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1. ABSTRACT 2. INTRODUCTION

Alternative splicing plays a key role in the The choice between alternative splice sites is
production of numerous proteins by complex lentiviruses prevalent in higher eukaryotic genomes, since about 75%
such as HIV-1. The study of HIV-1 RNA splicing has of the genes are regulated by alternative splicing of their
provided useful information not only about the physiology pre-messenger RNAs (1). On the basis of data accumulated
of the virus, but also about the general mechanisms that over the last 15-20 years, a number of general features have
regulate mammalian pre-mRNA alternative splicing. Like started to emerge to explain how alternative splicing is
all retroviruses, a fraction of HIV-1 transcripts remains regulated in cells, leading the scientists from this field to
intact to serve as genomic RNA and to code for Gag and believe that the elucidation of a "splicing code" can now be
Gag-Pol protein precursors. In addition, splicing is envisaged (2). One of those general rules is the existence of
important for controlling the production of some viral antagonistic mechanisms that allow either the activation or
proteins, which could otherwise have a negative effect on the repression of alternative splice sites, driven by a variety
the infected cell. Here, we summarize how the utilization of of cis-acting splicing enhancers and silencers. Two main
HIV-1 splicing sites is limited by the binding of nuclear families of proteins are considered as mediators between
factors to cis-acting silencer elements, taking into account the cis regulatory elements and the spliceosomal
the role of RNA secondary structure in these mechanisms. machinery: serine/arginine-rich (SR) proteins and hnRNP
We also describe how the poorly efficient HIV-1 acceptor proteins that recognize splicing enhancers and splicing
sites are nevertheless activated by serine/arginine-rich silencers, respectively, although there are exceptions to this
proteins. Finally, we discuss how nuclear factors that general view (3). In addition, other parameters are known
interact with both the transcription and splicing to influence alternative splicing, including the dynamic
machineries also participate in the control of HIV-1 RNA coupling between transcription and other RNA processing
splicing. events (4), or the presence of RNA secondary structure (5).
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Figure 1. Schematic organisation of the HIV-1 proviral genome. (A) HIV-1 genome contains 5 donor splice sites (D1, D1A, D2,
D3 and D4) and 9 acceptor splice sites (A1, A1A, A2, A3, Adc,a,b, AS and A7) (8,11). Sites A1A and D1A have been reported
to be preferentially involved in pre-mRNA stabilization (11). In addition, strains from the IIIB family of HIV viruses contain the
additional A6 and D5 pair of sites (95). The LTRs which flank HIV-1 DNA in the host genome are composed of U5 (grey box),
R (black box) and U3 (white box). The Rev Response Element (RRE) is represented by a yellow box. Little red boxes represent
the ESSV, ESS2p, ESS2, ISS and ESS3 splicing silencer elements. Little green boxes represent ESE2, GAR ESE and ESE3
splicing enhancer elements (ESE3 is both an enhancer and a silencer) (38). Regions 2600 to 4500 (downstream from site A1A)
and 6800 to 7600 (upstream of site A7) were not represented to simplify the figure. The nucleotide numbering corresponds to the
NL4-3 HIV-1 strain. (B) Organization of the open reading frames of the HIV-1 genome. The nine ORFs code for protein
precursors Gag, Gag-Pol and Env, regulatory proteins Tat, Rev and Nef, and auxiliary proteins Vif , Vpr and Vpu. (C) and (D)
Messenger RNAs produced during early (C) and late (D) phases of HIV-1 infection. White boxes represent exons which are not
systematically included in messenger RNAs.

3. OVERVIEW OF HIV-1 ALTERNATIVE SPLICING HIV-1 Bru strain). This RNA has numerous functions in
IN THE CONTEXT OF VIRAL INFECTION virus multiplication. It is encapsidated as genomic RNA to
produce new viruses and also used as messenger RNA for
Alternative splicing plays a key role in the translation of the Gag and Gag-Pol precursor proteins. On
complex process of HIV-1 multiplication. After integration the other hand, it has to be spliced to produce mRNAs
of the proviral ¢cDNA into the host genome, RNA encoding the Env precursor protein as well as numerous
polymerase II (RNA Pol II) recognizes the LTR promoter. regulatory and auxiliary proteins (Figure 1B). One of the
In the absence of the viral protein Tat, the vast majority of regulatory proteins, Rev, plays a key role in the transport of
the transcripts that are produced are very short (TAR a fraction of the unspliced transcripts into the cytoplasm.
RNA), because of transcriptional pausing of RNA Pol II
(6,7). In contrast, when Tat is present, its association with HIV-1 RNA splicing is very complex, as HIV-1
the TAR element, located at the 5’ extremity of the RNA contains at least 5 splicing donor sites (5’ ss) and 8 to
transcripts, allows the recruitment of cyclin T1 and CDKO9, 9 splicing acceptor sites (3’ ss) (8-11) (Figure 1A). The
components of  p-TEFb.  Consequently = CDK9 combined utilization of these splice sites leads to the
phosphorylates the CTD of the large subunit of RNA Pol II production of at least 40 distinct mRNAs in infected cells
and other transcription factors, resulting in the synthesis of (8,12). In early stages of the multiplication cycle,
full length viral RNA (9229 nucleotides in the case of the transcripts are multiply spliced. They predominantly
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Figure 2. Sequence of the HIV-1 5' (donor) and 3' (acceptor) splice sites. Nucleotides of 5' ss which do not base-pair with Ul
snRNA are indicated in red, and those which are expected to base-pair with U6 snRNA are marked by an asterisk. Exon-intron
and intron-exon junctions are represented by verticals bars. Numbers in brackets indicate the relative efficiency of utilization (in
%) of splice sites in vivo (17). Underlined nucleotides represent identified or putative branch points (18,34,35). N=A, C, G or U;

Y=C or U; R=A or G.

encode the regulatory Tat and Rev proteins, which are
absolutely required for virus multiplication, as well as Nef,
whose absence results in a lower efficiency of
multiplication (13). During this early stage, alternative
splicing of HIV-1 RNA takes place on the basis of the
relative strengths of the various 5’ and 3’ splice sites
(Figure 1C).

