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In the absence of the viral regulatory protein Rev, the human immunodeficiency virus type 1 gag/pol and env
mRNAs are inefficiently expressed, since nucleocytoplasmic transport, stability, and polysomal loading are
impaired. It has been suggested that splicing is necessary for Rev function and that the low expression of the
unspliced and intermediate spliced mRNAs in the absence of Rev is associated with specific splice sites.
Previous studies identified distinct RNA elements within the gag/pol region responsible for low expression that
are not associated with splice sites. Here we study the determinants for Rev dependence of the authentic env
mRNA. We demonstrate that upon removal of all the utilized splice sites, the env mRNA is still Rev dependent
and Rev responsive for expression in human cells. We have identified several regions within the env mRNA that
inhibit expression of a gag-env hybrid mRNA. Elimination of one of these elements, located within the
Rev-responsive element, did not result in virus expression, supporting our model that several independently
acting elements are responsible for the downregulatory effect. By analogy to the RNA elements within the
gag/pol region, we propose that elements unrelated to utilized splice sites are responsible for the posttran-

scriptional regulation of env mRNA.

Human immunodeficiency virus type 1 (HIV-1) uses an
elaborate posttranscriptional regulatory system that involves
both nuclear and cytoplasmic events to control expression of its
viral mRNAs (for reviews, see references 7, 12, 14, 16, 25, and
34 and references therein). HIV-1 produces two subsets of
mRNAs: the small multiply spliced species encoding Tat, Rev,
and Nef and the intermediate spliced and unspliced mRNAs
expressing the structural and accessory proteins Gag, Pol, Vif,
Vpr, Vpu, and Env. The latter group is expressed very poorly
in the absence of Rev. Rev interacts directly with a distinct
RNA element, termed the Rev-responsive element (RRE),
within the env coding region, which is present in the unspliced
and partially spliced mRNAs. The presence of Rev regulates
these mRNAs at the posttranscriptional level, resulting in their
efficient expression. This finding led to the proposal that the
mRNAs encoding viral structural proteins are expressed
poorly, because they contain elements (named INS, IR, or
CRS) that prevent their expression (6, 10, 15, 22, 26, 28, 31).
The presence of such elements is proposed to be responsible
for the instability, nuclear retention, and inefficient translation
of these RNAs. Some INS elements have been identified in the
gag and pol regions of HIV-1 (6, 22, 27, 31). Several of the INS
elements located within the gag region have been characterized
in detail (27, 31). These elements span regions of about 200 to
300 nucleotides (nt) with no obvious sequence homology.
Clustered point mutations changing the nucleotide but not the
amino acid composition resulted in Rev-independent gag ex-
pression (28). It was suggested that these elements are RNA
recognition sites for cellular factors, which, upon binding, are
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responsible for the inefficient expression of these mRNAs (28).
The viral regulatory factor Rev counteracts the action of the
cellular factors, resulting in a high level of expression of all the
RRE-containing mRNAs.

Another model for Rev function proposes that poor expres-
sion of the HIV mRNAEs is caused by inefficient splicing (5). In
this model, inefficiently used splice sites (such as retroviral
splice sites) are responsible for nuclear retention, while Rev
dissociates the precursor mRNAs from the spliceosomes,
thereby allowing their transport to the cytoplasm. According to
this model, a pair of functional splice sites is required for the
retention of the mRNAs. This idea was further supported by
experiments showing that removal of the splice donor up-
stream of the env AUG abolished expression of env even in the
presence of Rev (21). The data suggested that this mRNA was
not recognized either by the splicing machinery or by Rev.
These studies were performed with hybrid constructs based on
the highly replicative simian virus 40 vector system studied in
monkey Cos-1 cells. Our previous studies on subgenomic
HIV-1 gag expression plasmids demonstrated that such
mRNAs depend on Rev for expression even in the absence of
any functional splice sites (2, 8, 11). In addition, a hybrid env
expression vector not able to form spliced RNA was shown to
depend on Rev for its expression (15). These findings contra-
dict the conclusion that splicing is necessary for Rev function
(5, 21). Since the subset of the intermediate HIV-1 mRNAs
undergoes partial splicing, it is possible that determinants
responsible for their Rev dependence, compared with the
gag/pol mRNA or a hybrid env mRNA, are different from those
from the authentic cDNA.

