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Previous work has shown that spleen necrosis virus (SNV) long terminal repeats (LTRs) are associated with
Rex/Rex-responsive element-independent expression of bovine leukemia virus RNA and supports the hypoth-
esis that SNV RNA contains a cis-acting element that interacts with cellular Rex-like proteins. To test this
hypothesis, the human immunodeficiency virus type 1 (HIV) Rev/RRE-dependent gag gene was used as a
reporter to analyze various SNV sequences. Gag enzyme-linked immunosorbent assay and Western blot
analyses reveal that HIV Gag production is enhanced at least 20,000-fold by the 5’ SNV LTR in COS, D17, and
293 cells. Furthermore, SNV RUS in the sense but not the antisense orientation is sufficient to confer
Rev/RRE-independent expression onto a cytomegalovirus-gag plasmid. In contrast, the SNV 3’ LTR and 3’
untranslated sequence between env and the LTR did not support Rev-independent gag expression. Quantitative
RNase protection assays indicate that the SNV 5’ RNA terminus enhances cytoplasmic accumulation and
polysome association of HIV unspliced and spliced transcripts. However, comparison of the absolute amounts
of polysomal RNA indicates that polysome association is not sufficient to account for the significant increase
in Gag production by the SNV sequences. Our analysis reveals that the SNV 5’ RNA terminus contains a
unique cis-acting posttranscriptional control element that interacts with hypothetical cellular Rev-like proteins

to facilitate HIV RNA transport and efficient translation.

Retroviruses require cytoplasmic expression of unspliced
RNA to produce infectious progeny. Complex retroviruses in-
cluding human immunodeficiency virus type 1 (HIV) and bo-
vine leukemia virus (BLV) exert similar posttranscriptional
control by their regulatory protein and cis-acting responsive
elements, Rev/Rex and RRE/RxXRE, respectively. Rev and
RRE are necessary for efficient transport, stability, and trans-
lation of unspliced HIV RNAs (1-3, 9-11, 13, 15, 16, 18-20,
27). Simple retroviruses lack analogous regulatory protein.
However, recent studies have identified cis-acting elements in
some simple retroviruses that function in conjunction with a
Rev-like cellular factor(s) to modulate cytoplasmic expression
of their unspliced RNA (4, 14, 23, 29, 32, 33, 38). These
elements, designated constitutive/cytoplasmic transport ele-
ments or cis-acting trans-activation elements (CTEs), have
been identified in Mason-Pfizer monkey virus (MPMV) (4),
the related simian retrovirus 1 (SRV-1) (38), and the avian
Rous sarcoma virus (RSV) (23, 29). The CTEs are structured
RNA elements positioned in the 3’ untranslated region (UTR)
(12, 24, 32) and were identified by their ability to replace HIV
Rev/RRE function in subgenomic HIV plasmids (4, 23, 38).
They function to increase stability and nucleocytoplasmic
transport of unspliced transcripts. The RSV CTE is proposed
also to facilitate efficient processing of Gag precursor protein
(29).
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Recent characterization of BLV retroviral vector genomes
that contain spleen necrosis virus (SNV) long terminal repeats
(LTRs) revealed Rex/RxRE-independent expression of BLV
structural gene vectors (5, 6). This observation indicates that
SNV RNA may contain a cis-acting element that interacts with
cellular Rex-like factors. SNV is an avian simple retrovirus that
is unrelated to MPMYV, SRV-1, or RSV and is instead related
to murine leukemia virus (37).

The goal of this study was to test the hypothesis that SNV
RNA contains a CTE that would interact with cellular Rev-like
factors. Our analysis focused on two SNV regions: the 3’ UTR
that corresponds to the position of the MPMV, SRV-1, and
RSV CTEs; and the LTRs, because BLV structural gene vec-
tors that contain the SNV LTRs are Rex/RxRE independent
(5). Our data eliminate the possibility that the SNV 3" UTR
and 3" LTR facilitate Rev-independent gene expression and
establish that the SNV 5" LTR functions in a position-depen-
dent manner to facilitate Rev/RRE-independent expression of
HIV gag RNA. The SNV 5’ LTR facilitates cytoplasmic accu-
mulation and polysome association of HIV unspliced and
spliced RNAs. These data identify a novel retrovirus posttran-
scriptional control element located at the 5’ terminus of a
simple retrovirus RNA that facilitates Rev/RRE-independent
expression of unspliced and spliced HIV RNAs.

MATERIALS AND METHODS

Plasmid construction. HIV-based plasmid pSVgagpol-rre, pSVgagpol, or
pBBgagpol encodes HIV Gag, contains the simian virus 40 (SV40) promoter,
and either contains RRE, lacks RRE but contains a B-globin intron, or lacks
RRE and a B-globin intron, respectively (30). To construct derivatives of each of
these plasmids, the SNV 3’ UTR was excised from pKB477 on a BamHI/BglIl
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FIG. 1. Structures of subgenomic HIV plasmid pSVgagpol-rreMPMYV (5) and derivatives that contain the SNV 3’ UTR and SNV LTR. SV40, SV40 late promoter;
black rectangle, HIV gag-pol-vif. The SNV 3’ UTR extends from the 3’ 200 bp of env through the PPT.

fragment and subcloned into the BamHI site of pSVgagpol-rre, pSVgagpol, or
pBBgagpol to construct pKB634, pKB636, or pKB637, respectively. The SNV
LTR was excised from pKB404 on a BamHI fragment and subcloned into the
BamHI site of pSVgagpol-rre, pSVgagpol, or pBBgagpol to construct pKB624,
pKB628, or pKB632, respectively.

