- or (lanes 13-16)
siUPF1-transfected cells. (B) Genomic RNA levels based on densitometric scanning of
the lower exposure shown in A were expressed relative to those of gapdh mRNA at each
time point post-transfection. (C) The levels of (gray bars) HIV-1 pr55°*¢ and (black bars) RNA
were expressed relative to the corresponding expression levels in the UPF1R®*-siNS
treatment group that were considered maximal.
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of steady-state HIV-1 mRNA and pr55“¢ expression (Fig.
3A, lanes 5-8). Overexpression of UPFI"® (in the
presence of siNS) greatly enhanced UPF1 levels and
enhanced pr55°* and steady-state HIV-1 genomic RNA
levels 3.4-fold and fivefold, respectively (*10%, SD in both
cases) (Fig. 3A, lanes 9-12). However, while the rescue of
UPF1 expression in siUPF1-depleted cells was efficient and
resulted in enhanced pr55°¢ synthesis, there was not a

synthesis and steady-state RNA levels in cells expressing
wild-type pNL4-3 (Fig. 4, lane 4). Pr55%°€ synthesis in cells
expressing pNL4-XX was aborted due to the in-frame stop
codons. In cells expressing HxBRUAp6, UPF1 depletion
had little effect on the synthesis of the Gag gene product
expressed from this DNA construct, prGagAp6. In pNL4-
XX- and HxBRUAp6-expressing cells, steady-state mRNA
levels were not modulated when UPF1 was depleted from

corresponding change in the abundance
of the levels of steady-state HIV-1 RNA
(Fig. 3A, lanes 13-16). The line graph
shown in Figure 3B summarizes the
relative changes in HIV-1 RNA at each
time point. The relative rescue ratios
presented in Figure 3C show that
despite an almost 80% rescue of pr55°8
levels (relative to maximal expression
levels obtained with UPF1R®U¢_siN§),
the levels of HIV-1 RNA only reached
10%-20% at the latest time points
studied. These results demonstrate that
UPF1 expression almost completely res-
cues pr55°°8 synthesis, but it is not suf-
ficient to efficiently rescue defects at the
RNA level.

Effects on HIV-1 expression require
ongoing translation of gag mRNA

We then determined if the observed
effects of UPFl depletion required
ongoing HIV-1 RNA translation. We
approached this question by expressing
proviral HIV-1 DNAs that express RNAs
that are programmed to either terminate
translation immediately following gag
RNA translation initiation or at a down-
stream site. We mock transfected cells
(no proviral DNA), or transfected cells
with wild-type pNL4-3, pNL4-XX (a
proviral DNA harboring two PTCs in
the gag ORF: the first preventing gag
RNA translation initiation at the bona
fide initiator AUG and the other pro-
gramming translation termination fol-
lowing reinitiation at a downstream
AUG) or with HxBRUAp6 (harboring
a PTC in the C-terminal p6 region
following the ribosomal frameshifting
site) (Fig. 4). In each condition, cells
were treated with either siNS or siUPFI.
UPF1 knockdown was extremely effi-
cient, reaching >90% in all cases (Fig. 4,
even-numbered lanes). siUPF1 had the
expected negative effects on pr55°8

pr55%9 I p17 p24 2 p7 P1 p6 |
AUG
PNLA-3 (WT) = £ = . pr5569
AUG AUG _ stop
pNLA-XX X " e prybe
AUG -
HXBRUADS I——-> X P truncated prSSG"g

(prGagApG)

UPF1—

UPF2—
pr55%9—

GagAp6/
GAPDH—

HIV-1 RNA
9%kb

gapdh mRNA

Lane

100 17

3

100 96
4

100 106

)

% RNA remaining
(+S.D)