In a second step of cell infection by virus HIV-1,
the Rev protein plays a key role in the fate of viral
transcripts. Indeed, when enough Rev has been produced, it
recognizes a strong binding site within the Rev Response
Element (RRE) and multimerizes on this element, allowing
the CRM1-dependent export of unspliced or singly spliced
HIV-1 RNAs into the cytoplasm (14). At this late stage of
the multiplication cycle, a large fraction of the transcripts is
transported in an intact form into the cytoplasm. The singly
spliced mRNAs encode the Env precursor and the Vif, Vpr
and Vpu auxiliary proteins (Figure 1). Vpr, which has an
early function in the transport of the pre-integration
complex into the nucleus, plays several important functions
for virus multiplication (15). Vif is involved in virus
assembly (16). Therefore, at this stage, both the Rev action
and the relative strengths of the splice sites D1, D2 and D3
and Al to AS, define the splicing pattern of HIV-1 RNA
(Figure 1D).

Although the HIV-1 5’ ss are not optimal, most of
them have a rather good complementary with Ul snRNA,
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especially D1 and D4 (Figure 2). The relative strengths of
the donor sites were evaluated both in vitro and in vivo
(17,18), and they correlate well with the level of
complementarity with Ul snRNA. This suggests that
regulation at the 5 ss is limited and up to now, only a few
splicing enhancers were found to act at 5° ss: for example
the GAR element located upstream of site D4, binds the SR
proteins ASF/SF2 and SRp40, and activates site D4
utilization (19,20).

Site D1 is the most efficient of all the HIV-1
5’ ss. All the downstream splicing events depend on its
presence since no splicing occurs when it is mutated (21). It
is located in an RNA region that contains several important
functional elements and has a highly conserved 2D RNA
structure in all HIV-1 strains (22,23). A dependency of site
D1 efficiency on this peculiar 2D structure was recently
shown (24). Recent studies have shown that the low
strength of the D2 and D3 5’ss is important to limit
splicing at the upstream 3’ss Al and A2, respectively
(25,26) and therefore maintains the required level of
unspliced RNA. Interestingly, unusual functions, not
related to splicing, have been attributed to some of the
HIV-1 5’ss. For instance, site D1 is responsible for
preventing premature cleavage and polyadenylation at a 3’
processing site located 70 nts downstream from the cap
structure (27,28). Another example is the role of site D4 in
stabilization of the env mRNA, which relies on the base-
pairing of Ul snRNA with the 5' ss and on the stabilization



RNA structure and protein factors in HIV-1 splicing

of Ul snRNP by ASF/SF2 bound to the upstream GAR
element (19). A recently identified additional D1A site is
also proposed to participate to the stability of unspliced
RNA (11). In addition, Ul snRNA complementary
sequences in HIV-1 RNA were also recently found to
facilitate the recruitment of some components of the
transcription machinery (29), reinforcing the idea of cross-
talk between transcription and splicing complexes (see also
Section 9).

All the HIV-1 3’ ss are suboptimal (Figure 2).
They include suboptimal polypyrimidine tracts (PPT) (30-
32) and non-canonical branch-site sequences (33-35). For
some 3’ss, two or more branch points can be used,
including nucleotides other than adenosine residues and
they exhibit moderate or low intrinsic efficiency
(31,33,36,37). In addition, 3’ ss are frequently included
within highly stable 2D RNA structures, as shown for sites
A3, Adb,a,c, AS and A7 (32,38,39). Their utilization is
down regulated by the presence of numerous cis splicing-
silencer elements (ESS) that bind hnRNP proteins, most
frequently hnRNP A1/B (38,40-45). By counteracting all
these negative characteristic features of HIV-1 3’ ss, SR
proteins (ASF/SF2, SC35, SRp40 or 9G8) allow viral RNA
splicing (35,44,46-48). However, this is a slow process as
compared to some efficiently spliced cellular pre-mRNAs,
so that RNA folding is likely to take place prior to splicing.
In addition, HIV-1 RNA splicing is an ordered process, as
introns are eliminated according to their order of
appearance, starting from the 5° extremity of the RNA
molecule (21). Furthermore, the equilibrium between
spliced and unspliced RNAs depends also on the presence
of the suboptimal D2 and D3 5’ ss (25,26).