pKB504gagpol was constructed in five steps beginning with pKB404, which
contains two copies of the SNV LTR ligated at opposite ends of the multiple
cloning site in pUC19 (5). pKB404 modified by insertion of the HIV polypurine
tract (PPT) (HIVERY coordinates 8662 to 8699 [36]) on an oligonucleotide at the
Sphl/HindIII sites adjacent to the 3" SNV LTR to create pKB504. HIVBRU
sequences from U5 through gag (100 to 2040) were amplified by eight cycles of
PCR by Taq polymerase with primers having EcoRI/Xbal termini and ligated
into pUC19. Subsequently, the EcoRI fragment that encompasses HIV coordi-
nates 100 to 2040 was subcloned at the EcoRlI site of pKB504. HIV coordinates
1521 to 4655 (HIV gag-pol) were amplified with primers having Xbal termini,
ligated into pUC19, and then subcloned into the preceding plasmid at Apal
(1552) and Xbal (4655) sites to construct pKB504gagpol. The MPMV CTE was
PCR amplified from MPMYV provirus pPSHRM-15 (coordinates 8022 to 8193; gift
from Eric Hunter [32]) with primers having Xhol termini and inserted into the
Sall site of pKB504gagpol to create pKB504gagpol CTE.

To construct pYW100, pKB504gagpol was modified by deletion of the region
between the HIV PPT and the 3" SNV LTR and replacement with a heterolo-
gous polyadenylation signal, p(A). pKB504gagpol was digested with AfIII,
treated with Klenow enzyme and digested with Xbal. pCMVglobinSPA (gift
from Dan Schoenberg), which contains an optimized 47-base synthetic p(A), was
digested with HindlIII, treated with Klenow enzyme, and digested with Xbal, and
the fragment containing p(A) was ligated with the vector backbone to make
pYW100. An intermediate plasmid, pYW201, was constructed by ligation into
pUC19 of the BamHI fragment of pKB504gagpol that contains the sequence
from HIV U5 through the 3’ SNV LTR. Then the cytomegalovirus (CMV)
immediate-early (IE) promoter of pCMVglobinSPA was excised by using Sall,
treated with Klenow enzyme and ligated at the Smal site to make pYW202. To
construct pYW203, a deleted SNV LTR that lacks the 3" 29 bases of R and 60
bases of U5 (A486-575) was amplified by PCR, treated with Klenow enzyme and
ligated at the Smal site of pYW201. To construct pYW209, a deleted SNV LTR
that lacks the U5 (A512-575) was amplified by PCR, treated with Klenow en-
zyme, and ligated at the Smal site of pYW201. To construct pYW99, the Sphl
fragment of pYW202 that contains the CMV promoter and 5’ gag gene were
ligated to the Sphl fragment of pYW100 that contains the 3" region of gag and
p(A). pYW204 was constructed by ligation of Sphl fragments of pYW203 and
pYW100. pYW205 was constructed by deletion of RU5 sequences starting at +2
(A436-575) by Aval/BamHI digestion followed by treatment with Klenow enzyme
and blunt-end ligation. To construct pYW207 and pYW208, SNV RUS5 was
excised with Aval from pKB402 (SNV positions 435 to 599 and pUC19 positions
396 to 412), treated with Klenow enzyme, and ligated at the Klenow enzyme-
treated BamHI site of pYW99. The plasmid with the antisense RU5 orientation
is pYW207, and the plasmid with the sense orientation is pY W208. The sequence
of each plasmid was verified by DNA sequencing of the 5’ transcriptional control
region through gag and the 3" UTR through the LTR or heterologous p(A).
pGEM(140-440) was derived from pGEM(400-600) of McBride and Panganiban
(22) by replacement of the HIVN'43 5" UTR with the HIVPRY 5" UTR. Plasmid
pMBSVT?7 was constructed by PCR amplification of the 5’ UTR regions of
pSVgag-pol-rre and ligation into the SrfI site of PCR Script Cam SK+ (Strat-
agene).

RNA preparation. Total, nuclear, or cytoplasmic RNA was prepared with
Tri-Reagent or Tri-Reagent LS, respectively, as instructed by the manufacturer
(Molecular Dynamics, Inc., Sunnyvale, Calif.). Transfected COS or 293 cells
from two 10-cm-diameter plates or T150 flasks were harvested into phosphate-
buffered saline, centrifuged at 2,000 X g for 5 min, and resuspended in 0.9 ml of
cold cell lysis buffer (10 mM Tris [pH 8.3], 150 mM NaCl, 1.5 mM MgCl,) and
0.1 ml of 5% Nonidet P-40. After thorough mixing, incubation on ice for 10 min,
and centrifugation twice at 2,000 X g for 10 min at 4°C, the nuclei were treated
with 1 ml of Tri-Reagent and frozen for future extraction of nuclear RNA.
Following a second centrifugation step, the cytoplasmic supernatant was mixed
with 3 volumes of Tri-Reagent LS, and RNA was extracted. To prepare polyso-
mal RNA, the clarified cytoplasmic extract was supplemented with cycloheximide
(50 pg/ml), RNasin (100 U/ml), and dithiothreitol (DTT; 2 mM) and layered
onto a 9-ml linear gradient of 15 to 40% sucrose in 30 mM Tris (pH 7.4)-2 mM
DTT-10 mM EGTA-5 mM MgCl, that was underlaid with 2 ml of 60% sucrose
in 30 mM Tris (pH 7.4)-2 mM DTT-10 mM EDTA-5 mM MgCl, (26). The

gradient was centrifuged 225,000 X g, for 3.5 h at 4°C in a Beckman SW41
rotor. The EDTA in the 60% sucrose pad causes free polysomes to dissociate and
sediment with membrane-bound polysomes at the 60% boundary (29). Polyso-
mal RNA was extracted from the 60% boundary (1 ml), and nonpolysomal RNA
was extracted from the upper fraction (8 ml) with Tri-Reagent. All RNA prep-
arations were treated extensively with RQ DNase (Promega), phenol extracted,
and ethanol precipitated.