FIGURE 4. UPF1 depletion affects actively translating HIV-1 genomic (gag) RNA. HeLa cells
were transfected with siNS or siUPF1 for 24 h. HeLa cells were then mock transfected or
transfected with pNL4-3, pNL4-XX, or HxBRUAp6 proviral constructs depicted in the top
panel and again with siNS or siUPF1 for each condition. In pNL4-3, the ATG initiation codon
(ATG) is indicated, and translation of the RNA generates pr55°° protein. Translation from
this codon in pNL4-XX is mutated, preventing translation initiation at this site, but translation
can initiate at a downstream initiation codon. A stop codon was introduced downstream from
this internal site to prevent Gag synthesis (Poon et al. 2002). HxBRUAp6 possesses a stop
codon preventing completion of p6 synthesis and results in the synthesis of a truncated Gag
protein (prGagAp6). Virus produced from HxBRUAp6-expressing cells show demonstrable
budding and maturation defects (Gottlinger et al. 1991). Cells were harvested at 30 h. UPFI1,
UPF2, pr55%, truncated prGagAp6, and GAPDH were assessed by Western blot analyses.
Genomic RNA and gapdh mRNAs were quantitated by Northern blotting as described in the
Materials and Methods. The ribosomal frameshift site (FS) is indicated on the RNAs. The
abundance of the genomic RNA was related to gapdh mRNA level (loading control), and levels
were related to signal intensities found in siNS-treated cells expressed as a percentage of the
amount remaining (*£SD) calculated from 10 experiments. The asterisk (*) identifies a
processed form of Gag that is found only in the HxBRUAp6-expressing cells.
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cells (Fig. 4, lanes 6,8). These results indicate that the
translation of the gag ORF or the completion of the
translation of this gag ORF is necessary for the UPF1-
mediated stabilization of HIV-1 RNAs. This result was
corroborated by the observation that Gag expression was
also negatively influenced by UPFI1 depletion with the use of
the pNL4-X proviral DNA in which translation of the wild-
type AUG is blocked, but in which gag translation reinitiates
at a downstream AUG (Poon et al. 2002; L. Ajamian and
A.J. Mouland, unpubl.). Thus, PTCs within the gag ORF are
not recognized by the NMD machinery and are required for
the destabilization of the RNA when UPFI is depleted.
These results also demonstrate that UPF1 depletion has no
effect on LTR-mediated transactivation.

RNA destabilizing effects of UPF1 depletion
in the nucleus

We next explored the cellular compartment in which the
effects of UPF1 were being exerted. We took advantage of
the nuclear retention of the HIV-1 genomic RNA when the
regulatory protein Rev is not expressed. siNS- or siUPF1-
treated cells were mock transfected, transfected with a wild-
type HIV-1 proviral DNA (HxBRU), or transfected with a
Rev™ proviral DNA, pcMRev(—). Cells

were harvested, and protein and RNA

expression levels were monitored by A

Western and Northern analyses. Effi-

cient knockdown of UPF1 resulted in &
decreased pr55°% expression as shown

bution as shown in our earlier work (Levesque et al. 2006).
In pcMRev(—)-expressing cells, genomic RNA was
confined to the nucleus and was abundantly expressed in
siNS-treated cells, while in UPF1-depleted, pcMRev(—)-
expressing cells, the RNA was confined to the nucleus, and
the apparent RNA staining intensity was dramatically
reduced (Fig. 5C). Since genomic RNA levels were signif-
icantly reduced in the absence or presence of Rev expres-
sion, we can conclude that both cytoplasmic and nuclear
HIV-1 RNA are stabilized by UPF1 expression. Consis-
tently, overexpression of UPF1 enhances steady-state levels
of genomic RNA in the Rev™ background (data not shown).
It remains to be shown if the effects on nuclear RNA
stability are due to common mechanisms involving UPF1.

UPF1 enhances HIV-1 RNA expression independently
of its NMD function

UPF1 is involved in the regulation of a number of cellular
processes besides its central function in NMD. To identify
the regions of UPF1 that are required for the stimulation of
HIV-1 RNA expression, we overexpressed a number of
UPF1 mutants and analyzed their effects on HIV-1 pr55%8
and RNA levels (Table 1). As shown earlier, overexpression

earlier [the expression of pcMRev(—)

does not lead to any appreciable prSSGag i

synthesis] (Fig. 5A). Analysis of steady-

state mRNA levels using a pol-specific ~ P55*”

2kb

c¢DNA probe revealed that, even during
the expression of the pcMRev(—) HIV-

GAPDH

1, steady-state levels of genomic RNA

gapdh mRNA

were efficiently knocked down by 85%
as a result of UPFI depletion (Fig. 5B). C
When the completely spliced 2-kb RNAs
were assessed by Northern blot analysis,
they were found to be relatively unaf-
fected by siUPF1 conditions in the Rev™
context.