Studying the complex regulation of HIV-1
RNA alternative splicing is very important to fully
understand the biology of this virus and to define new
therapeutic strategies to limit its multiplication. It also
represents a good model to study the mechanisms of
alternative splicing in vertebrates. Three of the eight
3’ ss (A2, A3 and A7), which are conserved in all HIV
strains, are subjected to very tight regulation. They have
been intensively studied, by us and others: sites A2 and
A3 are used for vpr and tat mRNA production,
respectively. Site A7 is used for both zat and rev mRNA
production (Figure 1). A competition between hnRNP
A1/B and SR proteins was found to occur at these three
sites. However, the mechanisms involved at each of
these sites display specific characteristics, due to a
different organization of the protein binding sites and to
the influence of the RNA 2D structure. In the next part
of the review, we will focus on these 3 splice sites and
will highlight the role of the HIV-1 RNA secondary
structure that is known to be crucial for the synthesis of
full-length RNA (TAR element) and for the export of
unspliced RNA (RRE). When appropriate, we will also
complete our review with some additional unpublished
data. For complementary information see the review
“Modulating HIV-1 RNA processing and utilization” by
McLaren et al. in this series and a previously published
review by Stoltzfus and Madsen (49).
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4. A SMALL REGULATORY ELEMENT THAT
FOLDS INTO A STEM-LOOP STRUCTURE
CONTROLS SITE A2 UTILIZATION

MT Stoltzfus and colleagues first identified a 24-
nt sequence downstream from site A2 in the HIV-1 RNA.
This sequence, containing three PyUAG motifs (numbered
1, 2 and 3 in Figure 3) was called ESSV (V for Vpr)
because its binding to hnRNP Al was found to have a
strong negative effect on site A2 utilization (41) (Figure 3).
They also showed that this negative effect on site A2
results from the limited association of U2AF65 to the PPT
(50). In parallel, we found that the SR protein ASF/SF2
strongly activates site A2 utilization, both in vitro and in
cellulo (48). Among the four SR proteins that we tested in
cellulo (SC35, SRp40, 9G8 and ASF/SF2), only ASF/SF2
strongly favoured site A2 utilization at the expense of sites
Al, A3, Adb,a,c and A5 (48) and this was confirmed by the
Darlix team, using an HIV-1 pNL4-3 clone (51). In
agreement with these data, the IDC16 indole derivative that
specifically suppresses splicing activation by ASF/SF2 is a
strong inhibitor of site A2 utilization in vivo and in vitro,
and the addition of a large excess of recombinant ASF/SF2
in vitro can compensate partially the inhibitory effect of
IDC16 (52). More recently, Madsen and Stoltzfus refined
the ESSV limits by generation of dinucleotide substitutions
in the 24-nt sequence of ESSV within plasmid pAPSP (25).
This plasmid contains an HIV-1 pNL4-3 cDNA truncated
within the D1-A1 intron, but it retains all the HIV-1 splice
sites which have the same relative efficiency as in the entire
HIV-1 RNA (32,41). ESSV was redefined as a 16-nt
element containing PyUAG motifs 2 and 3, and an
important AUAG element (motif 4 in Figure 3). Mutations
in the (Py/A)UAG elements 2-4 have a strong positive
effect on splicing at site A2. In contrast, mutations in the
sequence between elements 1 and 4 have a negative effect
on splicing, suggesting that they contain an enhancer
element (25). Importantly, when some of the mutations in
the restricted ESSV were generated in the entire pNL4-3
HIV-1 virus, replication was reduced by 95% and exon 3
inclusion was increased as expected from the increased A2
activity. In addition, the levels of unspliced RNA and p55-
Gag were strongly reduced (25).

We recently obtained additional structural
information which explains the competitive action of
hnRNP A1l and ASF/SF2 at site A2 (submitted data). First,
the 2D structure of the HIV-1 RNA region, which contains
exon A2-D3 and both the functional and regulatory
elements of site A2, was established in vitro, using
chemical and enzymatic probes in conditions of in vitro
splicing assays (Figure 3). As shown in figure 3, exon A2-
D3 folds into a stem-loop structure (SLS 4-A2). The
possibility to form this 2D structure is highly conserved in
HIV-1 strains. In the established structure, the identified A2
branch-point sequence (BP) is involved in a stable base-
pair interaction. In contrast, the polypyrimidine tract (PPT)
is only partially base-paired and site A2 is located at the
junction between two helices. The 4 (Py/A)UAG elements
of the ESSV element are located in the apical part of SLS
4-A2 (Figure 3).
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Figure 3. Proposed secondary structure for the HIV-1 Bru region containing the A2 3’ ss and its functional and regulatory
element. The structure of stem-loop sequences SLS 1,2,3,4-A2 and helix 2-A2 was defined by enzymatic and chemical probing
(submitted data). The branch-site sequence (BS) is in orange. The polypyrimidine tract (PPT) and the A2 3’ ss are in blue, site D3
is in green and the intron-exon and exon-intron junctions are shown by arrows. Sequences in red correspond to the three PYUAG
elements numbered 1, 2 and 3 initially identified as putative hnRNP Al binding sites in ESSV (41) and the AUAG motif (
(Py/A)UAG 4) that is important for splicing inhibition in cellulo together with elements 2 and 3 (25). Residues required for
ESSV activity according to Madsen and Stoltzfus are in bold (black or red), and residues which may correspond to an enhancer

element are in green.

A precise delineation of the hnRNP Al binding
sites on SLS 4-A2 was obtained by footprinting analysis of
complexes formed between a HIV-1 Bru RNA fragment
(4807 to 5039) and recombinant hnRNP Al (data
submitted). As expected, protections were detected in the
apical part of SLS 4-A2 that contains ESSV and the strong
protection of the G residue 5007 in the AUAG motif
confirmed hnRNP A1 binding to this motif. In addition, the
5” strand of the internal loop I in SLS 4-A2 (4983 to 4989),
as well as site A2, were also protected (Figure 4A). In
contrast, the entire PPT sequence became highly accessible
in the presence of hnRNP Al, suggesting that the
previously demonstrated inhibition of U2AF65 binding to
PTT (50) does not result from a simple masking of the PTT
by hnRNP Al. A complete protection of the SLS 4-A2
region from position 4970 to 5018, including the intron-
exon junction, was also observed when RNA probing was
performed using HeLa cell nuclear extract rather than pure
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hnRNP A1l (data submitted). Once again, only a very
limited protection of the PTT sequence was obtained
(Figure 4A) in agreement with Stoltzfus’s data showing a
weak binding of U2AF65 (50). These data demonstrate that
competition between hnRNP Al and splicing factors takes
place at the intron-exon junction and not at the PPT.