RPA. Antisense runoff a-*?P-labeled RNA transcripts were synthesized with
MAXscript T7 RNA polymerase (Ambion) according to the manufacturer’s
instructions. Template pGEM(140-440) was digested with NotI, and pPGAPDH
was digested with Ncol. Template from pMBSVT7 was prepared by PCR am-
plification. The in vitro-transcribed RNAs were isolated by gel elution, and the
RNase protection assays (RPAs) were performed with RPAIII (Ambion) ac-
cording to the instruction manual, with some modifications. Typically, 15 wg of
RNA was ethanol precipitated with 3 X 10° cpm of HIV probe and 3 X 10° cpm
of glyceraldehyde-3-phosphate dehydrogenase (gapdh) probe. Samples were re-
suspended in 10 wl of hybridization buffer, heated at 90°C for 3 min, and
hybridized at 42°C for 16 h. An RNase digestion mixture (1:100) was added to
each sample (150 wl) and incubated at 37°C for 30 min. Sodium dodecyl sulfate
(SDS) and proteinase K were added to final concentrations of 1% and 0.5 mg/ml,
respectively; the samples were incubated at 37°C for 30 min and then subjected
to extraction with phenol-chloroform and chloroform and precipitation with
ethanol in the presence of 10 ug of yeast RNA. Pellets were dissolved in 6 pl of
loading buffer, heated at 90°C for 3 min, and subjected to denaturing polyacryl-
amide gel electrophoresis (PAGE) on 5% gels. RNase protection products were
visualized by Phosphorlmager (Molecular Dynamics) analysis using Image-
QuaNT version 4.2 (Molecular Dynamics).

RESULTS

SNV LTR facilitates Rev/RRE-independent production of
HIV Gag. The MPMV CTE was identified originally by its
ability to modulate Rev/RRE-independent expression of Gag
from subgenomic HIV plasmids (4). These HIV plasmids en-
code gag and either contain RRE, lack RRE and contain a 3’
B-globin intron, or lack both RRE and a B-globin intron (pS-
Vgagpol-rre, pSVgagpol, or pBBgagpol, respectively) (35).
Two SNV regions were evaluated for Rev/RRE-independent
Gag production in comparison to MPMV CTE: (i) the SNV 3’
UTR between env and the 3" LTR, which is analogous to the
position of the previously defined CTEs (4, 24, 25, 39); and (ii)
the SNV LTR, which is associated with Rex/RxRE-indepen-
dent expression of BLV structural genes (5, 6). pSVgagpol-rre-
MPMYV and derivatives containing SNV 3’ UTR (pSVgagpol-
rre-3'UTR) or SNV LTR (pSVgagpol-rre-LTR) are shown in
Fig. 1.

The plasmids were transfected into COS cells in the pres-
ence or absence of Rev expression plasmid pRevl (gift from
David Rekosh, University of Virginia) (30). The cells were
cultured in 2 ml of Dulbecco modified Eagle medium
(DMEM) with 10% fetal calf serum, and then cell-associated
Gag protein was quantified by enzyme-linked immunosorbent
assay (ELISA) as an endpoint for gag RNA transcription, cy-
toplasmic accumulation, and translation. The Gag antigen cap-
ture ELISA uses antibodies specific for the capsid domain of
Gag to detect precursor Gag p55 and processed Gag p24
(Coulter Corp). The minimum detectable by the assay is 15 pg.
As expected (4), Gag production from pSVgagpol-rre was Rev
dependent, while Gag production from pSVgagpol-rre-MPMV
was Rev independent (Table 1). Gag production from the
plasmids containing SNV sequences (pSVgagpol-rre-3’'UTR
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TABLE 1. HIV Gag production

Gag concn (pg/ml)*

Plasmid

Ccos? D17
pSVgagpol-rre <MD“ <MD
pSVgagpol-rre + pRevl 6,000 3,300
pSVgagpol-rre-MPMV 5,500 2,100
pSVgagpol-rre-LTR <MD <MD
pSVgagpol-rre-LTR + pRevl 6,100 3,200
pSVgagpol-rre-3'UTR <MD <MD
pSVgagpol-rre-3'UTR + pRevl 6,500 4,000
pKB504gagpol 600 600
pKB504gagpol-MPMV 2,800 900
None (mock transfection) <MD <MD

“ Representative data from at least three independent transfections. Three
days posttransfection, cell-free supernatant medium from 3 X 10° cells was
harvested, and Gag levels were quantified by Gag ELISA and normalized to
transfection efficiency.

? COS cells were transfected with a mixture of Lipofectamine (Gibco-BRL)
and test DNA (1.5 pug and 0.3 g of pRevl) plus 0.2 ug of pEGFPNI reporter
plasmid. After 5 h, the cells were washed and cultured in 2 ml of DMEM with
10% fetal calf serum. Transfection efficiency was determined as percentage of
green fluorescent cells in 1,000 cells.

¢ D17 cells were transfected with a mixture of Polybrene (30 pug/ml), test DNA,
and pEGFPN1 or pCMVluc and then cultured in DMEM supplemented with 5%
fetal calf serum.

4 <MD, less than the minimum detectable.

and pSVgagpol-rre-LTR) remained Rev dependent (Table 1).
The Rev responsiveness of the plasmids indicates that they are
competent for Gag production. Transfection analysis of
pSVgagpol and pBBgagpol derivatives that contain SNV 3’
UTR or SNV LTR further determined that the SNV 3’ UTR
or SNV LTR does not replace Rev or MPMV CTE function in
COS cells even in the absence of a B-globin intron and RRE
(data not shown). Therefore, the presence of RRE or a B-glo-
bin intron does not affect the hypothetical SNV CTE function.

We evaluated potential cell type specificity of the SNV se-
quences by transfecting the various plasmids into D17 cells, a
dog osteosarcoma cell line that supports SNV replication and
Rex/RxRE-independent replication of hybrid SNV-BLYV struc-
tural gene vectors (5, 6). As expected, Gag production from
pSVgagpol-rre was Rev dependent (Table 1). The D17 cells
also supported Rev-independent Gag production from
pSVgagpol-rre-MPMYV, consistent with the presence of appro-
priate MPMV CTE-interacting factors. However, Gag produc-
tion from the derivatives containing the SNV sequences re-
mained Rev dependent. In summary, in the context of the 3’
UTR of pSVgagpol-rre and derivative plasmids, neither the
SNV 3" UTR nor the SNV LTR facilitates Rev-independent
Gag production in COS and D17 cells.