In order to ensure that the genomic
RNA was confined to the nucleus in
these experiments, FISH analysis was
performed. An identical probe sequence
to that used for Northern analysis of the
9-kb RNA was used to identify genomic
RNA by FISH. In nontransfected cells,
there was no detectable signal for HIV-1
genomic RNA. In cells treated with siNS
exhibiting expression of HIV-1, geno-
mic RNA had a punctate cellular distri-
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HxBRU-siNS

HxBRU-siUPF1 pcMRev(-)-siNS pcMRev(-)-siUPF1

FIGURE 5. Unspliced HIV-1 RNA is sensitive to UPF1 depletion in the nucleus. HeLa cells
were transfected with siNS or siUPF1 for 24 h. HeLa cells were then mock transfected or
transfected with HXxBRU or the Rev-defective provirus, pcMRev(—), with either siNS or
siUPF1 for each condition. (A) Western blot analysis of UPF1, prSSGag, and GAPDH. (B)
Northern blot analysis of HIV-1 unspliced 9-kb and 2-kb RNAs identified using a pol-specific
c¢DNA probe or a 5’
RNA (green fluorescence in all panels) in cells transfected with HxBRU or pcMRev(—) in siNS
or siUPF1 knockdown conditions as indicated above each panel. Cells were counterstained
with DAPI to identify nuclei (blue). Merged images are shown including transmitted light/
phase contrast to highlight cell periphery. Red arrows indicate nontransfected cells. These
results are representative of three independently performed experiments.

TAR-specific probe, respectively. (C) FISH analyses of HIV-1 genomic
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TABLE 1. UPF1 mutants used in this study

UPF2
UPF1 mutant NMD interaction
Deletions (C-, N-, and internal)

UPF14N40 ND Yes

UPF1420-150 ND No

UPF1'-1074 ND Yes
Helicase

TDN (R844C) No? Yes

UPF1RRA (RR857AA) No” Yes
ATPase

UPF1PF No” Yes
UPF2 binding

UPF1RVP Yes© Yes

UPF1VRVD No® No

UPF1®! Yes© No

(ND) Not determined.
aSun et al. (1998).
PMendell et al. (2002).
“Ivanov et al. (2008).

of UPF1"" led to a dramatic increase of HIV-1 RNA (Fig.
6, lane 2). In contrast, a severalfold overexpression of
UPF3b had little effect on steady-state HIV-1 RNA levels
(Fig. 6, lane 3), indicating that the effects on HIV-1
genomic RNA are specific to UPF1. To our surprise, the
RNA helicase trans-dominant negative (TDN) mutant
UPF1(R844C) that is well established to be ineffective in
NMD in mammalian cells (Sun et al. 1998), stimulated
HIV-1 RNA expression to similar levels achieved with
UPFIWT (Fig. 6, lane 4), indicating that UPF1 enhances
HIV-1 RNA expression independently of its NMD func-
tion. In contrast, N-terminal (UPFIAZO’ISO, UPFIAN40) and
C-terminal (UPF1'71%%) truncations and deletions of UPF1
were unable to enhance levels of HIV-1 RNA expression
(Fig. 6, lanes 5-7).

We attempted to further map the determinants for UPF1
up-regulation using UPF2 binding mutants (UPFI®VP,
UPF1”Y) and with a mutant with a similar mutation in
the UPF2-binding region (UPF1*VP) that retains its ability
to bind UPF2 (Table 1). All of these mutants up-regulated
pr55% expression levels (and RNA levels) (data not
shown) similar to that obtained using intact UPF1 proteins
(Fig. 7). Therefore, the association of UPF1 with UPF2, an
event that is important for NMD though not strictly
required (Table 1; Ivanov et al. 2008), was not required
for the enhancement in HIV-1 RNA and pr55“° expression
levels.

We then performed experiments to establish if the effect
of UPF1 on HIV-1 expression was due to the ATPase
activity of UPF1 using a well-characterized ATPase mutant
whose expression also blocks NMD. We overexpressed
TDN, an additional helicase trans-dominant mutant,
UPFI"™**, and the ATPase mutant, UPF1"*. UPFI",

TDN, and UPF1"*** up-regulated pr55“°¢ severalfold (Fig.
8) to levels that quantitatively correlated with genomic
RNA levels (data not shown). The overexpression of
UPF1”E, however, only led to a 10% increase in prSSGag
levels on average from three experiments (Fig. 8), which
indicated the importance of UPF1 ATPase activity in HIV-
1 expression.

