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HIV-1 RNA undergoes a complex splicing process whereby over 40 different mRNA species are produced by
alternative splicing. In addition, approximately half of the RNA transcripts remain unspliced and either are
used to encode Gag and Gag-Pol proteins or are packaged into virions as genomic RNA. It has previously been
shown that HIV-1 splicing is regulated by cis elements that bind to cellular factors. These factors either
enhance or repress definition of exons that are flanked by the HIV-1 3’ splice sites. Here we report that
expression of modified Ul snRNPs with increased affinity to HIV-1 downstream 5’ splice sites and to sequences
within the first faf coding exon act to selectively increase splicing at the upstream 3’ splice sites in cotransfected
293T cells. This results in a decrease of unspliced viral RNA levels and an approximately 10-fold decrease in
virus production. In addition, excessive splicing of viral RNA is concomitant with a striking reduction in the
relative amounts of Gag processing intermediates and products. We also show that T cell lines expressing
modified Ul snRNAs exhibit reduced HIV-1 replication. Our results suggest that induction of excessive HIV-1
RNA splicing may be a novel strategy to inhibit virus replication in human patients.

The HIV-1 primary RNA transcript undergoes a complex
splicing pathway leading to the production of over 40 different
spliced mRNA species as well as unspliced (US) RNA (30).
Unspliced HIV-1 mRNA, which is transported into the cyto-
plasm by a Rev-dependent process, encodes Gag and Gag-Pol
structural proteins. Unspliced viral RNA is also packaged into
the virus particles as genome RNA. Spliced HIV-1 mRNAs are
either incompletely spliced (IS) and serve as mRNAs for viral
Env, Vpu, Vpr, and Vif proteins or completely spliced (CS) to
serve as mRNAs for Tat, Rev, or Nef protein. Splicing is a
two-step catalytic reaction that occurs within a large complex
called the spliceosome. One of the earliest steps in spliceosome
assembly is the recognition of 5’ splice donor sites (5'ss) by
cellular Ul snRNP (28, 39). The extent of base pairing be-
tween the 5'ss and the 5’-terminal sequence of Ul snRNA
determines the strength of the 5’ss and thus contributes to the
recognition and frequency of Ul snRNP usage (17, 32). In
retroviruses, 3" splice acceptor sites (3'ss) are weak, and rec-
ognition of these sites is assisted by the binding of cellular
splicing regulatory proteins which regulate alternative splicing
and gene expression. These regulatory proteins (SR proteins
and hnRNPs) bind to exonic splicing enhancers (ESE) or ex-
onic or intronic splicing silencers (ESS or ISS) within the viral
genome (10, 38). Ul snRNP bound at the 5'ss also activates
splicing at the upstream 3'ss by a mechanism referred to “exon
definition” or “exon bridging” (18, 31).

Our laboratory has shown that splicing of the mRNAs en-
coding HIV-1 accessory proteins Vif and Vpr is regulated by
suboptimal 5’ss D2 and D3 downstream of 3’'ss Al and A2,
respectively (Fig. 1A) (13, 23, 24). Mutations of 5'ss D2 that
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increase its binding affinity for Ul snRNP result in increased
splicing at 3'ss Al and increased vif mRNA, whereas mutations
which lower the affinity to Ul snRNP result in decreased splic-
ing at 3’ss Al and reduced vif mRNA (13, 25). Decreased
splicing at 3’ss Al reduces the level of Vif and inhibits HIV-1
replication in cells that are expressing elevated levels of the
restriction factor APOBEC3G (25). Increased splicing at 3'ss
Al, on the other hand, results in an increased level of Vif, a
10-fold inhibition of virus production, and also, surprisingly, a
defect of Gag processing (24, 26). We showed in those studies
that the strength of Ul snRNP binding at 5'ss D2 is important
for regulation of splicing at 3’ss Al but that splicing at 5'ss D2
is not required for this regulatory effect (25). Similarly, muta-
tions of 5’ss D3 that change it to a consensus 5'ss result in
increased splicing at 3’ss A2 (9). We also have shown that
disruption of an ESE (ESSV) downstream of 3’ss A2 leads to
increased splicing at 3'ss A2 and an approximately 10-fold
decrease in virus production (23). Splicing at 3'ss A3 is regu-
lated by two different ESS elements (ESS2p and ESS2) (3, 4,
35). Mutations of ESS2 result in increased splicing at 3'ss A3,
reduced levels of unspliced RNA, and decreased virus produc-
tion (Z. Feng and C. M. Stoltzfus, unpublished data).