In our previous characterization of the Rex/RxRE-indepen-
dent hybrid SNV-BLV structural gene vectors, the SNV LTR
sequences corresponded to the 5’ and 3’ termini of the RNA
(5, 6). Therefore, the position dependence of the putative SNV
cis-acting element was considered by analyzing hybrid SNV-
HIV structural gene vectors in which the SNV sequences com-
prise the 5’ and 3’ termini of the RNA (pKB504gagpol and
pKB504gagpol-MPMYV [Fig. 2]).

Upon transfection into COS and D17 cells, Rev/RRE-inde-
pendent HIV Gag production was detected from pKB504gag-
pol (Table 1). The MPMV CTE in pKB504gagpol-MPMYV had
a stimulatory effect on Gag production in COS cells. The
plasmids were also transfected into 293 human embryonic kid-
ney cells, which consistently exhibited a higher transfection
efficiency than the COS or D17 cells. pKB504gagpol and
pKB504gagpol-MPMYV also exhibited Rev/RRE-independent
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HIV Gag production in 293 cells, although a stimulatory effect
of MPMV CTE was not detected (Fig. 2). Possible reasons for
the increased level of Gag in 293 cells include higher transfec-
tion efficiency and/or increased availability of pertinent cellular
factors. These results indicate that the SNV LTRs facilitate
Rev/RRE-independent Gag expression in COS, D17, and 293
cells. Furthermore, the SNV sequences function in a position-
dependent manner that corresponds to the termini of the
RNA.

SNV RUS RNA facilitates Rev/RRE-independent Gag pro-
duction. To evaluate the contribution of the individual SNV
LTR sequences, we analyzed a panel of hybrid SNV-HIV re-
placement plasmids (Fig. 2). In retrovirus DNA, the LTRs are
present in two copies that are segregated into three regions:
U3, R, and US. The 5" U3 region corresponds to the promoter/
enhancer, and the 3" RUS region contains the 3’ RNA pro-
cessing signals. In retrovirus RNA, R sequences are repeated
at both ends of the RNA transcript, U5 is unique to the 5’
RNA terminus, and U3 is unique to the 3’ RNA terminus.
pKB504gagpol was modified by replacement of both SNV
LTRs with heterologous transcriptional control sequences.
The 5" SNV LTR was replaced with the CMV IE promoter and
the 3’ LTR was replaced with a synthetic p(A) signal to gen-
erate pYW99. Less than the minimum detectable level of Gag
protein is exhibited in cells transfected with pYW99 (Fig. 2).
When the 5" LTR is replaced and the 3" LTR is maintained
(pYW202), low levels of Gag are observed. In contrast, when
the 5' LTR is maintained and the 3’ LTR is replaced
(pYW100), Gag is produced at a level similar to that with
pKBS504gagpol. These results indicate that sequences within
the 5" SNV LTR modulate Rev/RRE-independent Gag pro-
duction.

To determine the region of the 5’ SNV LTR necessary for
Rev/RRE-independent Gag expression, we analyzed L'TR de-
letion mutants (Fig. 2). Complete deletion of SNV RUS5
(pPYW205) or partial deletion of R and all of U5 (pYW204)
yields low but detectable levels of Gag (Fig. 2). This defect is
not complemented by concurrent addition of the 3’ SNV LTR
(pYW203). These results suggest that the SNV RU5 RNA
encoded by the 5" LTR is necessary for maximal levels of Gag
production. To test directly the contribution of SNV RUS to
Gag expression, SNV RUS was inserted adjacent to the CMV
IE promoter in pYW99 to make pYW207 and pYW208. The
presence of RUS5 in the sense orientation (pYW208) but not
the antisense orientation (pYW207) correlates with Gag
production (Fig. 2). These results indicate that SNV RUS
RNA is sufficient for Rev/RRE-independent expression of
HIV Gag.

Western blot assay with Gag antibody was used to confirm
that the differences observed by ELISA are not attributable to
differential specificity of the Gag ELISA antibodies for pre-
cursor Gag p55 or processed Gag p24. This was important to
evaluate directly because the RSV CTE has been proposed to
facilitate Gag protein processing (29) and because simian im-
munodeficiency virus constructs containing the SRV-1 CTE
exhibit impaired Gag processing in 293 cells (35). As expected,
Western blot analysis does not detect Gag proteins in cells
transfected with mock DNA or with pYW99 (Fig. 3). A low
level of Gag p55 is observed in cells transfected with pYW203,
which contains a deletion of 5" RUS sequence, whereas high
levels of Gag p55 are observed in cells transfected with
pKB504gagpol, which maintains the 5" RUS. Thus, the West-
ern blot data are consistent with the ELISA results. Consistent
results were also observed for control cells transfected with
HIV provirus (pMSMAenv2 [22]); high levels of Gag were
detected by ELISA (200,000 pg) and by Western blot analysis
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FIG. 2. Structures of hybrid SNV-HIV plasmids and HIV Gag production. Black lines and rectangle, HIV 5’ UTR beginning at HIV U5 and extending through
gag-pol, and the HIV PPT through the atL site, respectively (HIVERY coordinates 100 to 4655 and 8662 to 8699, respectively); *, major HIV splice donor (left) and
vif splice acceptor (right); arrows, sense and antisense orientation of SNV RUS. Shown at the right are representative data from 10 independent Gag ELISAs (Coulter
Corp.), in which 10° 293 cells were cotransfected with 2 pg of test plasmid and 0.2 ug of pEGFPN1 (Clontech) or pGL3 (Promega) reporter plasmid by the calcium
phosphate protocol and maintained in DMEM with 10% fetal calf serum. Total cell proteins were harvested at 3 days posttransfection. Gag production was quantified
by Gag ELISA (Coulter Corp.), and transfection efficiency was quantified as percentage of green fluorescent cells in 2,000 cells by UV microscopy or relative luciferase
activity. Gag levels are normalized to transfection efficiency. <MD, less than the minimum detectable.

