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FIG. 6. (A) Structure of the HIV-1 genome and of expression plasmids pNL17R and pNL1.4.7. Open, shaded, or black bars indicate
ORFs. The RRE is indicated. (B) Northern blot analysis of total RNA from HLtat cells transfected with pNL17R in the presence (+) or
absence (—) of pHCMVsrev or with rat cDNA pNL1.4.7. (C) Western blot analysis of extracts from HLtat cells transfected with pNL17R

in the presence (+) or absence (—) of pHCMVsrev.

tory step in gene expression (for reviews see references 8
and 11 and references therein). In the mRNAs studied to
date, it appears that there exist regions controlling instability
rather than stability and that more than one instability region
may be present in the same mRNA. Among the mRNAs for
which instability is important in regulating expression are the
mRNAs encoding products involved in growth control, such
as c-fos, c-myc, lymphokines, and cytokines. Histone and
transferrin receptor mRNAs are also regulated by mRNA
stability.
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FIG. 7. Northern blot analysis of nuclear (N) and cytoplasmic
(C) RNAs prepared from HL3T1 cells cotransfected with both tat
cDNA pNL1.4.7 and pTRG(330-961). Transfections were performed
as described in Materials and Methods. Nuclear and cytoplasmic
RNAs were separated as described by Greenberg and Ziff (24). The
positions of the RNAs are indicated on the left.

Sequences specifying RNA instability have been mapped
to AU-rich regions in the 3’ untranslated regions in cellular
mRNAs encoding granulocyte-macrophage colony-stimulat-
ing factor (54), c-myc (28, 44), and c-fos (56, 61, 63). Recent
reports have also described elements which are located in
the coding regions of c-myc and c-fos mRNAs and which
affect the stability of these mRNAs (55, 64). The gag INS-1
sequence has an AU content of 61.5%, a content which is
high compared with that of zat mRNA and most cellular
mRNAs, which have AU contents of about 50%. The
pentanucleotide AUUUA, which has been suggested to be
an important determinant of RNA instability in cellular
mRNAs (54), was not present in INS-1, indicating that the
gag sequence contains a novel regulatory RNA element.
Further mutagenesis experiments and comparisons with
other elements are required to define the instability determi-
nants in more detail. In this context, it is interesting that nine
copies of the sequence AUUUA exist within the gag-pol
region of HIV-1. These elements may be associated with the
additional instability regions suggested by our data. Se-
quence analysis has shown that all the studied lentiviruses
contain AU-rich regions (for a review, see reference 6la),
suggesting that these viruses may have similar regulatory
circuits.

Rev protein acts on RRE-containing mRNAs by promot-
ing nuclear export and mRNA utilization (4, 16, 19, 26, 36).
It has been reported that splice sites are required for Rev
regulation and that they act by retaining the unspliced
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FIG. 8. (A) Analysis of mRNA stability with actinomycin D. One
microgram of pNL1.4.7 and 3 pg of pTRG(330-961) were cotrans-
fected into HL3T1 cells. The cells were treated with actinomycin D
20 h posttransfection. RNA was harvested at various times after the
addition of actinomycin D (indicated at the top of the figure). The
positions of the two different mRNAs are indicated on the left. (B)
Quantitation of the Northern blots with the AMBIS radioanalytic
imaging system. Symbols: [, 1.4.7 mRNA levels; ®, TRG(330-961)
mRNA levels. One representative experiment of three is shown.

mRNAs in the nucleus (9, 34). The participation of splice
sites in the Rev regulatory pathway was suggested by
experiments performed with mutated globin splice sites (9).
It was postulated that the Rev-RRE interaction dissociates
the unspliced or partially spliced mRNAs from the spliceo-
some complex. Additional experiments with mutated env-
expressing molecular constructs also suggested the necessity
of 5' splice sites upstream of the env AUG for Rev regulation
(34). The requirement for splice sites does not appear to be
general, since gag-containing plasmids are dependent on
regulation by Rev in the absence of any functional 5’ splice
sites (19). Furthermore, tat mMRNA contains three functional
3’ splice sites that can be activated by the introduction of an
upstream 5’ splice site (9a). However, the presence of these
3’ splice sites on tat mRNA does not inhibit Tat expression
(3, 18, 38, 50), indicating that not all viral splice sites can
inhibit the expression of viral mRNAs in the absence of Rev.