To further assess the role in splicing of Rev function, we
have studied the Rev dependence of the authentic env encod-
ing mRNA 1.5E in human cells. We show that HIV-1 env
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expression is Rev dependent also in the absence of any
functional splice sites. Therefore, our results contradict previ-
ous data suggesting that the presence of a splice site upstream
of the env coding region is necessary for efficient env expression
(21). Furthermore, we have identified several regions within
the env open reading frame (ORF) that are responsible for
inhibition of expression. These regions do not appear to
contain splice sites. Our data suggest the presence of RNA
binding sites for cellular factors inhibiting expression, similar
to those in the gag/pol region that are not associated with splice
sites.

MATERIALS AND METHODS

Recombinant plasmids. pNL15E contains the HIV-1 5’ long
terminal repeat (LTR) promoter, the complete env cDNA
1.5E, and the HIV 3’ LTR including the polyadenylation signal
(30). Generated from the molecular clone pNL4-3 (1),
PNLI1SE lacks the splice acceptor site for exon 6D, which is
used in the production of the tev mRNA (3). To mutagenize
the splice sites, the env ORF was subcloned as a Sall-
BamHI fragment from pBS15E (30) into Sal/l-BamHI sites
of pM13mp19, resulting in pM13env. The splice donor at nt
5592 was changed by site-directed mutagenesis (changing
GCAGTA to GaAtTc, and thus introducing an EcoRI site)
from uracil-containing single-stranded DNA as described be-
fore (19, 32). The numbering follows the HXB2R sequence
(24). The oligonucleotide used also changed the vpu AUG to
ACG; therefore, all the subsequent constructs were vpu mu-
tants. The env ORF was cloned back into the expression vector
as a Sall-BamHI fragment, which resulted in p1.SESD ~. The
splice acceptors were deleted by site-directed mutagenesis
from pM13envSD ~ by looping out 42 nt encompassing nt 7884
to 7926 and inserting AGT, which generated a Scal site. gp160
produced from this construct has an amino acid change (Asp to
Thr) followed by a 13-amino-acid deletion. pNL1SEDSS was
generated by cloning the Sa/l-BamHI fragment back into the
expression vector as described above.

To facilitate further mutagenesis, pNL15DSS was cloned as
a PstI fragment into the PstI site of the Bluescript KS™ vector,
resulting in pBS1SEDSS. Single-stranded uracil-containing
DNA was prepared as described above and used for mutagen-
esis. The gp120 expression plasmid p120DSS was generated by
inserting termination codons in all reading frames followed by
the restriction sites for Nrul and Miul in the env ORF at the
processing site (32). p120DR has a deletion (Miul in the
polylinker to Hpal at nt 8200) that removes the 5’ portion of
the gp41 OREF, including the RRE, leaving the HIV-1 3’ LTR.
To create p120pA, the region 3’ of the stop codon of gp120
in p120DSS was removed (from Miul to Xbal in the poly-
linkers) and replaced by the simian virus 40 polyadenylation
signal (cloned as a blunt-ended EcoRI fragment containing
the Bcll-BamHI fragment). pl120R330, pl120R270, and
p120RD345 contain RRE330, RRE270, and RRED345 (2,
33), respectively, inserted into the Nrul site of p120pA.

p37M1-10 contains the HIV-1 5’ LTR promoter and p375“¢
gene followed by multiple unique restriction sites (BamHI,
Xbal, Xhol, Apal, and Asp 718) and the HIV-1 3’ LTR
providing the polyadenylation signal (nt 8561 to 9265 accord-
ing to the numbering of HXB2R [24]). p37M1-10 contains
multiple point mutations within the p375*¢ gene, which destroy
the identified inhibitory or instability elements (27, 28, 31) and
is expressed at high levels in the absence of Rev. Different
fragments (fragments 1 to 6) of the env ORF were amplified by
PCR with oligonucleotides providing a unique cloning site in
their tails and inserted into the polylinker located downstream
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of the p37%“ gene in p37M1-10. Fragment 1 spans 409 bp (nt
5606 to 6014) plus BamHI sites; fragment 2 spans 432 bp (nt
6004 to 6435) plus Spel sites; fragment 3 spans 444 bp (nt 6435
to 6878) plus Xbal sites; fragment 4 spans 388 bp (nt 6879 to
7266) plus Xhol sites; fragment S spans the Styl fragment of
330 bp (nt 7266 to 7595) encompassing the RRE; fragment 6
spans the BamHI-Kpnl fragment of 541 bp (nt 8021 to 8561)
and was cloned directionally by deleting 35 bp from the
polylinker. Fragments 1+2, 1+2+3, and 4+5e span 830, 1,273,
and 1,046 bp, respectively, and were amplified with the same
oligonucleotides as described above. Fragments 1 to 4 and the
combined fragments were amplified from the HIV-1 molecular
clone pLW2.4 (a gift from G. Shaw), whereas fragments 5 and
6 were from the molecular clone pNLA4-3.