(Fig. 3). For the HIV control, the ratio between precursor Gag
p55 and processed Gag p24 was low, consistent with high-level
Gag production and efficient Gag processing. Analysis of a
similar amount of Gag protein expressed from pKB504gagpol
(150,000 pg) reveals both precursor Gag p55 and processed
Gag p24, but the ratio between precursor Gag p55 and pro-
cessed Gag p24 was high (Fig. 3). These results indicate that
either the subcellular concentration of precursor Gag p55 is
inadequate to drive Gag processing or Gag processing is inef-
ficient for pKB504gagpol. Future experiments will address the
relationship between the SNV element and inefficient Gag
precursor processing.

In summary, results of both ELISA and Western blot anal-
ysis indicate that the 5" SNV RUS5 RNA facilitates maximal
levels of Rev-independent Gag production. Comparison of
Gag levels produced from pYW205, pYW100, and pYW208
indicates that maximal levels of Gag are yielded by the com-
bination of the SNV RUS with the SNV U3 promoter/en-
hancer rather than the combination of the SNV RUS with the

CMV IE promoter/enhancer. The apparent synergy between
SNV U3 and RUS may reflect cooperative interaction between
cellular factors mediated by U3 and RUS5 that together stim-
ulate high-level Rev-independent Gag production. Consistent
with this model, the R regions of murine leukemia virus and
other related simple retroviruses have been shown to be im-
portant for stimulation of gene expression (9).

Unexpectedly pYW205, which encodes the SNV promoter/
enhancer alone, exhibits low-level Rev/RRE-independent Gag
production, whereas pYW99, which encodes the CMV pro-
moter/enhancer alone, exhibits the expected undetectable level
of Gag. One possible explanation for this difference is that the
RNAs expressed from pYW205 and pYW99 have different 5’
ends and exhibit different splicing patterns. Low-level Rev/
RRE-independent Gag production from pYW205 may be at-
tributable to expression of gag transcripts that either lack a 5’
splice donor (7) or contain an excisable intron upstream of gag
(17). In the following experiments, RPAs were used to evalu-
ate the role of SNV LTR sequences in HIV RNA expression,
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FIG. 3. Western blot immunoassay. Total cell proteins from transfected 293
cells were separated by SDS-PAGE, transferred to nitrocellulose, and reacted
with polyclonal rabbit sera against HIV Gag (gift from Antonito Panganiban,
University of Wisconsin). HIV Gag proteins were detected by enhanced chemi-
luminescence (ECL kit; Amersham). The sizes of Gag p55 and Gag p24 indi-
cated are based on comparison with molecular weight markers (not shown).

steady-state level, cytoplasmic accumulation, and polysome
loading.

Rev/RRE-independent Gag levels are not attributable to
differences in steady-state RNA. Steady-state RNAs from
PYW99, pYW100, pYW205, and HIV provirus were subjected
to quantitative RPAs with an antisense RNA probe that ex-
tends across the HIV major splice donor and distinguishes
unspliced and spliced HIV transcripts (Fig. 4A) (22). A gapdh
probe (gift from Ing-Ming Chiu, Ohio State University) was
used to normalize differences in RNA loading. Control RNA
expressed from HIVN*3 exhibited the HIV unspliced RNA
and spliced RNAs previously characterized by McBride and
Panganiban (22) (Fig. 4B). These HIV unspliced and spliced
RNAs were also expressed from pYWI100, pYW99, and

A 5’ ss
u :
Hybrid SNV/HIV RNA
antisense RNA probe ~
unspliced gag RNA E—
spliced RNA
5’ss

pSVgagpol-rre RNA SV40 promoter
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pYW205. Interestingly, pY W100 exhibits an increased amount
of spliced RNA. The size of spliced transcripts corresponds to
pre-mRNAs spliced at the HIV major 5’ splice donor upstream
of gag and the vif splice acceptor. Results from four indepen-
dent experiments indicate that steady-state gag RNA levels are
3.5 = 1.6-fold higher for pYW99 than pYW100 and indicate
that Rev/RRE-independent Gag production is not attributable
to increased promoter activity or RNA stability. While a dif-
ference in splicing pattern is not observed among the RNAs,
experiments were performed to more completely evaluate the
possibility that the low-level Gag production from pYW205 is
attributable to altered RNA splicing. The 5 RNA terminus
was characterized by primer extension analysis with an anti-
sense primer in the HIV 5" UTR. Compared to pYW99 RNA,
pYW205 RNA was 1 nucleotide (nt) longer and differed in
sequence at the 5’ terminal 9 nt (Fig. 4C). RPAs were per-
formed with an antisense pYW205 RNA probe that extends
across SNV U3 and the HIV 5" UTR splice donor. Again
similar unspliced and spliced HIV transcripts were observed
from pYW205 and pYW99 (data not shown). Comparison of
the protected RNAs against DNA sequence ladders confirmed
that, as expected, the protected pYW99 RNAs are 10 nt
shorter than the pYW205 RNAs. These data eliminate the
possibility that the low level of Gag production from pYW205
is attributable to altered RNA splicing that yields new gag
transcripts that either lack a 5’ splice site (7) or contain an
excisable intron positioned upstream of gag (17). Further ex-
periments are necessary to explain the low-level Gag produc-
tion from pYW205.