Based on these results, we reasoned that wild-type virus
replication should be inhibited by promoting excessive splicing
of HIV-1 RNA and reducing the amount of unspliced viral
RNA available for synthesis of Gag and for use as genome
RNA. To test this hypothesis, we evaluated whether modified
U1 snRNAs can promote excessive splicing of HIV-1 RNA
and inhibit virus replication. We show that excessive splicing of
HIV-1 mRNA at 3'ss Al, A2, or A3 is induced by expressing
U1 snRNA with exact complementarity to sequences down-
stream of these splice sites. We also show that this results in a
drastic inhibition of virus replication in T cells. This strategy
may be a novel approach to inhibit HIV-1 replication in in-
fected cells of human patients.
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NL4-3 (4960-4971)
Ul D2up
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Sequences

3’GUC CAUUCAUA 5’

5’AAG/GUG AAG GG 3
3’GUC CACUUCCA 5°

5’AAG/GUG AAG GG 3’
3’GUC CAUUUCUA 5°

5’AAG/GUAGGAUC 3
3’GUC CAUCCUUA 5

5’ CUA GACUAGAG 3’
3’GAU CUG AUCUU 5

5’AGC CAGUAGAU 3
3’UCG GUCAUCUU 5

5’GGA AGC ATC CA%¥
3’CCU UCG UAGGU 5’

5’GUC AGC CUA AA3’
3’CAG UCG GAUUU &’

5’CAGAGGAGA GC3
3’GUC UCC UCuCuU s’

5’ACT GCUUGUAC 3’
3’ UGACGAACAUU S’

FIG. 1. Proposed strategy to inhibit virus replication by inducing excessive splicing of HIV-1 RNA. (A) Organization of major splice donor (D1
to D4) and acceptor (Al to A7) sites and locations of exons on the HIV-1 genome (30). (B) Expression of 5'-end-mutated U1 snRNAs that increase
base pairing to 5'ss D2 or D3 compared to wild-type Ul snRNA increases splicing at upstream acceptor sites (U1D2upEx and U1D3up,
respectively). Increased splicing at 3'ss A3 is induced by expression of modified Ul snRNAs that bind to sequences downstream of A3 and
upstream of 3'ss A4a, 4b, 4c, and AS. Induction of excessive splicing will increase the level of splicing and inhibit virus replication. (C) Modified
U1 snRNAs used in this study. Sequences of wild-type and 5'-end-mutated U1 snRNAs are shown. Target sequences of these modified U1 snRNAs
within the HIV-1 genome (NL4-3) and their respective positions are indicated.
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TABLE 1. Oligonucleotides used to generate mutated Ul snRNAs

Oligonucleotide Sequence
U1D2upEx-F ... 5'CTCCCCTGCCAGGTGAAGGTGAGATCTTCGG3'
Ul1D2upEx-R... 5'CCGAAGATCTCACCTTCACCTGGCAGGGGAG3'
U1D3up-F 5'CTCCCCTGCCAGGTAGGAATGAGATCTTCGG3'
U1D3Up-R 5'CCGAAGATCTCATTCCTACCTGGCAGGGGAG3'
Ul1D2up-F 5'CTCCCCTGCCAGGTAAAGATGAGATCTTCGG3'
Ul1D2up-R 5'CCGAAGATCTCATCTTTACCTGGCAGGGGAG3’
UST1 5'GGGCGAAGATCTCATTCTAGTCTAGCAGGGGAGATACCATGATCACGAACGG3’
UAS 5'GGGTCAGCACATCCGGAGTG3'
UIT2-F 5'CCACCTTCGTGATCATGGTATCTCCCCTGAGCCAGTAGAATGAGATCTTCGGGCTCTGCCCCGACACAGCC3’
UIT2-R 5'GGCTGTGTCGGGGCAGAGCCCGAAGATCTCATTCTACTGGCTCAGGGGAGATACCATGATCACGAAGGTGG3'
UIT3-F 5'CCACCTTCGTGATCATGGTATCTCCCCTGGGAAGCATCCATGAGATCTTCGGGCTCTGCCCCGACACAGCC3’
UIT3-R 5'GGCTGTGTCGGGGCAGAGCCCGAAGATCTCATGGATGCTTCCCAGGGGAGATACCATGATCACGAAGGTGG3!
UI1T4-F 5'CCACCTTCGTGATCATGGTATCTCCCCTGGTCAGCCTAAATGAGATCTTCGGGCTCTGCCCCGACACAGCC3’
Ul1T4-R 5'GGCTGTGTCGGGGCAGAGCCCGAAGATCTCATTTAGGCTGACCAGGGGAGATACCATGATCACGAAGGTGG3'
UIT5-F 5'CCACCTTCGTGATCATGGTATCTCCCCTGCAGAGGAGAGATGAGATCTTCGGGCTCTGCCCCGACACAGCC3’
UIT5-R 5'GGCTGTGTCGGGCAGAGAGCCCGAAGATCTCATCTCTCCTCTGCAGGGGAGATACCATGATCACGAAGGTGG3'
U1T6-F 5'CCACCTTCGTGATCATGGTATCTCCCCTGACTGCTTGTAATGAGATCTTCGGGCTCTGCCCCGACACAGCC3’
UI1T6-R 5'GGCTGTCGGGGCAGAGCCCGAAGATCTCATTACAAGCAGTCAGGGGAGATACCATGATCACGAAGGTGG3'