Mutations in the RRE were introduced by site-directed
mutagenesis into pBSHIV.SX. This plasmid contains the
HIV-1 Sall-to-Xhol fragment (nt 5332 to 8443) from pNL4-3
(1) inserted into Bluescript KS™. Three oligonucleotides that
were designed to change the nucleotide composition of the
RRE without affecting the env ORF were introduced, resulting
in pBSHIVR?*. The mutant RRE (RRE**) encompassing
the Sty 330 fragment was PCR amplified, subcloned into the
EcoRV site of Bluescript KS*, and then cloned directionally
into the Clal-Xhol sites of p37M1-4, resulting in p37M1-4/
R?*4, p37M1-4 contains the p37%°¢ gene with a mutated INS-1
element inserted between the HIV-1 LTRs (28) and lacks part
of the polylinker downstream of the 3’ LTR (Smal-Xbal). This
construct produces Gag in the absence of Rev. Insertion of
RRE (Sty 330 fragment) 3’ to the gag gene generated p37M1-
4/RRE. The following oligonucleotides were used (capital
letters indicate introduced changes): agcgtcaatgacCctTacCgt
GeaAgcTCgCcaGCtGCltgtetggtatag  (oligonucleotide 2) (nt
7366 to 7415), tgcagcagcagaacaaCCtgctCCgCgcAatCgaAge
CcaGecagcatctgttgcaa (oligonucleotide 3) (nt 7416 to 7471),
and ccaggcaagaatcctTgecCgtTgaGagGtaTctGaaAgaCcaGeaAct
Tcttgggatttggggttge (oligonucleotide 4) (nt 7498 to 7564).
pNLA-3R%* contains the mutant RRE** inserted as a Nhel-
BamHI fragment from pBSHIVR?* into NL4-3 (1), replacing
the homologous region. pNL4-3R**%/RRE has the wild-type
RRE (Sty 330 fragment) inserted into the Xhol site (nt 8443),
thereby destroying the nef gene.

Cells and transfections. HLtat is a HeLa-derived cell line
that constitutively expresses HIV-1 Tat (29). The cells were
transfected by the calcium phosphate coprecipitation tech-
nique as described elsewhere (11, 13), using plasmid DNA
purified on Qiagen columns according to the manufacturer’s
instructions. The cells were incubated with the precipitates for
4 h. To study the effect of Rev, the transfection mixtures
contained 1 pg of the Rev-expressing plasmid pLsrev (23) or
pL3crev (11). The luciferase expression plasmid pRSVluc (9)
was included in the transfection mixtures, and subsequent
measurements of luciferase activity in cell lysates were per-
formed to control for transfection efficiency. Similar amounts
of luciferase were produced within each experiment. One day
later, total RNA and protein were isolated from duplicate
plates as described elsewhere (15, 18).

Analyses of mRNA and protein produced from transfected
cells. Twenty micrograms of RNA was subjected to Northern
(RNA) blot analysis as described elsewhere (15). HIV-1
mRNAs were detected with probes spanning the 3’ end of the
mRNA (nt 8443 to 9118 and 6158 to 7924 of the molecular
clone HXB2). The blots were rehybridized with a B-actin probe
as described elsewhere (8). gp160 was visualized on Western
blots (immunoblots) as described elsewhere (15), by using a
mixture of HIV-1 patient plasma (Scripps Laboratory, Inc.)
and rabbit anti-gp120 antiserum. To measure gp120, the cells
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FIG. 1. Env expression is Rev dependent in the absence of utilized splice sites. HLtat cells were transfected with the splice site-mutated env
expression plasmids pISESD ™ and p15EDSS in the absence or presence of a rev expression plasmid (pL3srev). One day later, the cells were
harvested for analyses of RNA and protein. (A) Cell-associated Env was visualized by Western blot analysis using a mixture of HIV-1 patient sera
and rabbit anti-gp120 antiserum. (B) Total RNA was extracted and analyzed on Northern blots. The blots were hybridized with a nick-translated
probe spanning the Xhol-Sacl fragment (nt 8443 to 9118) of HXB2. U, unspliced mRNA; S, spliced mRNA. (C) Structures of env expression
plasmids. The plasmids that lack splice sites were generated from p15E as described in Materials and Methods. 5'SS, 5' splice site; 3'SS, 3’ splice

site.