SNV sequences facilitate cytoplasmic accumulation of HIV
RNA. To begin to address the role of SNV RUS in the cyto-
plasmic accumulation of HIV RNAs, RPAs were used to an-
alyze total and cytoplasmic RNAs from cells transfected with
PYW99, pYW100, pYW205, or pYW208. The presence of the
SNV RUS correlates with a two- to fourfold increase in nucle-
ocytoplasmic transport of both unspliced and spliced RNA

antisense RNA probe e
unspliced gag RNA

spliced RNA

C pywoorNA

gag B o 8 8
o] - [
$ £ 5%
a & & B
344 nt
303 nt gapdh -
146 nt
unspliced - -] ‘
gag
346 nt 3
244 nt
43t spliced - ’

CTCGTCGAG GGATCCGGAC TGAATCCGTA GTACGAATTC AAGTAGTGTG

pYW205 RNA TCTCTTGCTC GGATCCGGAC TGAATCCGTA GTACGAATTC AAGTAGTGTG

FIG. 4. RPA. (A) Regions of complementarity between hybrid SNV-HIV sequence and the antisense HIV RNA probes, and the protected unspliced and spliced
transcripts. 5" ss, 5’ splice site. SNV R and U5 RNA regions are shown in white. HIV U5 and 5" UTR (narrow line) and gag are shown in black. (B) Quantification
of steady-state RNA levels by RPA. Two days posttransfection, total cellular RNA was harvested and subjected to DNase treatment. Aliquots of 15 ug were subjected
to RPA with uniformly labeled antisense HIV RNA and gapdh RNA probes, PAGE, and PhosphorImager analysis. The protected RNAs are labeled. (C) Sequence
comparison of the 5’ termini of pYW99 and pYW205 RNA. Primer extension analysis was performed on total cell RNA from transfected cells with murine leukemia
virus reverse transcriptase and primer complementary to the HIV 5" UTR. The extension products were approximately 100 bases in length and were analyzed by
electrophoresis in parallel with homologous DNA sequencing reactions and PhosphorImager analysis. Sequence differences are indicated in boldface.
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TABLE 2. Comparison of Gag protein production and cytoplasmic accumulation of HIV RNA
PhosphorImager units (10°) normalized to gapdh RNA signal
Plasmid
Total Cytoplasmic Fold*

Name Gag® (pg) Unspliced Spliced Unspliced Spliced Unspliced Spliced
pPYW99 <MD 16.6 (1.0°) 51.3(3.1) 2.3 (1.0) 14.1 (6.1) 1.0 1.0
pYW208 8,000 6.4 (0.4) 23.0 (1.4) 3.0(1.3) 23.4(10.2) 33 4.3
pYW205 12,000 10.4 (0.6) 43.8 (2.6) 1.8 (0.8) 14.6 (6.3) 1.3 1.1
pYW100 81,000 9.1 (0.5) 56.0 (3.4) 2.4 (1.0) 35.6 (15.5) 2.0 23

“Total cellular or cytoplasmic RNAs were harvested from duplicate cultures of 10° 293 cells at 2 days posttransfection and subjected to DNase treatment.
Fifteen-microgram aliquots were subjected to RPA with uniformly labeled antisense HIV and gapdh RNA probes, PAGE, and PhosphorImager analysis.

b Cell-associated Gag protein measured by Gag ELISA.

¢ Cytoplasmic RNA/total RNA level relative to cytoplasmic RNA/total RNA level of pYW99.

4 <MD, less than the minimum detectable.
¢ RNA level presented relative to level of pYW99 unspliced RNA.

(Table 2; compare pYW99 with pYW208 and pYW205 with
pYW100). Moreover, the presence of the SNV LTR in
pYWI100 also increased the relative amount of spliced RNA
significantly. The modest increase in nucleocytoplasmic trans-
port by SNV RUS is not sufficient to account for the significant
increase in Gag production in the presence of the element.
Therefore, we performed experiments to test the hypothesis
that SNV RUS enhances the polysome association of the HIV
RNAs. Previous research has shown that Rev increases poly-
some association of Rev-dependent mRNAs (2, 10).

RPAs were performed on total RNA and on nuclear and
polysomal RNAs from duplicate cell cultures transfected with
pYW99 or pYW100. Data from three replicate experiments
are summarized in Table 3, and results of a representative
RPA are shown in Fig. 5. Consistent with our previous results,
total steady-state gag RNA levels were lower for pYW100 than
pYW99 by a factor of 3, and the amount of spliced RNA from
pYWI100 was increased. Comparison of gag RNA levels
in polysomal and nuclear RNA indicates that pYW100
RNA exhibits an average 3.8-fold increase in polysome as-
sociation compared to pYW99 RNA (Table 3). Spliced HIV
transcripts from pYW100 increased an average 2.4-fold for
pYW100.

To further evaluate the cytoplasmic localization of the HIV
transcripts, RPAs were also performed on nuclear, polysomal,
and nonpolysomal RNAs from transfected cells. As a control,
expression of Rev-dependent HIV RNAs was evaluated from
pSVgagpol-rre in the absence and presence of Rev and from
pSVgagpol-rre-MPMV. Similar antisense RNA probes were

used for the SNV plasmids and pSVgagpol-rre-based plasmids
(Fig. 4A). In the absence of Rev, gag transcripts from pSVgag-
pol-rre are readily observed in nuclear RNA, while levels in
polysomal and nonpolysomal cytoplasmic RNA are signifi-
cantly lower (Fig. 6A; Table 4). In the presence of Rev in trans
or MPMV CTE in cis (pSVgagpol-rre-MPMV), polysomal gag
RNA levels increase 3.4- and 6.1-fold, respectively. Nonpoly-
somal gag RNA levels increase 3.4- and 2.7-fold, respectively.
For spliced HIV transcripts, the level in polysomal increased
1.5-fold in the presence of Rev and was not increased by CTE.
Consistent with the previous RPAs, polysomal gag RNA levels
expressed by pYW100 were increased compared to pYW99;
the polysomal gag RNA level was increased 2.4-fold, while
nonpolysomal gag RNA levels differed by 1.4-fold compared to
pYW99 (Fig. 6; Table 4). In addition, polysomal and nonpoly-
somal levels of spliced HIV transcripts increased twofold. The
results summarized in Tables 3 and 4 confirm that the SNV
LTR facilitates cytoplasmic accumulation and polysome asso-
ciation of both HIV unspliced RNA (3.3 = 0.8-fold) and
spliced RNAs (2.3 = 0.9-fold). By comparison, MPMV CTE
selectively facilitates cytoplasmic accumulation and polysome
association of the HIV unspliced transcripts (sixfold). Still,
comparison of the absolute amounts of polysomal gag RNA
indicates that enhanced polysome association of gag RNA is
not sufficient to account for the large increases in Gag produc-
tion by the SNV LTR. These results imply that enhanced
translation efficiency may account for the increase in Gag pro-
duction by SNV sequences.