All retroviruses express Gag and Gag-Pol proteins from
unspliced mRNAs that contain unused splice sites. The
retroviral splice sites are inefficient by design (29, 30, 59, 60),
and a mix of unspliced and spliced mRNAs is therefore
generated to produce the correct proportion of structural
viral proteins. Thus, if unused splice sites led to nuclear
retention or RNA degradation, we would expect that all
retroviral gag-pol mRNAs would be defective. The existing
evidence suggests that they are not. For example, Rous
sarcoma virus Gag and Pol proteins are expressed in mam-
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FIG. 9. Graphic representation of the AU content within the
INS-1 region. Two subregions with very high AU contents exist
within INS-1. The deletions affecting these subregions and their
phenotypes are shown at the bottom.
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malian cells in the absence of other viral proteins (37, 62). In
contrast, study of the expression of Gag and Env proteins
of complex retroviruses, even in the absence of any func-
tional splice sites, strongly suggests that the corresponding
mRNAs are defective in expression unless viral Rev (or Rex)
protein is present. This evidence suggests that these viruses
may contain specific inhibitory RNA sequences which are
not present in the less complex retroviruses.

The INS-1 element affects the abundance of gag-contain-
ing mRNAs. This effect may be different from that of the
splice sites in HIV-1 env, which have been shown to inhibit
the transport of RNAs from the nucleus to the cytoplasm (9,
34). An alternative explanation for the low levels of gag-
containing RNAs may be that these mRNAs are processed
differently from most cellular mRNAs or by an alternative
pathway that requires Rev. These proposals are not mutually
exclusive, and the results of different laboratories suggest
that the viral transcripts are defective for more than one
reason. To explain the different observations, we have
proposed that Rev acts as a chaperone to guide RRE-
containing mRNAs through a specific transport and utiliza-
tion pathway which is initiated immediately after transcrip-
tion and leads to efficient translation (4). This pathway must
provide partial protection from splicing and degradation
within the nucleus. This hypothesis is consistent with all the
experimental results and explains the stabilization, trans-
port, and translational effects. According to this view, the
Rev-RRE interaction is a positive interaction needed to
correct a preexisting defect on the viral mRNAs caused
by several INS elements. The splice sites in env (9, 34) and
the INS-1 sequence in the gag gene may act at different
stages of posttranscriptional processing of the HIV-1
mRNAs. Sequences similar in function to INS-1 may also be
present in the env region. Regions in the env gene have been
shown to down-regulate CAT expression when linked to the
CAT gene (47) and to inhibit the expression of Tat from a
hybrid rat-env cDNA (40). Similarly, we have evidence that
instability sequences also exist in the gag gene of other
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complex retroviruses (58a). It has also been shown that
human T-cell lymphotropic virus types I and II contain
inhibitory sequences in the US region of the LTR (7, 53). The
function of these sequences has not been characterized in
detail.

The presence of mRNA-destabilizing sequences such as
INS-1 in the gag gene may reflect a requirement for low or
no expression of structural proteins at certain stages of the
viral life cycle. This requirement may be necessary for a
low-level or latent infection to occur. It has been shown that
some monocytoid cell clones silently infected with HIV-1
produce only multiply spliced and singly spliced mRNAs,
while full-length gag-pol mRNAs are not detected in these
cells (43). These results further suggest a requirement for
down-regulation of the gag-pol mRNA levels for a silent
infection to occur, indicating that the expression of these
mRNAEs is selectively inhibited. -

In conclusion, we present evidence arguing that unspliced
HIV-1 mRNAs contain distinct sequences other than splice
sites which decrease the stability of the viral mRNAs
and inhibit the expression of these mRNAs in the absence
of Rev. Given these results, it is possible that multiple
elements, acting by more than one mechanism, affect the
transport, stability, and utilization of HIV-1 mRNAs. It is
reasonable to hypothesize that these inhibitory sequences,
not previously found in other retroviruses, have an impor-
tant function in the life cycle of HIV-1 and other lentiviruses.
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