were biosynthetically labeled for 5 h with 200 pnCi of [**S]cys-
teine per ml. Env was immunoprecipitated from the culture
medium with HIV-1 patient plasma. The proteins were sepa-
rated on 10% denaturing polyacrylamide gels and visualized
after autoradiography. Production of p37%*¢ was measured by
an HIV-1 p245“ antigen capture assay (Coulter). The expres-
sion of Gag from these plasmids was compared with Gag
production of p37M1-10D or p37M1-4.

RESULTS

The expression of env is Rev dependent in the absence of any
utilized splice sites. Previous experiments suggested a depen-
dence of env expression on the splice sites upstream of the
coding region (21). To study env expression in detail, we used
a cDNA expression plasmid pNL15E (29), producing authentic
1.5E env mRNA (Fig. 1C). We had previously shown that in
the presence of Rev the 1.5E mRNA produces Vpu and Env
from the unspliced mRNA while in the absence of Rev this
mRNA is further spliced, resulting in the 1.5.7 mRNA which
produces only Nef (29). To study the effect of splicing on env
expression, we changed the splice donor at nt 5592 by site-
directed mutagenesis (changing GCAGTA to GaAtTc), which
resulted in p1SESD ~ (Fig. 1C). Duplicate plates of HLtat cells
were transfected with p1SESD ~ in the absence and presence
of a Rev-producing plasmid. One day later, total cellular
protein was extracted, and Env was detected on Western blots

using HIV-1 patient serum (Fig. 1A). Env protein was pro-
duced only in the presence of Rev. Total RNA was analyzed by
Northern blot analysis (Fig. 1B) by hybridization to a probe
detecting the 3’ ends of the mRNAs. Despite the mutation of
the splice donor, the 1S ESD ™ mRNA was efficiently spliced in
the absence of Rev, producing a small mRNA (Fig. 1B). We
reverse transcribed, PCR amplified, and cloned the cDNA
corresponding to this mRNA. Sequence analysis revealed that
the spliced mRNA was generated by the use of an alternative
splice donor located 13 nt 3’ of the mutated splice donor at nt
5605 (TACATgtaatg) and the common splice acceptor site at
nt 7925. We confirmed that this mRNA produced Nef (data
not shown). Therefore, in contrast to published results (21),
this splice donor-mutated construct (p15SESD ™) produced a
spliceable mRNA and expressed high levels of Env in the
presence of Rev.

To rule out any effect of splicing on Rev dependence of env
expression, we mutated the splice acceptor site at nt 7925.
Since our previous analysis of cDNA clones had revealed that
in addition to this splice acceptor site (SA7) there are two
additional splice acceptor sites (SA7A and SA7B) located at nt
7897 and 7901 (29), we removed a region of 42 bp encompass-
ing nt 7884 to 7926 by site-directed mutagenesis, which re-
sulted in p1SEDSS (Fig. 1C). Northern blot analysis confirmed
that the 15EDSS mRNA was not spliced (Fig. 1B). Despite the
removal of all functional splice sites from p15EDSS, this
mRNA responds to the presence of Rev, resulting in high
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levels of Env production (Fig. 1A). We have previously studied
expression of env with a recombinant plasmid producing gp160
(15). In this construct (pL3ten), the tissue plasminogen acti-
vator leader peptide was linked to the env OREF starting at nt
5893 and ending at nt 8561. Thus, the construct lacks the
region of the splice donor sites and the env leader peptide and
contains the simian virus 40 polyadenylation signal. This
plasmid generated only unspliced mRNA and depended on
Rev for efficient Env expression.

These results, taken together with data obtained by studying
gag expression (27, 28, 31), suggest that the presence of
inefficiently utilized or unutilized splice sites is not the primary
determinant for Rev dependency. We know that at least two
unused splice sites are present in the 1SEDSS mRNA (the
alternative splice donor at nt 5605 and the splice donor of exon
6D at nt 6269). Therefore, we cannot rule out that initial
spliceosome formation, which does not lead to the execution of
splicing, could occur. It is possible that this interaction is
sufficient to retain the mRNA in the nucleus and, since no
splicing occurs, would lead to degradation of the mRNA.
Alternatively, it is possible that splice site-independent inhib-
itory RNA elements (INS) similar to those within the gag/pol
region are responsible for Rev dependency (28, 31).