MATERIALS AND METHODS

Plasmids. Modified Ul snRNAs UlD2up, UlD2upEx, Ul1D3up, UI1T2,
UIT3, U1T4, U1T5, and U1T6 were generated by site-directed mutagenesis of
the pUC13-Ul1 clone, which was obtained from Mark McNally at the Medical
College of Wisconsin, Milwaukee, WI. Sequences of the primers used for site-
directed mutagenesis are listed in Table 1. UIT1 was generated by PCR using
mutagenic reverse primers with a BgIII restriction site (UST1) and a forward
primer (UAS) (Table 1) with a BspE1 restriction site. Amplified products were
digested with BglII and BspE1 enzymes and cloned into the BglII- and BspE1-
digested pUC13-U1. Clones were confirmed by sequencing. To clone the mu-
tated Ul snRNA fragment into lentiviral vector pHIV7-SF-GFP (37), pUC13-
Ul-based U1 snRNA clones were digested with BamHI, and the fragments were
inserted into the BamHI site of the pHIV7-SF-GFP vector. Infectious HIV-1
plasmid pNL4-3 (1) was obtained from the NIH AIDS Research and Reagent
Program.

RNA isolation and analysis of viral RNA species. Total RNA was isolated
from transfected cells using the Tri-reagent (Molecular Research Center, Inc.)
according to the protocol supplied by the manufacturer. Northern blotting anal-
ysis of total RNA was performed as previously described (13, 23). Reverse
transcriptase PCR (RT-PCR) analysis of 1.8- and 4.0-kb classes of HIV-1 mRNA
species was performed as previously described (13).

Quantitative real-time PCR to determine the level of unspliced RNA. Total
RNA from transfected 293T cells expressing modified U1 snRNAs was isolated,
and ¢cDNAs were prepared as described previously (13). The cDNAs were used
as templates for real-time PCR. Unspliced RNA was measured using primers
5'GGG AAGTGACATAGCAGGAACTACT3' and 5'TGGGATAGGTGGAT
TATGTGT CATC3' (nucleotides [nt] 1485 to 1509 and 1536 to 1560, respec-
tively), and total RNA was measured using 5’AAGGGCTAATTCACTCCC
AA3’" and 5'TCTAACACTTCTCTCTCTCCGGG3' (nucleotides 9079 to 9098
and 9311 to 9331, respectively). For internal controls, the amounts of B-actin
mRNA were determined as previously described (13).

Reverse transcriptase assays and virus production. Cell-free supernatants (10
ul) were assayed for RT activity by [a->?P]dTTP incorporation as previously
described (36). Incorporation of radioactivity was quantitated using an Instant
Imager (Packard). For transfection experiments, RT data were normalized to
those for the wild type after correction for transfection efficiencies based on
beta-galactosidase assays of extracts from transfected cells (34).