TABLE 3. Summary of Gag production and subcellular localization of HIV RNA“

PhosphorImager units (10°) normalized to gapdh RNA level

Plasmid
Expt Total Nuclear Polysomal

Name Gag’ (pg) Unspliced Spliced Unspliced Spliced Unspliced [fold¢] Spliced [fold]

1 pPYW99 <MD“ 49.5 (1.0)° 104.5 (2.1) 45.0 (1.0) 96.0 (2.1) 4.2 (1.0) [1.0] 5.4 (1.3) [1.0]

pYW100 40,000 14.4 (0.3) 87.4 (1.8) 17.1 (0.4) 81.9 (1.8) 5.9 (1.4) [3.5] 15.7 (3.7) [3.2]

2 pPYW99 <MD 7.6 (1.0) 4.0 (0.5) 5.2(1.0) 4.4 (0.8) 0.2 (1.0) [1.0] 1.2 (6.0) [1.0]
pYW100 11,000 1.8 (0.2) 7.7 (1.0) 2.8 (0.5) 17.4 (3.3) 0.4 (2.0) [4.0] 6.9 (34.5) [1.5]

3 pPYW99 <MD 8.1 (1.0) 11.7 (1.4) ND/ ND 2.1(1.0) [ND] 19.6 (9.3) [ND]
pYW100 32,000 2.6 (0.3) 10.0 (1.2) ND ND 3.2 (1.5) [ND] 42.0 (20.0) [ND]

“Total RNA and nuclear or polysomal RNA were harvested 2 days after transfection of duplicate cultures of 2.5 X 10° 293 cells and then subjected to DNase
treatment and RPA with uniformly labeled antisense HIV and gapdh RNA probes, PAGE, and PhosphorImager analysis.

b Cell-associated Gag protein measured by Gag ELISA.

¢ Polysomal RNA/nuclear RNA level relative to polysomal RNA/nuclear RNA level of pYW99.

4 <MD, less than the minimum detectable.
¢ RNA level presented relative to level of pYW99 unspliced RNA.
/ND, not done.
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FIG. 5. Polysomal RNA accumulation. RPA of nuclear, polysomal, and total
RNAs. RNAs were harvested 2 days posttransfection and subjected to DNase
treatment, and 5- to 10-pg aliquots were subjected to RPA with uniformly
labeled antisense HIV and gapdh RNA probes, PAGE, and PhosphorImager
analysis. Labels indicate the protected RNAs.

DISCUSSION

The goal of this study was to test the hypothesis that SNV
sequences contain a cis-acting element that facilitates Rev/
RRE-independent expression of HIV gag RNA. SNV 3" UTR
and LTR regions were analyzed in the context of HIV-based
plasmids that were used previously for identification of the
MPMV CTE (4). Exchange of the MPMV CTE with the SNV
3" UTR or SNV LTR indicated that these SNV regions do not
function in the 3" UTR of pSVgagpol-rre to replace the func-
tion of MPMV CTE, even in the absence of RRE or a 3-globin
intron (Table 1). Previous observation of BLV Rex/RxRE-
independent gene expression in the context of hybrid SNV-
BLYV retrovirus vectors suggested that the SNV LTRs possess
a position-dependent CTE-like function (5, 6). Consistent with
this prediction, the SNV LTRs facilitated HIV Rev/RRE-in-
dependent Gag expression in the context of a hybrid SNV-HIV
retrovirus vector (Table 1; Fig. 2). The observation of Rev/
RRE-independent gene expression in COS, D17, and 293 cells
indicates that putative cellular factors necessary for function of
the SNV element are expressed in each of these cell lines
(Table 1; Fig. 2). Analysis of Gag production from a panel of
LTR deletion mutants indicates that the SNV element func-
tions in a position- and orientation-dependent manner that
corresponds to the 5" LTR (Fig. 2 and 3). Specifically, the SNV
RUS RNA is necessary and sufficient for efficient Rev/RRE-
independent Gag production. Quantitative RPAs were used to
evaluate the contributions of transcription, RNA stability, nu-
cleocytoplasmic transport, and translation efficiency to Rev/
RRE-independent Gag production. Analysis of steady-state
RNA indicates that the effect of SNV RUS is not attributable
to increased steady-state gag RNA level or changes in splicing
pattern, although SNV sequences do increase the amount of
spliced HIV transcripts (Fig. 4B, 5, and 6B). RPAs of nuclear
and cytoplasmic gag RNA indicate that SNV RU5 RNA facil-
itates cytoplasmic accumulation of both unspliced and spliced
HIV transcripts (Table 3). Because the two- to fourfold in-
crease in transport is insufficient to account for the significant
increase in Gag production, a translational effect of the SNV
sequence was investigated. Analysis of cytoplasmic localization
of the RNAs indicates that the SNV 5’ LTR enhances poly-
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FIG. 6. Comparison of polysomal and nonpolysomal RNA localization. RPA
of nuclear, polysomal, and nonpolysomal RNAs. RNAs were harvested 2 days
posttransfection and subjected to DNase treatment, and 5- to 15-pg aliquots
were subjected to RPA with uniformly labeled antisense HIV and gapdh RNA
probes, PAGE, and PhosphorImager analysis. Labels indicate the protected
RNAs. (A) RPA of RNA from cells transfected with pSVgagpol-rre without and
with pPCMVRev and pSVgagpol-rre-MPMV. (B) RPA of RNA from cells trans-
fected with pYW99 and pYW100.

some association of HIV unspliced and spliced RNAs (Fig. 5
and 6; Tables 3 and 4). Control experiments with the Rev-
dependent RNAs indicate that the MPMV CTE selectively
facilitates polysome association of HIV unspliced transcripts
(Fig. 6; Table 4).