Identification of downregulatory elements within gp120
mRNA. To distinguish between these possibilities, we designed
a series of constructs that allowed the identification of nega-
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FIG. 2. Env production from the gp120 expression plasmids is Rev
dependent. Duplicate plates of HLtat cells were transfected with the
indicated plasmids in the absence or presence of a rev expression
plasmid (pLsrev). One day later, the cells were harvested for analyses
of protein and RNA. (A) Protein production was measured by
immunoprecipitation after labeling for 5 h with 200 wCi of [*S]cys-
teine. Secreted processed Env (gp120) was immunoprecipitated from
the culture medium by a mixture of HIV-1 patient sera and rabbit
anti-gp120 antiserum. (B) Total RNA was extracted and analyzed on
Northern blots. The blots were hybridized with a nick-translated
HIV-1-specific probe spanning nt 6158 to 7924 (upper panel) or with
a B-actin-specific probe (lower panel). Lanes 7 and 8, duplicate
transfections with p120pA. (C) Structures of env expression plasmids.

SS, splice site.

tively acting elements located within the coding region of
gpl120 or gp4l. First, we introduced a stop codon at the
cleavage site between the extracellular gp120 and the trans-
membrane gp4l at nt 7301 in pBSISEDSS, resulting in
pBS120DSS (Fig. 2C). HLtat cells were transfected with this
plasmid in the absence and presence of Rev, and then Env
protein and mRNA production was analyzed. Northern blot
analysis showed that the BS120DSS mRNA accumulates effi-
ciently only in the presence of Rev (Fig. 2B, upper panel). To
confirm the presence of intact mRNA in the absence of Rev,
the Northern blot was rehybridized with a B-specific probe
(Fig. 2B, lower panel). Immunoprecipitation of biosyntheti-
cally labeled protein from the culture medium of cells trans-
fected with pBS120DSS confirmed the production of high
levels of gp120 only in the presence of Rev (Fig. 2A). The
release of gp120 was very efficient, since only barely detectable
amounts remained associated with the cells (data not shown).
This finding rules out the possibility that the translation of the
gp41 portion of the env cDNA is responsible for the defect in
env expression.

Next, we removed the part of the region 3’ of the stop codon
of gp120 from pBS120DSS by deleting the 5’ portion of gp41
including the RRE but leaving the HIV-1 3’ LTR as a
polyadenylation signal. The resulting plasmid (p120DR) (Fig.
2C) produced very low levels of Env (data not shown). To rule
out any effect of the polyadenylation signal on gp120 mRNA
accumulation, we replaced the complete region 3’ to the stop
codon of gp120 (consisting of gp41, including the RRE and 3’
LTR) with the simian virus 40 polyadenylation signal, resulting
in p120pA (Fig. 2C). Similarly to the data obtained for
p120DR, this construct produced low levels of gp120 mRNA
and protein in the absence of Rev (Fig. 2A and B, upper panel,
lanes 7 and 8) upon transfection into HLtat cells. This con-
struct cannot respond to Rev, since it lacks the RRE. Taken
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FIG. 3. Identification of INS elements within env. Schematic structure of p37M1-10D and the env ORF is shown at the top. Different fragments
(fragments 1 to 6) of env were PCR amplified and inserted into unique restriction sites in the polylinker located downstream of the p37¥* gene
in p37M1-10D. HLtat cells were transfected with these constructs. One day later, the cells were harvested, and p24%“¢ production was determined
by antigen capture assay. The average decrease in p24 in three experiments is shown. The construct containing fragment 5 was analyzed in separate
experiments, and the range of gag inhibition is shown. Constructs with fragments 5 and 4+5e contain the RRE and were analyzed in the absence

and presence of Rev.

together, these results demonstrate the presence of a major
INS-like sequence within the gp120 portion of env. p120pA
produces higher levels of mRNA than pBS120DSS (compare
lanes 7 and 8 with lane 1). We speculate that additional
INS-like elements located within the gp41 region (see also Fig.
3) that are present only in pBS120DSS are responsible for this
effect.