Several polypurine-rich sequences known to be
recognized by ASF/SF2 (53,54) are present in the intron
sequence located upstream of site A2. However, their
mutation or deletion had no effect on splicing efficiency at
site A2, or on its activation by ASF/SF2 (submitted data).
In contrast, AG to CU substitutions in the (Py/A)UAG 2, 3
and 4 of ESSV increased the splicing activity of the
resulting substrate in vitro and in cellulo (25). For a more
precise delineation of the ASF/SF2 binding sites, the
complexes formed between an HIV-1 Bru RNA fragment
(4986 to 5010) and recombinant ASF/SF2 were analysed
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Figure 4. Proposed model for hnRNP A1l and ASF/SF2 binding to the HIV-1 RNA region containing the 3’ ss A2. (A) Schematic
model of binding and silencing activity of hnRNP A1 based on footprinting data on complexes formed with recombinant hnRNP
Al (submitted data). (B) Schematic model of binding and enhancing activity of ASF/SF2 based on footprinting data on
complexes formed with recombinant ASF/SF2 (submitted data). Nucleotides in full circles correspond to nucleotides which are
protected by hnRNP A1 (T1 RNase, panel A) or ASF/SF2 (chemical modifications and RNAse digestions, panel B). In panel A
the nucleotides in squares show an increased reactivity to T1 RNase in the presence of hnRNP Al. The polypyrimidine tract

(PPT) and 3’ ss A2 are in blue.

by enzymatic footprinting assays (data submitted). Strong
protections were found to extend from position 4986 to
5008 including the AUAG motif 4 of ESSV, suggesting the
binding of at least 2 molecules of ASF/SF2 (Figure 4B). In
agreement with Madsen and Stoltzfus’s data, ASF/SF2
interacts with the segment linking motifs 1 and 4 that was
shown to decrease splicing efficiency upon mutation in
plasmid pAPSP (25). Within the ASF/SF2 protected
sequence, only the AAAGGC sequence (4985 to 4990)
shows a good homology with the high affinity ASF/SF2
binding sites defined by Tacke and Manley, but we did not
identify any sequence matching to the C/G-rich functional
ASF/SF2 binding sites as defined by Smith et al. (55,56).

In conclusion, altogether the data show that the
50-nt long segment located downstream from site A2
contains the overlapping silencer and enhancer acting at
site A2. HnRNP A1 is able to cover the entire segment, but
it does not mask the PPT sequence. As this sequence is
suboptimal, its stable recognition by U2AF65 is expected
to require the binding of U2AF35 to the intron-exon
junction. However, binding of hnRNPA1 to this junction
might preclude U2AF35 association and therefore impair
the stable binding of U2AF65 to the PTT. In contrast, when
ASF/SF2 binds downstream of site A2, it may on the one
hand compete out hnRNP Al binding (RRM-dependent
effect). On the other hand, through an interaction of its RS
domain with those of both U2AF subunits, it may favour
the binding of U2AF35 and U2AF65 to the intron-exon
junction and to the PPT, respectively, and activate splicing
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at site A2. An involvement of both the RRM and the RS
domain of ASF/SF2 is in agreement with our previous in
cellulo data showing that over-expression of an ASF/SF2
protein truncated of its RS domain, in the presence of
plasmid pAPSP, leads to an increase of vpr mRNA
production in HeLa cells, but at a level lower than that
obtained when the full-length protein is over-expressed
(48).

5. A COMPLEX EXTENDED EXON REGION
REGULATES SITE A3 UTILIZATION

Two splicing silencer elements have been found
to limit site A3 utilization: the ESS2p element, located very
close to site A3, that binds protein hnRNP H (32), and the
ESS2 element, located farther downstream (70 nts
downstream of site A3), that binds hnRNP A1 (40,57). Our
previous structural analysis demonstrated that site A3 is
located in the terminal loop of a stem-loop structure called
SLS 2-A3 (32) (Figure 5). Both the PPT and ESS2p
element are involved in the stem (5’ and 3’ strands,
respectively). The PPT is intrinsically suboptimal and its
base-pair interaction with the exon sequence likely limits
its accessibility (32) (Figure 5). Hence, as seen for site A2,
the efficient binding of U2AF65 to the PPT of site A3
should depend on the association of U2AF35 with the
intron-exon junction. We previously proposed that the
binding of hnRNP H to this element might limit U2AF35
association with site A3 by steric hindrance, explaining
how ESS2p decreases site A3 activity (32).
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Figure 5. Two dimensional structure of the HIV-1 RNA region containing the 3’ ss A3 and model for site A3 silencing by
hnRNP proteins and enhancing by protein SC35 (46,47). Red and green sequences represent the splicing silencer (ESS2p and
ESS2) and the splicing enhancer (ESE2), respectively. The polypyrimidine tract (PPT) and splice site A3 are in blue. (A) Model
of site A3 inhibition by hnRNP A1 and H. (B) Model of site A3 activation by SC35.