Detection of viral proteins by immunoblotting. Cellular proteins (50 pg) were
resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis,
transferred to nitrocellulose membrane by the semidry transfer method, and
immunoblotted according to previously described methods to detect Gag (13).
Gag protein was detected using rabbit anti-p24 polyclonal antibody (NIH AIDS
Research and Reagent Program). The amounts of Gag precursor and processed
products were determined by chemiluminescence of the protein bands by using
the LAS-4000 Fuji imager, and the ratios of p24 Gag and Pr-41 Gag to Pr-55 Gag
were then calculated. Tubulin was detected as an internal control using a mouse
antitubulin monoclonal antibody (Developmental Studies Hybridoma Bank,
University of Iowa).

Lentiviral vector production, titration, and transduction. Lentiviral vectors
containing modified Ul snRNAs were generated by transfecting 293T cells with
5 pg pHIV7-SF-GFP construct with modified UlsnRNAs, 5 ug pGag-Pol, 1 pg

pRev, and 2.5 pg vesicular stomatitis virus G protein (VSV-G) plasmid. After
48 h of transfection supernatants from the transfected cells were collected and
passed through 0.45-pm filters. In order to determine titers, 293T cells were
infected with viral vectors and green fluorescent protein (GFP)-positive cells
were counted. The virus vectors were then used to transduce CEMSS cells,
GFP-positive cells were selected by fluorescence-activated cell sorting (FACS),
and sorted cells were then propagated. A second round of selection was repeated
to obtain pure GFP-expressing cells, and selected cells were then propagated.

Expression of modified Ul snRNAs. The expression levels of 5’-end-modified
Ul snRNAs in both transfected cells and stable T cells were determined by
quantitative real-time PCR. RNA from both transfected 293T and stable CEMSS
cells expressing the modified U1 snRNAs was isolated, cDNAs were prepared as
described previously (13), and the cDNAs were then used as templates for
real-time PCR. Quantitative real-time PCR was performed using 5'-GCAATG
GATAAGCCTCGCCCTGG-3' as the forward primer and 5'-CCGGAAATAC
TTACCTGG-3', 5'-CCGGAAACCTTCACCTG-3', and 5'-CCGGAAATTCT
AGTCTAGCAG-3" (R-WT, R-D2upEx, and R-T1, respectively) as reverse
primers specific for endogenous UlsnRNA, U1D2upEx, and U1T1, respectively.
The amounts of cellular B-actin in the cDNA samples were determined by using
specific primers (13), and the amounts of endogenous or mutant Ul snRNAs
relative to B-actin mRNA were calculated. Different dilutions of plasmid DNA
from pUC13U1, UID2upEx, or UIT1 clones were used to generate standard
curves with the same primers used for quantitative PCR. The levels of expression
of the mutated Ul snRNAs relative to endogenous Ul snRNA were then
determined.

Infection and multiday replication assay. GFP-positive CEMSS cells express-
ing modified Ul snRNAs were infected with equal amounts of WT viruses as
determined by RT assays for 4 h at 37°C in serum-free RPMI medium. Infected
cells were then centrifuged, washed, and resuspended in RPMI medium con-
taining 10% fetal bovine serum (FBS). Aliquots of cell-free medium were har-
vested at regular intervals, and virus production was measured by RT assays.

RESULTS

Expression of modified UlsnRNAs promotes excessive splic-
ing of HIV-1 RNA and results in reduced levels of unspliced
RNA. To promote excessive splicing at HIV-1 3’ss Al and A2,
we created mutations at the 5’ end of Ul snRNA that were
designed to increase base paring at the relatively weak HIV-1
donor site 5’ss D2 or D3 (Fig. 1). In order to promote excessive
splicing selectively at 3'ss A3, we used an alternative strategy.
In contrast to donor sites D2 and D3, donor site 5'ss D4 is a
consensus 5'ss which has been shown to be relatively strong
(20, 29). Furthermore, there are multiple alternative 3'ss (3'ss
A3, Ada, Adb, 4c, and AS5) that act to define multiple exons
flanked by 5’ss D4. Thus, in order to specifically promote
excessive splicing at 3'ss A3, we targeted sequences in the first
tat coding exon downstream of A3 (exon 4) and upstream of
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FIG. 2. Analysis of HIV-1 RNA. (A)Total RNAs isolated from 293T cells transfected with pNL4-3 (6 pg) in the presence or absence of
modified Ul snRNAs as shown in Fig. 1 were analyzed by Northern blotting as described in Materials and Methods. Unspliced (US), incompletely
spliced (IS), and completely spliced (CS) RNA species are indicated. The location of vif mRNA produced in the presence of UID2upEx and
U1D2up is indicated. (B) Amounts of unspliced and total viral RNA from 293T cells were quantified by real-time PCR, and ratios of unspliced
to total RNA relative to pNL4-3 in the absence of added U1 snRNA were determined and normalized to the B-actin levels. Error bars indicate

standard deviations.