To study the effect of Rev on the mRNA produced from
p120pA, we inserted different RREs (RRE330, RRE270, and
RRED345 [33]) downstream of the gp120 stop codon, result-
ing in p120R330, p120R270, and p120RD345, respectively
(Fig. 2C). RRE330 and RRE270 are intact RREs and differ in
the length of the long stem of the predicted RRE structure.
RRED345 has an internal deletion but retains the Rev inter-
action site. We previously showed that all three RREs mediate
the Rev response to similar extents (3, 33). The expression of
gp120 in the absence and presence of Rev was analyzed by
Northern blots and immunoprecipitations. Only in the pres-
ence of Rev were high levels of gp120 protein and mRNA
produced from p120R330 (data not shown), p120R270 (Fig.
2A and B), and p120RD345 (Fig. 2A and B). We had
previously reported that the presence of Rev increases not only
the cytoplasmic levels of RRE-containing mRNAs but, very
importantly, also their polysomal loading and hence their
expression (8). This explains the finding that similar levels of
mRNA (Fig. 2B, upper panel; compare lane 2 with lanes 5, 7,
and 8) produce different amounts of Env (Fig. 2A; compare
lane 2 with lanes 5, 7, and 8).

These data further support our observation that major
INS-like elements are located in the gpl20 region. In the
presence of the RRE in cis and Rev in trans the downregula-
tory effect of these elements can be overcome efficiently.

Localization of the regions responsible for Rev dependence
of the HIV-1 env mRNA. To locate elements within the env
ORF that have a downregulatory effect in vivo, we designed
the following approach. The env ORF was subdivided into
different consecutive fragments. These fragments and combi-
nations thereof were PCR amplified with synthetic oligonucle-
otides and inserted downstream of the mutated p378° gene in
the indicator plasmid p37M1-10. p37M1-10 expresses the
HIV-1 p37%% gene in a Rev-independent manner, since all its
inhibitory elements were eliminated (27, 28, 31). Upon trans-
fection into HLtat cells, this plasmid produced high levels of
p37%° that were quantitated by HIV-1 p245°¢ antigen capture
assay. The presence of the individual fragments (fragments 1 to

6) as well as the combination of fragments 1 and 2 decreased
gag expression two- to fivefold (Fig. 3). In contrast, the
combinations of fragments 1 to 3 and fragments 4 and Se
drastically lowered gag expression (25-fold). Analysis of total
mRNA on Northern blots showed that low levels of unspliced
hybrid mRNAs were produced from these plasmids in the
absence of Rev (data not shown). These data suggest that the
presence of these elements affects mRNA accumulation and
therefore their expression. These results further indicate that
strong downregulatory elements span regions of fragments 2 +
3 and 4 + 5Se. Alternatively, more than one element is present
within these regions, resulting in the profound effect observed
with a combination of two fragments. We conclude that
multiple regions that are responsible for inhibiting expression
in HIV-1 env exist and combinations of such regions may result
in additive or synergistic inhibition.

It is interesting that the insertion of fragment 5 alone (the
intact RRE or RRE330) affected gag expression to a lower
level compared with that for fragment 4+5e. Cotransfection of
the expression vectors containing fragment 5 or 4+5e together
with a Rev-producing plasmid resulted in an increase of gag
mRNA and protein production to levels similar to the level
produced by the parent plasmid p37M1-10 (data not shown).

To address whether the RRE element has a major contri-
bution in the downregulatory effect observed, we designed
oligonucleotides that change the nucleotide sequence but do
not affect the amino acid composition of Env. The nucleotide
composition of the RRE element was changed in three regions
by site-directed mutagenesis (for details, see Materials and
Methods), resulting in mutant RRE?**. To test whether the
downregulatory effect of the RRE was eliminated, we inserted
the mutant RRE** as a 330-bp Syl fragment (corresponding
to fragment 5) into the indicator plasmid p37M1-4, generatin,
p37M1-4R?**. HLtat cells were transfected with p37M1-4R?*%,
and Gag production was measured the following day. Figure
4A shows that insertion of the wild-type RRE330 lowered gag
expression ninefold compared with that for the parent plasmid.
In contrast, insertion of the mutant RRE** did not lower gag
expression. Therefore, the nucleotide changes in regions cor-
responding to oligonucleotides 2, 3, and 4 within the RRE
eliminated its downregulatory effect. In addition, we inserted
the mutant RRE®* into the fully Rev-dependent plasmid
pNLgag (33), which contains the complete HIV-1 gag gene
expressed from the LTR promoter. Since the presence of Rev
did not increase expression from this construct (data not
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FIG. 4. Multiple point mutations within RRE eliminate its down-
regulatory effect. Mutant RRE, RRE®*, was inserted into the gag
expression plasmi2(134p37M1-4 and the molecular clone pNLA4-3, result-
ing in p37M1-4R?** and pNLA-3R?**, respectively. pNL4-3R***/RRE
contains both the mutant and the wild-type RREs. Open box, wild-type
RRE; X X X, mutant RRE?**, HLtat cells were transfected with these
plasmids, and the wild-type and mutant RRE-containing plasmids
were compared in terms of Gag production. Gag production from the
different gag expression plasmids (A) and that from the molecular
clones (B) are shown.