Using several molecular approaches as well as NMR
analyses, we recently succeeded in explaining how hnRNP
Al binding to ESS2 strongly limits site A3 activity, despite
its far downstream location (47). According to the 2D
structure that we previously established (32), ESS2 is
located in the apical part of a long irregular stem-loop
structure  (SLS 3-A3) (Figure 5). By site-directed
mutagenesis of SLS 3-A3, footprinting assays of complexes
formed between hnRNP Al and wild type or mutated
RNAs, as well as gel-shift analyses, we showed that ESS2
plays a key role in the association of hnRNP A1l with the
entire SLS 3-A3 region and with the junction between SLS
2-A3 and SLS 3-A3 (47). We also provided detailed
information on how hnRNP A1 associates with this HIV-1
RNA region.

HnRNP Al contains two RNA Recognition
Motifs (RRMs) and a Gly-rich domain that allows its
multimerization (58,59). The latter domain was also
proposed to stabilize the interaction of hnRNP Al with
nucleic acids (60). By NMR analysis, we demonstrated the
direct binding of the two RRMs of hnRNP Al (UPI
protein) to ESS2 and to the terminal stem-loop of SLS 3-
A3 but surprisingly, this interaction did not disturb the
RNA 2D structure (47). By enzymatic footprinting
experiments using complexes formed between an RNA
containing SLS 2-A3 and SLS 3-A3 (SLS 2,3-A3 RNA)
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and increasing amounts of either hnRNP Al or UPI, we
showed that in both cases, two molecules of protein bind
simultaneously to the SLS 3-A3 structure: one interacts
with the two CUAG motifs of ESS2 and the terminal stem-
loop, while the second one binds to an upstream UAG
motif contained in the recently identified ESE2 enhancer
(46) and to the 3’ strand of the internal loop II in SLS 3-A3
(Figure 5A). We propose that this simultaneous binding
takes place through an interaction of the RRM domains of
UP1 or full-length hnRNP Al (47). However, the stability
of the assembled complex is higher for hnRNP A1 than for
UP1. This means that, as previously suggested (58,59), the
Gly-rich domain of hnRNP Al can stabilize its interaction
with RNA, either by electrostatic interaction with RNA or
by establishing interactions with another nearby Gly-rich
domain.

In addition, we observed that mutating one of the
two UAG motifs in ESS2 is sufficient to strongly reduce
hnRNP A1l binding to the entire SLS 2,3-A3 RNA (47).
Taken together, our data support the following model for
hnRNP A1l interaction at site A3: hnRNP A1l uses an entry
site with highly characteristic features (ESS2) that allows,
together with the surrounding sequences, the establishment
of a stable RNA-protein interaction involving two hnRNP
A1l molecules. Then, other molecules of hnRNP Al can
interact with sites of lower affinity, the interaction being
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Figure 6. Effect of mutations in ESE2 and ESS2 on the splicing pattern of HIV-1 RNA. (A) Mutations introduced in the pAPSP
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respectively. The mutant with substitution of most residues in the ESS2 element (mutESS2) was previously analyzed (40,46,57).
(B) RT-PCR analysis of HIV-1 spliced products. HeLa cells were transfected with the pAPSP plasmid. For each transfection
assay, equal amounts of total RNA were subjected to RT-PCR analysis as previously described (48). The identity of the different
mRNAs was confirmed by sequencing when necessary. (C) Schematic representation of HIV-1 genome and exon composition of
the different HIV-1 mRNAs. For each mRNA, exons are represented by black boxes. Hashed boxes represent the ectopic exon
which is included in the nef'and rev mRNAs when the donor splice site Dc is introduced in the mutESS2 construct.

stabilized by protein-protein interactions through the Gly
domains. This results in the wrapping of SLS 3-A3 and the
SLS 2-A3/SLS 3-A3 junction with hnRNP Al, probably
occluding directly the access to the PPT (Figure 5A).

In spite of the strong negative effect of hnRNP
Al, site A3 is used in infected cells (8). We previously
showed that its activity is highly increased when the SR
proteins SC35 or SRp40 are over-expressed in HeLa cells
or when recombinant SC35 or SRp40 protein is added in in
vitro splicing assays (48). This was in agreement with the
description of an SC35-dependent splicing enhancer
element (ESE2) adjacent to ESS2 (46) and with results
obtained in infected cells (51). By exhaustive footprinting
analysis of complexes formed between the SLS 2,3-A3
RNA region and recombinant SC35 or SRp40 protein, we
showed that the splicing activation can be explained by
binding of these two proteins on several sites which overlap
the hnRNP A1 binding sites (47). Interestingly, we found
that the strongest SC35 binding site corresponds to the 5’
strand of internal loop II in SLS3-A3 (Figure 5B).
However, its deletion only reduced the splicing efficiency
by a factor of 2.5 (47). Although the affinity of SC35 for
ESE2 and ESS2 is lower than for loop II, the strong
activation observed upon SC35 and SRp40 binding to
ESE2 and ESS2 is due to a direct competition with hnRNP
A1l binding to its key entry site in the SLS 2,3-A3 region.
These data illustrate the fact that strong SR protein binding
sites located downstream from splice sites may have
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limited functions in splicing regulation. However, they may
have other functions, since SR proteins are known to be
involved in exon junction complex (EJC) formation, in
mRNA transport and in activation of translation (61,62).
Therefore, when analysing splicing regulation, it is
important to keep in mind that strong SR protein binding
sites in exons may not be sufficient per se to define splicing
enhancers.