DISCUSSION

Using complementary biochemical approaches including
tandem affinity chromatography, immunoprecipitation,
and confocal microscopy, we demonstrated that UPFI is
a component of the HIV-1 RNP, which also includes
pr359%, genomic RNA, and the host protein Staufenl.
UPF1 coeluted with HIV-1 pr55°* from a Staufenl-TAP
column. Further analysis revealed that UPF1 coimmuno-
precipitated with pr55%°, and also a proportion of cellular

HIV-1

P &

< ~N S

& N S X N A &
¥ S S

&

®

UPF1| s -—_--—-«——

UPF3b “I ~_~ e ——

GAPDH .-|—-J . S—— —— -

HIV-T1RNA |
9kb

gapdh
mRNA

anti-FLAG

Lane 1 2 3 4 5 6 7

RNA~ 6 100 20 105 28 23 31
%

FIGURE 6. Selective up-regulation of HIV-1 RNA levels by an intact
UPF1 protein. Cells were (lane 1) mock transfected or co-transfected
with (lane 2) HIV-1 proviral DNA (pNL4-3, HIV-1) and UPF1"7,
(lane 3) an expression construct for UPF3b with a AN-N-terminal tag
(AN/UPF3b), (lane 4) TDN (R844C), or Flag-tagged expression
constructs coding for deletion mutants of UPF1 including (lane 5)
the C-terminal deletion mutant, UPF1"'°7%, (lane 6) the internall

deleted UPF142°"%° and (lane 7) the N-terminal deleted UPF14M40,
At 30 h post-transfection, cells were harvested for Western blot
analysis for UPF1, UPF3b, and GAPDH (loading control). RNA was
also isolated from cell extracts, and Northern blotting was performed
to measure steady-state levels of HIV-1 and gapdh mRNA. Because the
primary anti-UPF1 antibody did not efficiently recognize the trunca-
tion and deletion mutants, Western blotting using an anti-Flag
antibody was employed to identify the Flag-tagged UPF1 proteins
expressed in trans (bottom panel). The percentages represent genomic
RNA levels related to the signal obtained in UPFI™' and HIV-
1-expressing cells. The results shown are representative of three
independently performed experiments.
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UPF1
UPF3b

pr55%29

pr2s

GAPDH

Gag
%
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FIGURE 7. UPF2 binding is not necessary for UPF1-mediated up-
regulation of HIV-1. Cells were (lane 1) mock transfected or co-trans-
fected with HIV-1 proviral DNA (pNL4-3, HIV-1) with Flag, TDN
(R844C), UPFIRYP) or UPF2-binding-deficient mutants UPF1VRVP
or UPF1PL At 30 h post-transfection, cells were harvested for Western
blot analysis for UPF1, UPF3b (as loading control), prSSGag, and
GAPDH (as loading control). Cell-associated pr25, a product of
pr559% maturation, is shown to demonstrate up-regulation more
clearly than the signals obtained for pr55°¢. The percentages
represent the amount of pr35°%% related to the signal obtained in
Flag and HIV-1-expressing cells. The values from three independently
performed experiments did not vary by more than 17%.

UPF1 colocalized with pr55°%¢ at the plasma membrane,
assembly sites for HIV-1. A strong correlation between
HIV-1 expression and this localization pattern was found
in almost 70% of HIV-1-expressing cells, while in cells that
did not have detectable HIV-1 expression, UPF1 was
dispersed in the cytoplasm. These results suggest that
UPF1 acts in the context of the HIV-1 RNP and that
HIV-1 coopts UPFI function in cells.

The most important finding of this study lies in the
identification of a novel effect of UPF1 on HIV-1 RNA
metabolism. siRNA-mediated depletion of UPF1 led to a
dramatic negative effect on steady-state HIV-1 RNA levels
(Figs. 2-5; Supplemental Fig. S1), indicating that UPF1 is a
principal player in maintaining the stability of HIV-1 RNA.
The striking regulation of UPF1 on HIV-1 RNA is novel.
Nevertheless, a role for UPF1 in the control of RNA
stability of cellular mRNAs is not without precedence.
For example, UPF1 was shown to affect the stability of both
PTC- and non-PTC-containing mRNAs in earlier work
(Bhattacharya et al. 2000; He and Jacobson 2001). Recent
studies identified a role for UPF1 in the stability of the
intronless histone H2a mRNA in a cell-cycle-dependent
manner in mammalian cells (Kaygun and Marzluff 2005)
and an effect on Xist RNA, but in this latter case, this RNA
is entirely restricted to the nucleus (Ciaudo et al. 2006).
While there is at least one similarity between NMD and the
effects of UPF1 on H2A and HIV-1 RNA, including the
dependence on UPF1 expression and ongoing translation
(Fig. 4), HIV-1 RNA degradation does not appear to be due
to UPFl-mediated NMD. First, there was no increase in
HIV-1 RNA when cells were treated with siUPF1. Second,