Unexpectedly, low-level Rev/RRE-independent Gag pro-
duction is detected from pYW205, which encodes the SNV U3
promoter/enhancer region alone. As expected, Gag production
is not detectable from pYW99, which encodes the CMV IE
promoter/enhancer alone. Comparative analysis of pYW205
and pYW99 by RPA and primer extension eliminated the
possibility that pYW205 RNA lacks a 5 splice site (7) or
contains an excisable intron positioned upstream of gag (17).
Further experiments are necessary to understand the low-level
Gag production from pYW205.
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TABLE 4. Summary of Gag production and subcellular localization of HIV RNA*

Phosphorimager units (10°) normalized to gapdh RNA level

Plasmid
Nuclear Polysomal Nonpolysomal
Name Gag® (pg) Unspliced Spliced Unspliced [fold] Spliced [fold] Unspliced [fold] Spliced [fold]

pSVgagpol-rre

—pRevl <MD* 23.6 (1.0") 136.3 (5.8) 2.6 (1.0) [1.0] 167.5 (64.4) [1.0] 1.1 (1.0) [1.0] 302.4 (274.9) [1.0]

+pRevl 347,000 342 (1.4) 137.7 (5.8) 12.6 (4.8) [3.4] 243.0 (93.5) [1.5] 5.2 (4.7) [3.4] 357.1(324.6) [1.2]

+MPMV 3,000 294 (1.2) 212.7 (9.0) 18.9 (7.3) [6.1] 115.1 (44.3) [0.4] 35(3.2)[2.7] 91.6 (83.3) [0.2]
pPYW99 <MD 57.7 (1.0%) 110.9 (1.9) 40.4 (1.0) [1.0] 122.0 (3.0) [1.0] 19.3 (1.0) [1.0] 88.0 (4.6) [1.0]
pYW100 81,000 28.4 (0.5) 101.3 (1.8) 49.6 (1.2) [2.4] 248.4 (6.1) [2.2] 13.6 (0.7) [1.4] 170.1 (8.8) [2.1]

“ Nuclear RNA and polysomal or nonpolysomal RNA were harvested 2 days after transfection of 2.5 X 10° 293 cells and then subjected to DNase treatment and
RPA with uniformly labeled antisense HIV and gapdh RNA probes, PAGE, and PhosphorImager analysis.

b Cell-associated Gag protein normalized to transfection efficiency which was determined by cotransfection of pGL-3 and luciferase assay.

¢ Polysomal RNA/nuclear RNA level relative to polysomal RNA/nuclear RNA level of pSVgagpol-rre without pRevl or pYW99.

4 Nonpolysomal RNA/nuclear RNA level relative to nonpolysomal RNA/nuclear RNA level of pSVgagpol-rre without pRevl or pYW99.

¢ <MD, less than the minimum detectable.

/RNA level presented relative to unspliced RNA from pSVgagpol-rre without pRevl.

& RNA level presented relative to unspliced RNA from pYW99.

Comparison of gag RNA and protein levels from pYW205,
pYW100, pYW99, and pYW208 indicates that the combina-
tion of SNV RUS with the SNV U3 promoter/enhancer, rather
than combination of SNV RUS with the CMV promoter/en-
hancer, produces maximal levels of Gag. A possible explana-
tion for the apparent synergy between the SNV U3 promoter/
enhancer and RUS is cooperative interaction between cellular
factors mediated by U3 and RUS that stimulates high-level
Rev-independent Gag production. The R regions of related
simple retroviruses (i.e., murine leukemia virus and chicken
syncytial virus) have been shown to be important for stimula-
tion of gene expression and the mechanisms involved in RNA
processing (9).

trans activation of Gag production by Rev/RRE involves
derepression of cis-acting translational repressive sequences in
HIV RNA (8, 21, 25, 28) that bind cytoplasmic poly(A)-bind-
ing protein 1 (1); release of this protein is proposed to enhance
polysome association and efficient translation of gag RNA by
facilitating interaction between the 3’ poly(A) tail and 5’
7-methylguanosine cap (1, 34). Future experiments will con-
sider whether the SNV sequences neutralize these transla-
tional repressive sequences in the HIV RNA or supply stimu-
latory sequences.

In summary, SNV encodes a position- and orientation-de-
pendent posttranscriptional control element that is distinct in
location and function from the MPMV CTE. The possibility of
the existence of a CTE elsewhere in the SNV genome remains.
It is also possible that the MPMV LTR contains a posttran-
scriptional control element similar to that of SNV. The SNV
element corresponds to the 5’ terminus of the SNV RNA and
increases cytoplasmic accumulation and polysome association
of both unspliced and spliced HIV transcripts. In contrast, the
MPMV CTE selectively stimulates cytoplasmic accumulation
and polysome association of unspliced viral transcripts. Impor-
tantly, comparison of the absolute amounts of polysomal RNA
indicates that polysome association is not sufficient to account
for Rev/RRE-independent Gag production by SNV sequences
or MPMV CTE. The data imply that a significant effect of the
SNV element is enhancement of the translation efficiency of
HIV gag RNA. Elucidation of SNV primary sequence and
RNA structure that are necessary and sufficient for Rev/RRE-
independent transport and translation will be important for

identification of cellular Rev-like factors that modulate the
function of this unique posttranscriptional control element.
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