In conclusion, the strong inhibitory activity of
ESS2 is due to the capacity of this sequence to generate a
complex array of hnRNP Al interactions on the entire
RNA region that extends up to the PPT. Accordingly,
mutation in each of the UAGA motifs within ESS2 resulted
in the disruption of hnRNP A1 binding to the entire region
and to an improved splicing efficiency at site A3 (47). The
data previously obtained in vitro using mini HIV-1 RNA
substrates (47) or in cellulo using chimeric RNAs (63) were
completed here by introducing the mutations in the pAPSP
plasmid (42) to evaluate their effects in an RNA containing
all HIV-1 splice sites. Whereas the UA to AU dinucleotide
substitution in ESE2 (variant 4050) had no detectable effect
on the relative levels of fat, rev and nef mRNAs,
dinucleotide mutations in the two UAG motifs of ESS2
(variants 4058 and 4064) resulted in a strong increase of the
steady state levels of zatl and tat2 mRNAs, at the expense
of nef3 to nef5 mRNAs (Figure 6B). These data highlight
the central role of the two UAG motifs of ESS2 in site A3
regulation. Accordingly, over-expression of SC35 or
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Figure 7. Two dimensional structure established for the HIV-1 region containing the 3’ ss A7 and a model of silencing by
hnRNP A1l and enhancing by ASF/SF2. Splicing silencers ISS, ESS3a and ESSb are represented in red (31,43,44). Splicing
enhancers ESE2 and ESE3 are in green (35,39,64,96). ESE3 is both an enhancer and a silencer element according to footprinting
and splicing data (38). The polypyrimidine tract (PPT) and splice site A7 are in blue. (A) Model of site A7 inhibition by hnRNP

Al. (B) Model of site A7 activation by ASF/SF2.

SRp40 in HeLa cells transfected with the mutated
constructs 4058 and 4064 did not result in a further increase
of tat mRNAs (unpublished results). This finding
reinforced the idea that the main function of SC35 is to
antagonize the action of hnRNP Al initiated by its binding
to ESS2. In previous studies, the function of ESS2 was also
tested on chimeric RNAs in which this entire element had
been mutated (40,46,57). Hence, we also transferred this
ESS2 mutation in the pAPSP plasmid and looked at the
splicing pattern in HeLa cells (Figure 6). Surprisingly, the
splicing pattern was found to be profoundly modified
(Figure 6B). By cDNA sequencing, we found that mutation
of the original CUAGACUAGA ESS2 sequence to the
variant GUAAGUACGC sequence created a new strong
5’ ss in ESS2 that we called Dc. As Dc is located between
the acceptor sites A3 and Adc, it is used in all the
transcripts spliced at sites Adc, Ada, Adb and A5 (Figure
6C). Therefore, the results obtained for site A3 using this
mutant might be biased by the generation of this new 5’ ss
and should be reanalysed carefully.

6. SITE A7 IS REGULATED BY DOWSTREAM AND
UPSTREAM ELEMENTS

The numerous studies performed on site A7
revealed the presence of an intronic silencer sequence (ISS)
that overlaps the branch site sequences (43), and a bipartite
exonic silencer (ESS3), which binds hnRNP Al
(30,31,44,45,64). One exonic enhancer (ESE3) was
proposed to bind ASF/SF2 (30,64). Our group and the
Kjems group established the secondary structure of the A7
region of HIV-1 RNA (38,39). In this structure, ISS, ESE3
and ESS3 are located in three distinct stem-loop structures,
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SLS 1-A7, SLS 2-A7 and SLS 3-A7, respectively (Figure
7). In addition, our two groups showed that ESE3
constitutes a nucleation site for binding of hnRNP A1 to the
entire HIV-1 region including the 3 SLSs (38,39). In
agreement with previous data (44), footprinting assays
revealed a multimerization of hnRNP A1 on the segment
joining ESE3 to ESS3 (38,39) (Figure 7A). In this case,
hnRNP Al binds cooperatively to both exonic and
intronic sequences and allows the propagation of its
binding to the entire A7 region. Therefore, site A7 and
the branch-site sequences are poorly accessible and
splicing is highly reduced. In contrast, ASF/SF2
association with ESE3 is expected to destabilize the
entire hnRNP A1 association to this region, allowing the
assembly of splicing complexes. We consequently
described ESE3 as a Janus element since it has at the
same time a negative and a positive activity (38). The
apical part of SLS 2-A7 was proposed to have an
ASF/SF2-dependent enhancer activity on site A7 (35).
However, our recent purification of complexes
assembled onto SLS 2-A7 in a nuclear extract suggests
the binding of other nuclear proteins at this site
(unpublished data).

Finally, in addition to be involved in the
modulation of site A7 activity, the ESS3a motif of the
bipartite ESS3 silencer element was proposed to limit the
Rev-mediated RNA transport via the binding of a cellular
factor, although this factor was not identified (45,65).
Recent analyses identified hnRNP E1 as a potential ESS3a-
binding factor. However, hnRNP E1 was not found to
modulate site A7 utilization, but rather to block translation
of viral RNAs (66).
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7. REGULATORY ELEMENTS LOCATED IN
OTHER HIV-1 REGIONS