922 RNA, Vol. 14, No. 5

current data support the notion that NMD is dependent on
splicing and the deposition of an EJC (Zhang et al. 1998;
Maquat and Li 2001), suggesting that genomic RNA would
not be a substrate, which is consistent with our findings.
Third, despite evidence that extended 3’-UTRs may be
recognized for EJC-dependent NMD (Muhlrad and Parker
1999; Buhler et al. 2006), our data demonstrate that UPF1
expression protects unspliced RNA from degradation, even
with its almost 7-kb 3’-UTR. Fourth, recent work shows
that the order of cotranscriptional intron removal from
HIV-1 genomic RNA does not generate substrates for
NMD (Bohne et al. 2005). And finally, introducing a
PTC in the HIV-1 gag ORF does not lead to its degradation
(Fig. 4). We cannot completely rule out the possibility,
however, that the effects on HIV-1 RNA and Gag expres-
sion are an indirect consequence of inhibiting NMD, for
example, especially since UPF1 depletion can alter the
expression levels of many genes (Mendell et al. 2004).
Our data reveal that the effects of UPF1 on HIV-1 Gag
expression are not dependent on its association to UPF2, an
interaction that is appreciated to be important, but not
critical, for NMD (Fig. 7; Table 1; Ivanov et al. 2008). While
NMD is still active in HIV-1-expressing cells (Fig. 2), the
regulation of HIV-1 expression by UPF1, which is inde-
pendent of UPF2, may be achieved in the context of a
distinct RNP. The association of UPF1 with the HIV-1
RNP, although potentially mediated via Staufenl (Kim
et al. 2005), does not require UPF2 to enhance expression.

HIV-1

Flag-UPF1
UPF2 |

pr55629

GAPDH

4_

Relative
pr55%9 24
Levels

‘I -

o_

FIGURE 8. ATPase activity of UPF1 is required for HIV-1 up-
regulation. Cells were (lane 1) mock transfected or co-transfected with
HIV-1 proviral DNA (pNL4-3, HIV-1) with Flag, UPF1"T, TDN
(R844C), UPF1R®*44 and UPF1PE. At 30 h post-transfection, cells
were harvested for Western blot analysis for UPF1 expressed in trans
using an anti-Flag epitope tag, UPF2 (as loading control), Gag, and
GAPDH (as loading control). The relative levels of pr55°€ are related
to the signal obtained in Flag and HIV-1-expressing cells, set to 1. The
histogram shows the averages (+SD).
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In fact, our Western and mass spectrometry analyses of the
composition of Staufenl complexes also confirmed that
UPF2 is not detectable in Staufen1-TAP eluates (M. Milev
and A.J. Mouland, unpubl.). The absence of UPF2 may
favor the ability of UPF1 to bind RNA and perhaps that of
HIV-1 (Chamieh et al. 2008), but this will require further
analysis.

Most of the UPF1 NMD mutants, including the helicase
transdominants and the UPF2-binding mutants (Table 1),
up-regulated HIV-1 RNA (Figs. 7, 8). While pr559
expression levels increased when TDN and UPF1***4 ywere
overexpressed, the ATPase-/NMD-deficient —mutant
UPF1”* did not (Fig. 8). Expression of this mutant
increases the size and number of P-bodies, increases the
level of normal transcripts in P-bodies, promotes the
recycling of P-body components and compromises RNA-
binding capacity of UPF1 (Bhattacharya et al. 2000;
Wilkinson 2005; Cheng et al. 2007). Because P-bodies are
translationally silent and are sites of mRNA storage and
degradation, we speculate that HIV-1 genomic RNA could
be directed to PBs for storage explaining why pr55“°€ levels
do not change when we express this ATPase mutant. This
idea is echoed by a recent study showing that PB-seques-
tered ARE-mRNAs prevent translation on polysomes,
thereby silencing ARE-mRNA function even when mRNA
decay is delayed (Franks and Lykke-Andersen 2007).