shown), we conclude that the introduced mutations destroyed
the secondary structure of RRE, thereby abolishing the Rev
interaction.

We then inserted mutant RRE** into an otherwise intact
provirus clone, generating pNLA-3R?**. Upon transfection into
HLtat cells (Fig. 4B) or the lymphoid cell line HPB-ALL (data
not shown) no Gag production, and hence no virus expression,
was detected. These experiments demonstrate that the elimi-
nation of the downregulatory effect of RRE did not result in
expression. Furthermore, Rev cannot activate expression of
pNL4-3R?*4, since its interaction sites on the mutant RRE

HIV-1 env EXPRESSION 2991

were destroyed (see above). Insertion of the intact RRE into
the Xhol site located within the nef gene of pNLA-3R*3*
generated pNL4-3RZ4RRE. Upon transfection into HLtat
cells, high levels of Gag expression, comparable to those
produced by wild-type pNL4-3, were produced from this
construct (Fig. 4B). In this case, Rev-mediated HIV expression
occurs via the introduced RRE element that counteracts the
negative determinants on the viral mRNAs. These data further
support our findings that multiple elements causing the low
expression of the unspliced and intermediate spliced mRNAs
are present within HIV-1. The elimination of one element is
not sufficient to render HIV-1 mRNAs Rev independent in
human cells.

DISCUSSION

The experiments presented here show that the expression of
the intermediate spliced env mRNA 1.5E in human cells
depends on Rev even in the absence of any functional splice
sites. This observation is in agreement with data obtained
previously from experiments in which the gp160 ORF was
expressed from a hybrid recombinant plasmid that produced
low levels of an unspliced mRNA in the absence of Rev (15).
Studying env expression, Brighty and Rosenberg (4) similarly
concluded that splicing is not the determinant for Rev depen-
dence in Drosophila cells. Taken together, these data strongly
suggest that elements distinct from splice sites are responsible
for the inefficient expression of these mRNAs.

Our data contradict another model for Rev function, pro-
posed by Chang and Sharp (5). Studying the expression of an
HIV env-B-globin hybrid mRNA, the authors suggest that the
presence of splice sites in the unspliced and intermediate
spliced viral mRNAs is responsible for nuclear retention
resulting in unstable mRNAs. Rev dissociates the precursor
mRNAs from the spliceosomes, allowing their transport to the
cytoplasm. This idea was further supported by experiments
performed by Lu et al. (21), showing that removal of the splice
donor upstream of the env AUG resulted in unstable mRNA
that did not respond to Rev. We mutated the same splice
donor as described by Lu et al. (21) (changing the splice donor
region from GCAGTA to GaAtTc compared with GCAtTA).
However, this mutated mRNA was efficiently spliced by using
an alternative splice donor located 13 nt downstream of the
mutated splice site and depended on Rev for expression. It is
possible that the different expression vectors and/or cell lines
studied are responsible for the observed difference. The con-
structs studied by Lu et al. (21) were based on a highly
replicative vector system that expressed an env—f-globin hybrid
mRNA and were studied in monkey Cos-1 cells. Our results
are based on the expression of the authentic vpu/env cDNA
1.5E in human HeLa cells. This cDNA encodes an mRNA
identical to the one produced by the HIV-1 provirus in the
infected cells.