In addition to the RRE, whose secondary
structure has been solved, splicing regulatory elements
were detected in two other regions of HIV-1 RNA whose
2D structure has not yet been studied. First, one
bidirectional element that binds both ASF/SF2 and SRp40
was found between the A5 3’ ss and the D4 5° ss (19,20).
SR protein binding to this enhancer is required for efficient
utilization of site AS and for association of the Ul snRNP
to site D4. As mentioned above, the ASF/SF2-mediated
binding of Ul snRNP to site D4 is required to stabilize the
env mRNA (20). However, it should be noted that upon
ASF/SF2 over-expression in HeLa cells transfected with
the pAPSP plasmid or in infected cells, no increase of the
utilization of site A5 was detected. Only site A2 utilization
was increased with the appearance of a larger amount of
vpr mRNAs at the expense of nef mRNAs and,
accordingly, production of Nef protein was reduced
(48,51). Similarly, upon SRp40 over-expression, site A3
was predominantly activated at the expense of the other
sites in the A3 to A5 cluster of 3’ ss. Here again, this
resulted in the reduced production of Nef (48,51).
Therefore, among the Al to A5 3’ ss, sites A2 and A3 are
the most strongly activated by ASF/SF2 and SRp40,
respectively. Either the ESE element located downstream
from site AS is just used to maintain a basal utilization of
site. A5 upon ASF/SF2 increase, or the simultaneous
binding of the ASF/SF2 and SRp40 proteins to this site is
required for activation of site AS. To address this question,
it will be interesting to cotransfect HeLa cells with
plasmids over-expressing both ASF/SF2 and SRp40, in the
presence of plasmid pAPSP. Altogether, these data
illustrate how results obtained using a pre-mRNA
containing a few splice sites have to be compared with data
obtained in the full genomic context. The possible
concerted action of some SR proteins at given sites should
also be considered.

As mentioned above, the low efficiency of the
downstream 5’ ss D2 and D3 is also involved in the low
utilization of the A1 and A2 3’ ss, respectively (25,26). The
Stoltzfus team recently showed that both a GGGG silencer
located immediately downstream from site D2 and an
enhancer element found downstream from site Al, which
binds the SR protein SRp75, modulate site D2 utilization
and consequently site Al utilization (67). The partner of the
GGGG silencer has not yet been identified.

8. HNRNP Al IS A GENERAL CELLULAR DOWN-
REGULATOR OF HIV-1 RNA SPLICING

Taking into account its negative action at most of
the HIV-1 3’ ss and at some of the 5” ss, hnRNP Al protein
can be considered as one of the most essential cellular
factors for limiting HIV-1 RNA splicing, and thus
facilitating the Rev-dependent RNA transport of unspliced
or partly spliced RNAs. As shown previously for regulation
of cellular 5° ss (68), hnRNP A1l regulates HIV-1 3’ ss by
interacting with an entry site which contains at least one
UAG motif. This is followed by a multimerization of
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hnRNP Al along the RNA region. Interestingly, the UAG
motifs in the entry site may be partially double stranded,
like in ESSV and ESS2, but such folding does not prevent
hnRNP A1l binding, as shown by our NMR analysis (see
Section 5) (47). According to HIV-1 probing data, the
presence of polypurine sequences may favour the
propagation of hnRNP A1 along the RNA. Such polypurine
sequences, especially when they are single-stranded, can
also be recognized by SR proteins ASF/SF2, SC35 and
SRp40, limiting hnRNP Al propagation. Noticeably,
whereas several of the HIV-1 splicing sites are activated by
ASF/SF2, activation by SC35 is mostly restricted to tat
mRNA production through the activation of the A3 3’ss
(48,51). In line with this observation, the SC35 concentration
in macrophages is increased during the first two weeks after
infection, whereas the hnRNP A/B and H concentrations are
decreased (69). Around the peak of virus production the
opposite situation is observed. Concentration of hnRNP A/B
proteins increases, while that of SC35 decreases. Therefore,
soon after infection, the virus could alter the expression of
host genes so that the level of splicing inhibitory proteins is
reduced and that conditions are optimized to activate the
synthesis of the tat mRNAs, allowing virus replication.
Note that an increased expression of SC35 was also
demonstrated two days after HIV-1 infection of the H9
lymphocyte cells (70), whereas expression of 9G8 was
downregulated after infection of T cells (71). Interestingly, a
severe dephosphorylation of some SR proteins, which is
known to be detrimental for their function was observed in the
course of HIV-1 infection (72). A similar phenomenon was
also observed after infection by adenovirus or herpes virus
(73,74, Akusjarvi in this series).

In contrast to hnRNP Al, hnRNP H was only
found to play a negative role at the A3 3’ss (42).
Moreover, intronic hnRNP H binding sites that have a
positive role on splicing were recently identified upstream
of site D3 (75), and it was proposed that proteins of the
hnRNP F/H family may loop out the RNA and therefore
favour some splicing events, by a mechanism similar to that
found for proteins of the hnRNP A1/B family (76).
Similarly, it should also be noted that in the strains from the
IIIB family, activation of the additional A6D site depends
on an enhancer that is bound by both hnRNP H and SC35
(77). Finally, another cellular protein, p32, also plays an
essential role in HIV-1 splicing inhibition, through its
interaction with Tat (see below).

9. VIRAL PROTEINS MAY LIMIT HIV-1 RNA
SPLICING

By enabling the nuclear export of unspliced or
partly spliced HIV-1 RNAs, Rev can be considered as a
factor which allows the viral pre-mRNA to escape from the
splicing process. However, how Rev interferes with
spliceosome assembly remains unclear (49). Besides Rev,
other viral proteins have the potential to influence splicing.
Indeed, it was recently shown that Vpr, through its
interaction with the SAP145 splicing factor, may limit
cellular pre-mRNA splicing by interfering with the
formation of the SAP145-SAP49 complex (78,79).
Therefore, Vpr might also modulate viral RNA splicing.
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The Tat protein can modulate HIV-1 RNA
splicing through various mechanisms that largely depend
on the coupling between transcription and splicing. For
instance, a recent study showed that replacing the HIV U3
region of the 5' LTR by a CMV promoter, in a simplified
env/nef reporter (extending from D4 5’ ss to the 3' LTR,
making Tat synthesis impossible) led to more efficient
splicing, and this effect was reversed upon co-expression of
Tat (80). In line with this, another report showed that Tat
can induce exon skipping in a non-HIV reporter, a result
that was attributed to an increased transcription efficiency
(81). This effect of Tat on splicing could also be indirect
and mediated by proteins such as Tat-SF1 or SKIP, two
components of the splicing machinery that can associate
with pTEFb and stimulate Tat-dependent transcription
elongation (82,83).