The lack of correspondence between HIV-1 RNA and
pr559°8 expression levels in our rescue experiments support
an enhancing role for UPF1 on HIV-1 gag mRNA trans-
lation (Figs. 2, 3; Supplemental Fig. S2). The incomplete
rescue of RNA levels is indicative that UPF1 could function
at a specific time in the late expression stages, and the RNA
defect, due to UPF1 depletion, cannot be rescued. Never-
theless, UPF1 still maintains quite a strong effect on gag
mRNA translation. The role of UPFI in HIV-1 RNA
translation is supported by its association to polysomes
(Atkin et al. 1995; Pal et al. 2001), its regulation of
ribosomal frameshifting (Harger and Dinman 2004), and
its possible roles in translation termination (Muhlrad and
Parker 1999). Nevertheless, the mechanism by which UPF1
enhances pr55“% expression levels is not well understood,
but could be due to its association to sequences within the
gag ORF since the tethering of many NMD factors
including UPF1 was shown to mediate translational
enhancement (Nott et al. 2004). Translational enhance-
ment could also be caused by a UPFl-mediated recruit-
ment of residual HIV-1 RNA (from a pool that might not
be translated) into polyribosomes or even by enhanced
ribosome recycling following translation termination, a
proposed role for UPF1 in earlier work (Nott et al. 2004).
The near complete rescue of pr55°*% expression indicates
that UPF1 is a principal regulator of viral structural protein
synthesis. Moreover, these results support the notion that
separable roles for UPF1 in HIV-1 RNA degradation and
translation exist.

Ongoing translation of the gag ORF was necessary for
HIV-1 RNA degradation that ensues when UPF1 is
depleted from cells (Fig. 4). The translational enhancing
effects mediated by UPF1 may, in fact, have two functions:
(1) to enhance pr55° synthesis; and (2) to prevent RNA
degradation due to stalling ribosomes. Furthermore, at first
sight, the results showing that the gag RNA expressed from
a Rev™ provirus succumbs to the effects of UPF1 depletion
might seem contradictory. While negligible levels of geno-
mic RNA do indeed enter the cytoplasm and are translated
even in a Rev™ background (D’Agostino et al. 1992), these
results could be explained by separable processes that are
regulated by UPF1 in nuclear and cytosolic compartments.

A nuclear function for UPF1 is strongly supported by
our data because of the striking effects of UPF1 knockdown
on nuclear-retained HIV-1 genomic RNA. The ability of
UPF1 to shuttle between the nucleus and cytoplasm
(Mendell et al. 2002) and its role in nonsense-mediated
alternative exon skipping (Mendell et al. 2002), in exon
skipping (Wang et al. 2002), in regulating nuclear Xist RNA
(Ciaudo et al. 2006), and in DNA repair (Azzalin and
Lingner 2006), all support nuclear roles. Our results suggest
that UPFI is needed for late gene expression stages of HIV-
1, early following transcription to protect the viral mRNA
from degradation. When we expressed the Rev™ provirus
when UPF1 was depleted, the Rev-dependent, 9-kb geno-
mic RNA was selectively targeted, but the 2-kb RNAs that
are generated by complete splicing and rapidly exported to
the cytoplasm were not (Fig. 5). This selectivity for the
genomic RNA strongly suggests that UPF1 exerts its pro-
tective effects on the genomic RNA when the decision for
splicing is made, concomitant or upstream of the activity of
Rev. CRMI1-mediated nuclear export of both of these
cargoes may also functionally link this host protein with
the genomic RNA.

A cis-acting RNA sequence is likely necessary for the
elicited effects of UPF1 depletion. The insensitivity of the 2-
kb RNAs, observed most notably in the context of a Rev™
provirus, could also be explained by the absence of CRS/
INS in these RNAs upon complete splicing of the genomic
RNA. Moreover, it has been speculated that the zinc fingers
of UPF1 are implicated in binding INSs (Applequist et al.
1997) and the lack of effect of UPF14?*'** on HIV-1
expression is likely due to the deletion of a zinc-finger
motif in this mutant (Fig. 6). The C-terminal mutant
UPF1™'%* also did not have any effect on HIV-1 RNA.
The deleted region in this mutant is speculated to be
important for protein—protein or protein-RNA interac-
tions, and these events might be important for the effects
on HIV-1 (Applequist et al. 1997). These observations
would be consistent with the results obtained with UPF1"E,
which also has compromised RNA-binding capacity.