Our findings on intermediate spliced mRNA 1.5E are sim-
ilar to our data previously obtained by studying the determi-
nants regulating the expression of the gag/pol genes (11, 15, 27,
28, 31), suggesting that elements independent of splice sites
are responsible for low expression. Subsequently, several re-
gions within gag/pol responsible for the low expression were
characterized in detail (27, 28, 31). Several of these elements,
called INS, were eliminated by changing their nucleotide
composition, resulting in Rev-independent gag expression. All
identified INS elements spanned long regions of 200 to 300 nt;
multiple nucleotide changes were necessary to destroy their
downregulatory effect. Our studies on the gag-env hybrid
mRNAs revealed that combinations of fragments 2 and 3 and
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fragments 4 and Se (Fig. 3) synergistically lowered gag expres-
sion, while each fragment alone only marginally affected gag
expression. These results suggest that strong downregulatory
elements span regions of fragments 2 or 3 and 4 or Se.
Alternatively, more than one element is present within these
regions, resulting in the pronounced effect observed with
combinations of two fragments. Previous studies had proposed
that either of these regions is respansible for the low expres-
sion (10, 26). In contrast, our results suggest that a combina-
tion of these regions is responsible for the low expression of
the env mRNA. Experiments are in progress to introduce point
mutations that alter the nucleotide composition of these
regions, applying the same method used to inactivate down-
regulatory elements within the gag/pol region (27, 28). Since
the downregulatory effect of these INS-like elements is present
in the absence of viral factors, we propose, by analogy to the
INS elements in gag/pol, that these elements are RNA binding
sites of cellular factor(s). Experiments are ongoing to deter-
mine the underlying cellular mechanism responsible for this
downregulation and to compare the mechanisms of function of
the different elements.

To regulate viral expression, the lentiviruses and the human
T-cell leukemia virus family of retroviruses depend on Rev or
Rex factors. The requirement for Rev dependence has been
studied best with HIV-1. An interesting question is why some
of these viral mMRNAs contain multiple downregulatory ele-
ments. Since the env region is present in all the Rev-dependent
mRNAs (unspliced and intermediate spliced), this region
could be sufficient to confer posttranscriptional regulation. In
this context, Brighty and Rosenberg demonstrated that, in
Drosophila cells, only the RRE is responsible for low expres-
sion in the absence of Rev and necessary for Rev-mediated
expression (4). The idea that the RRE has a dual function is
intriguing. Studies with human cells demonstrated that the
insertion of the RRE in various constructs such as HIV-1
mutant gag genes pl7M1-4 (36), p37M1-10 (Fig. 3), and
p37M1-4 (Fig. 4A); HIV-1 tat; and Rous sarcoma virus gag
(our unpublished data) decreased expression 2- to 10-fold by
affecting the RNA levels. In all these examples, the presence of
Rev counteracted this RRE-mediated decrease, resulting in a
proportional increase of expression. Nucleotide changes within
the RRE that were designed to eliminate its downregulatory
effect were inserted into a molecular clone of HIV-1. As
anticipated from the studies of subgenomic hybrid mRNAs,
such an RRE mutant virus could not be expressed. The data
presented here demonstrate that the RRE is not the only
downregulatory element. We identified other regions whose
presence affects env mRNA accumulation in an independent
or additive manner in human cells.

Rev-independent expression of gag and env was reported
with either the dihydrofolate reductase selection system (20) or
the vaccinia virus expression system (17, 35). The dihydrofolate
reductase selection in chinese hamster ovary cells results in
high amplification of the introduced gene. Vaccinia virus
replicates and expresses its proteins in the cytoplasm and,
therefore, bypasses the nucleus. These differences may explain
the Rev-independent production of the viral structural pro-
teins in these systems.

Interestingly, a plasmid containing only the gp120 OREF,
such as p120pA, does not produce high levels of Env in human
cells (Fig. 2), while a gp120-encoding plasmid is expressed at
high levels in Drosophila cells (4). The RRE seems to be the
only negative determinant within env mRNA in the Drosophila
system. In contrast, introduction of a mutant RRE into the
complete virus has no positive effect in human cells. Taken
together, these data suggest that determinants for low expres-
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sion and/or their downregulatory strength may differ in differ-
ent cell types. This conclusion is in agreement with our model
proposing that cellular factors interact with these RNA ele-
ments and affect the posttranscriptional regulation of the
mRNAs. We speculate that these factors may act differently in
human and Drosophila cells. Their identification may lead to
understanding posttranscriptional HIV-1 regulation in more
detail and may also shed light on the posttranscriptional
regulation of cellular mRNAs.
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