Another likely effector of Tat-mediated HIV-1
splicing inhibition is the cellular p32 protein. The first hint
of its role came from the comparison of HIV-1 infection in
human or murine cells. It is known for many years that
murine cells do not support efficient HIV-1 multiplication,
which has impeded scientists working on HIV from using
the mouse as an animal model (84). This is due at least to
specific amino acid changes between mouse and human in
2 proteins: cyclin T1 and p32, which respectively explain a
lack of pTEFb/Tat/TAR-mediated activation of
transcription and overly efficient HIV-1 RNA splicing in
mouse cells (85,86). Therefore the p32 protein appears to
be critical to explain the natural inefficiency of HIV-1
splicing in human cells, which is necessary to ensure the
production of unspliced and partly spliced mRNA.
Interestingly, while described a few years ago as an
inhibitor of the SR protein ASF/SF2 (87), p32 is also
known to have functions during transcription, especially in
virus-infected cells. For example, p32 induces an
hyperphosphorylation of the RNA Pol II CTD during
adenovirus infection and blocks the expression of the
adenovirus major late unit (88). Recently, Berro and
colleagues showed that the acetylated form of HIV-1 Tat
interacts efficiently and specifically with p32 protein (89).
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Interestingly, treatment of HIV-1 infected cells with the
deacetylase inhibitor trichostatin A induced the recruitment
of p32 to the LTR promoter and a shift of splicing from
multiply to singly spliced isoforms. Tat acetylation is
essential for HIV-1 multiplication since its effects on the
Tat/pTEFb complex lead to the establishment and
maintenance of an active transcription elongation complex
(90,91). The strong processivity of this complex should not
by itself favour splicing, especially at the suboptimal HIV-
1 splicing sites (92). We can therefore anticipate that the
recruitment of p32 by acetylated Tat helps to further inhibit
splicing during the late phase of viral infection through a
molecular mechanism which has yet to be determined, but
which could involve a sequestration of ASF/SF2, one of the
major activators of HIV-1 pre-mRNA splicing.

10. CONCLUSIONS: LESSONS FROM HIV-1
SPLICING FOR THE DESIGN OF FUTURE
THERAPIES

Overall modulation of viral splicing during HIV-
1 infection may be divided into 2 major phases. Early,
during infection, the cellular splicing machinery is fully
operational and the activity of SR proteins secures the
production of tat and rev mRNAs, in some kind of
"default" pathway. When a threshold concentration of Tat
protein is reached in a later phase, the tremendous increase
of RNA Pol II processivity might by itself alter the splicing
pattern by preventing the utilization of the weakest splice
sites. Altogether, the concerted action of Tat and cellular
factors such as hnRNP A1 or p32, the action of Rev and a
possible modulation of the activity of SR proteins, lead to a
strong inhibition of HIV-1 splicing (especially the D4-A7
splicing) and to the synthesis of the proteins required for
the assembly of new viruses. On the basis of this dual phase
process, novel therapeutic strategies targeting splicing can
be envisaged in two directions. The first approach would
aim at decreasing splicing efficiency in the early phase to
prevent Tat and Rev production. An alternative approach
would be to mimic the situation that prevails in mouse
cells, and improve the splicing of viral pre-mRNA during
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the late phase of infection, preventing the production of the
structural proteins.

So far, most efforts have been concentrated on
targeting SR proteins, building on the work that has already
been done in this field by several groups. For example,
Fukuhara and colleagues have analysed the effect of a
specific inhibitor of the SR protein kinases SRPK1 and
SRPK2 (72). Unfortunately, even though it downregulated
SRp75, that chemical compound had no significant effect
on HIV-1 replication during a cell line infection assay.
Another approach using an indole derivative that
selectively inhibits the ESE-dependent splicing activity of
ASF/SF2 has been developed recently (93). The results
obtained with this kind of compound is more promising,
since the drug IDC16 strongly decreased the production
of multiply spliced HIV-1 transcripts, including tat, rev
and nef mRNAs (52,93). Furthermore, the production of
new viruses (measured by the quantification of the viral
capsid protein p24) was reduced by at least 90% in
macrophages or in activated peripheral blood
mononuclear cells. This makes this drug a very
promising candidate for anti-viral therapy, since it has a
weaker effect than AZT on the expression of a panel of
cellular genes (52). Finally, another strategy consists in
targeting directly the HIV-1 RNA using U7 snRNA-
coupled antisense sequences (94). These molecules,
which are designed to mask splice sites and/or ESEs
selectively, induce the skipping of specific exons and a
strong decrease of the amounts of the targeted mRNA
(in this case the rat/rev mRNAs). The consequence of
this treatment was an inhibition, albeit incomplete, of
HIV-1 production in human T lymphocytes. We can
foresee that these different strategies will soon be
developed further and that they will allow the
emergence of new therapies to complement or improve
the current medical treatment of AIDS.
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