3’ss Ada, Adb, Adc, and AS (Fig. 1C). For this purpose, we
created Ul snRNA mutants (U1T1 to U1T6) that were pre-
dicted to base pair to 10-nt HIV-1 sequences within the stem-
loop structure SLS3-A3 in exon 4 (16, 19).

To investigate whether expression of the modified Ul
snRNAs described above increases splicing of HIV-1 RNA, we
cotransfected 293T cells with plasmids expressing modified U1
snRNAs together with the infectious HIV-1 plasmid pNL4-3.
After 48 h of transfection, total RNA from the cells was
isolated and HIV-1 RNA was analyzed by Northern blotting
in order to determine the effect on splicing. Expression of
U1D2upEx resulted in a drastic reduction in the level of un-
spliced (US) RNA compared to pNL4-3 alone or pNL4-3 co-
transfected with a control Ul snRNA plasmid, pUC13Ul.
There was also a concomitant increase in the level of incom-
pletely spliced (IS) mRNA (Fig. 2A). The bulk of the IS
mRNA migrated more slowly than the IS band of the wild-type

virus RNA. We have previously shown that this slower-migrat-
ing band corresponds to vif mRNA (13). There was less effect
on the level of US RNA in the presence of U1D2up, although
we also detected an increase in the band corresponding to vif
mRNA. Quantitation of the labeled bands indicated that the
ratios of unspliced to spliced RNA were approximately 2-fold
higher in the presence of U1D2up compared to U1D2upEx. A
reduction of US RNA and increased levels of IS and com-
pletely spliced (CS) mRNAs were also observed in the pres-
ence of U1D3up (Fig. 2A). Dramatic decreases in the level of
US RNA were also observed in the presence of U1T1, U1T3,
U1T4, or U1T6. Less effect on the level of US RNA was seen
in the presence of U1T2. Expression of U1T5 had little or no
effect on the relative amounts of spliced or unspliced RNA
compared to those with the virus alone or in the presence of
control Ul snRNA (Fig. 2A).

In order to more quantitatively determine the level of un-
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spliced RNA produced in the presence of the modified Ul
snRNAs, we analyzed RNA extracted from transfected cells by
quantitative real-time PCR using primers specific for the Gag
p24 sequence. We also determined the amounts of total viral
RNA using primers specific for the HIV-1 U3 region of the
long terminal repeat (LTR), which is common to all HIV-1
mRNAs. The ratios of unspliced to total viral RNA were
then determined. For an internal control, we determined the
amount of B-actin mRNA by quantitative real-time PCR. As
shown in Fig. 2B, the ratios of unspliced to total RNA levels of
NLA4-3 in the presence of modified Ul snRNA plasmids
Ul1D2upEx, U1TI1, U1T3, UlT4, and U1T6 were reduced
(=25%) compared to that of pNL4-3 in the presence of control
U1 snRNA plasmid (Fig. 2B). In the presence of U1D3up and
U1D2up plasmids, there were moderate reductions in the level
of unspliced RNA (unspliced/total RNA ratios of ~40% and
~60%, respectively, compared to that for pNL4-3 in the pres-
ence of control Ul snRNA). U1T2 and U1TS5 had little or no
effect on the unspliced RNA level and were similar to pNL4-3
in the presence of control Ul snRNA (Fig. 2B).