Based on our data, we speculate that UPF1 acts to
prevent the recruitment of nuclear exosome degradative
machinery (Andrulis et al. 2002) to intron-containing
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HIV-1 RNAs (in both Rev" and Rev™ backgrounds). On
the one hand, when UPF1 is depleted from cells, intron-
containing HIV-1 RNAs would be detected and rapidly
cleared. On the other hand, UPF1 overexpression leads to
enhanced protection of genomic RNA following transcrip-
tion, and the RNA would efficiently access the cytoplasm,
increasing its availability to the translation apparatus. UPF1
interacts directly with several components of the nuclear
and cytoplasmic exosome (Lejeune et al. 2003), providing
support for this model. The potential to correct genetic
disease by targeting NMD (Kuzmiak and Maquat 2006)
highlights the importance of studying UPF1 function in
order to potentially home in on HIV-1 RNAs before,
during, and after their export to the cytoplasm.

MATERIALS AND METHODS

siRNAs

siRNA duplexes were synthesized by QIAGEN-Xeragon. siN§ is
commercially available nonsilencing control duplex (QIAGEN-
Xeragon). The sequence for siUPF1 (5'-AAGATGCAGTTCCGC
TCCATT-3') was reported earlier (Mendell et al. 2002). An
additional siUPF1 was employed (On-Target Plus, catalog #]-
011763-07, Dharmacon: 5'-GCAGCCACAUUGUAAAUCAUU-
3’) having reduced off-target effects with similar efficiencies of
UPF1 knockdown. The corresponding On-Target Plus siNS was
also used.

Cell lines and transfections

Stable TAP- and Staufen1-TAP-expressing cell lines were created
following transfection of 293T cells with the Staufen1-TAP vector
generously provided by Juan Ortin (Centro Nacional de Bio-
tecnologia, Spain) as described (Villace et al. 2004). Single clones
were expanded in the presence of 600 wg/mL G418. Expression
was verified by Western blot analyses and was stable for more than
22 passages. Stable control TAP-expressing cells were verified by
resistance to neomycin and by PCR of genomic DNA to identify
integral TAP DNA sequences. These experiments were performed
in the absence and presence of transfected HIV-1 HxBRU DNA.

All other experiments employed HeLa cells. Transfection of
proviruses and siRNAs was performed essentially as described
(Chatel-Chaix et al. 2004) except HeLa cells were plated in six-well
plates at 300,000/well for 24 h before transfection. A total of 2 g
of DNA was added per well (1 pg of proviral DNA plus 1 g of
carrier pKSII with or without siRNA RNA duplexes). sitUPF1 and
siNS were used at 100 nM as described (Gehring et al. 2003;
Levesque et al. 2006). Proviral DNAs HxBRU and pNL4-3 were
described earlier (Beriault et al. 2004). 3C1 (PTC™) and 7C3
(PTC") HeLa cell lines were provided by Miles Wilkinson
(University of Texas) (Carter et al. 1995), and NMD was assessed
by Northern blotting for TCR-B transcripts. In control experi-
ments, 100 nM cycloheximide was added 6 h before cell harvesting
in order to abrogate NMD in TCR-3 mRNA-expressing cell lines
or to examine the dependence on translation of siUPF1-mediated
effects on HIV-1 RNAs.
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Total cellular RNA was isolated from cells using Trizol Reagent
(Invitrogen) according to the manufacturer’s instructions. The
RNA was re-precipitated with ethanol before loading onto
denaturing agarose/formaldehyde gels. Unspliced and spliced
HIV-1 and gapdh mRNAs were identified by Northern blot
analyses as described previously (Mouland et al. 2002). For the
Rev™ experiments, the genomic RNA was identified using a
radiolabeled pol-specific cDNA probe that corresponded exactly
to the riboprobe used in the FISH analyses (Levesque et al. 2006).
TCR-B mRNA was identified using a cDNA probe to the second
VDJ exon generated by PCR using the following primers (sense:
5'-ACACATGGAGGCTGCAGTCA; antisense: 5'-CGAAACAGT
CAGTCTGGTTC) and the 3433 TCR-P minigene DNA construct
(generously provided by Miles Wilkinson, University of Texas).
RSV mRNA was identified by Northern blot analysis. Eric A.
Cohen (IRCM, Canada) provided the HxBRUAp6 in which a stop
codon was introduced following the p6 ORF (Gottlinger et al.
1991). David Ott (NIH/NCI, Frederick, MD) provided the pNL4-
XX and pNL4-X proviral constructs as described (Poon et al.
2002); and the NIH AIDS Reference and Reagent Program
provided the pMRev(—) contruct (Sadaie et al. 1988). Anne
Gatignol (McGill University) provided the pMAL and pADA M-
tropic proviral constructs. The HIV-2 ROD27 is described by
Mouland et al. (2000). pC1-Flag/UPF1-Rescue (UPF1R“®¢, har-
boring silent mutations that resists siUPF1), wild-type pC1-Flag-
UPF1 (UPFIW"), and pCI-AN-UPF3 (AN/UPE3) expression
constructs were described previously (Gehring et al. 2003).
pC1-Flag-UPF1(VV204DI) (UPF1PY), pC1-Flag-UPF1
(LECY181VRVD) (UPF1V®YP), and pC1-Flag-UPF1(TLH169RVD)
(UPFI®VP) were generated in UPF1"®®, while the ATPase
mutant pCl-Flag/UPF1(DE637AA) (UPF1P®), the helicase
mutants pC1-Flag/UPF1(RR857AA) (UPF1*%*%), and pCl1-Flag-
UPF1(R844C) (TDN), pCl-Flag/UPF1(1-1074) (UPF1'7'%7%),
and pCl-Flag/UPF1A20-150 (UPF1°%*7'*%) were generated in
UPF1IWT by site-directed mutagenesis. For UPF1'~'%*) a stop
codon was introduced at position 1075. For UPF14?°"*°, primers
were designed to delete the region in the context of wild-type
UPF1. UPF1*™° was generated by PCR of UPF1 with a 5'-primer
starting at position 41. UPF1'™'°”* Jacks all C-terminal phosphor-
ylation sites that are speculated to be important for protein—
protein or protein—-RNA interactions; UPF14%*1%" is deficient for
interaction with UPF2 and is missing one of the zinc fingers
important for its binding to INSs on RNAs; and UPF1*M0 Jacks
part of the putative SMG5 interaction site.

Antibodies and reagents

Antisera to UPF proteins were generously supplied by Jens
Lykke-Andersen (University of Colorado). Anti-p24 (CA) and
anti-GAPDH antisera were purchased from Intracell and Techni-
Science and were described previously (Levesque et al. 2006).
Anti-Flag antisera and cycloheximide were purchased from
Sigma-Aldrich.

IF/FISH analyses

Immunofluorescence and fluorescence in situ hybridization
were performed exactly as previously described (Levesque et al.
2006).
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Colocalization analyses

For colocalization studies, laser scanning confocal microscopy
(LSCM) was performed using a Zeiss Pascal LSM5 confocal
microscope. Cells were mock transfected with Flag DNA or
transfected with proviral HIV-1 DNA, pNL4-3, fixed at 30-36 h
post-transfection, and processed for immunofluorescence as pre-
viously described (Levesque et al. 2006). Fixed cells were costained
with anti-Gag p17 antisera (1:400, sheep anti-p17; from Michael
Phelan, NIH AIDS Reference and Reagent Program) and rabbit
anti-UPF1 antisera (1:200; from Jens Lykke-Anderson) as pre-
viously described (Levesque et al. 2006). The amount of colocal-
ization was calculated using Manders’ overlap coefficient (for
entire cells) or colocalization coefficients ml and m2 using
Colocalizer Pro Software (Colocalization Research Software) as
described previously (Levesque et al. 2006). The latter quantitates
the contributions of each channel [(red) UPFI; (blue) Gag] to a
region of interest providing the percentage of UPFI that coloc-
alizes with the Gag signals in the depicted region of cell is shown
in the figure inset. The results shown are representative of two
independently performed experiments and were calculated from
more than 50 cells per condition.

Immunoprecipitation analyses

HelLa cells were transfected as described above. Cells were lysed for
30 min on ice by NP-40 lysis buffer, and Gag was immunopre-
cipitated as described previously using 2 mg of protein and
affinity-purified mouse anti-p24 antisera (hybridoma 183-H12-
5C) (Chesebro et al. 1992) from the NIH AIDS Reference and
Reagent Program (Chatel-Chaix et al. 2004). Signals obtained in
Western blotting of UPF1 and Gag (input and output levels) were
quantitated by Image] software (NTH, Bethesda, MD) in order to
estimate the proportion of UPF1 and Gag found in Staufen1-TAP
eluates.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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