Excessive splicing of HIV-1 RNA induced by modified Ul
snRNAs is selectively directed to upstream 3’ss. To determine
whether the observed increase in splicing promoted by the
modified Ul snRNAs occurred at the upstream 3’ss flanking
the exon, as expected based on the exon definition hypothesis,
we analyzed the CS (1.8-kb) and IS (4-kb) mRNA species by
RT-PCR. Expression of modified Ul snRNAs targeted to 5'ss
D2 (U1D2up and U1D2upEx) resulted in greatly increased
inclusion of noncoding exon 2 in CS RNA species, as evi-
denced by increased levels of 1.2.5.7 (nef) and 1.2.4.7 (tat)
mRNA species accompanied by reduced levels of 1.5.7 (nef)
and 1.4.7 (fat) mRNA species (Fig. 3A). In contrast, expression
of control Ul snRNA (pUC13U1) had little or no effect on the
HIV-1 splicing pattern. Expression of U1D2up also resulted in
increased inclusion of exon 2, although there was somewhat
less reduction in the level of the 1.5.7 species. Increased splic-
ing at Al promoted by UlD2up and UlD2upEx was also
evident from the analysis of 4.0-kb IS mRNA species (Fig. 3A).
This resulted in increased inclusion of exon 2, promoted by
both U1D2up and U1D2upEx, as shown by the increases in
mRNA species 1.2.51 (env/vpu). Expression of modified Ul
snRNA with increased base pairing to the 5'ss D3 sequence
(U1D3up) resulted in increased inclusion of noncoding exon 3
into the CS mRNA and IS mRNAs. This was evidenced by an
increase in the 1.3.5.7 (nef) and 1.3.51 (env/vpu) mRNA species
and the appearance of a labeled band corresponding to vpr
mRNA (1.3I). This increase in inclusion of exon 3 was accom-
panied by decreases in 1.5.7 and 1.51 (env/vpu) (Fig. 3A).

We showed above (Fig. 2) that we could also promote ex-
cessive splicing of HIV-1 RNA by targeting sequences down-
stream of 3’ss A3 within the first fat coding exon (exon 4).
Expression of all the modified U1 snRNAs tested except U1T5
resulted in increased inclusion of exon 4 into both CS and IS
mRNAs, as shown by increases in the levels of two-exon fat
(1.4.7) and single-exon fat (1.4I) mRNA species (Fig. 3B).
There were also concomitant decreases in the levels of nef
(1.5.7) and vpu/env (1.5I) mRNA species. The decrease in
mRNA species 1.5.7 and 1.51 by expression of U1T2 appeared
somewhat reduced compared to those with UIT1, UIT3,
U1T4, and U1T6. There was little or no effect of U1T5 on the

J. VIROL.

splicing patterns, consistent with the data shown in Fig. 2.
Thus, our results indicated that in all cases, the increase in
HIV-1 splicing promoted by the modified Ul snRNAs oc-
curred at the corresponding upstream 3’ss and was consistent
with the exon definition hypothesis.

Gag processing is defective in the presence of modified Ul
snRNAs. We have previously shown that mutants of 5'ss D2
that exhibit excessive splicing of HIV-1 RNA also demonstrate
Gag protein processing defects (26). Thus, we next asked
whether excessive splicing of HIV-1 RNA induced by modified
Ul snRNAs also affected Gag processing. To examine this
question, we analyzed total cellular protein by Western blot-
ting using Gag CA-specific antibody from cells cotransfected
with pNL4-3 and modified U1 snRNA expression clones (Fig.
4A). We quantitatively determined the amounts of both Pr55-
Gag precursor and processed Gag (p24 and Pr-41) by directly
measuring the chemiluminescence of the bands on the West-
ern blot. The p24/Pr-55 and Pr-41/Pr-55 ratios were then de-
termined (Fig. 4B). In the presence of Ul1D2upEx, whose
expression was shown above to greatly increase splicing of
HIV-1 RNA at 3'ss Al, aberrant Gag processing occurred, as
indicated by reduced levels of Gag processing intermediate
(Pr41) and product (p24-CA) relative to Gag precursor
Pr55gag. This was confirmed by the reduced p24/Pr55 and
Pr41/Pr55 ratios compared to those for virus alone (Fig. 4A
and B). In contrast, expression of U1D2up, which we showed
above also resulted in increased splicing at Al at lower levels
than for U1D2upEZx, had less effect on Gag processing (Fig. 4A
and B). Gag processing was also aberrant in the presence of
U1D3up as well as U1T1, U1T3, and U1T6 (Fig. 4A and B),
which we showed above to markedly affect HIV-1 RNA splic-
ing (Fig. 2). Expression of U1T4 had a moderate effect on
Gag processing, whereas U1T2 and UITS5 had little or no
effect on Gag processing (Fig. 4A and B). These results were
also consistent with the effects on HIV-1 splicing and the level
of unspliced RNA as shown in Fig. 2A and B.

We have also analyzed virion proteins, but we did not ob-
serve any processing defect of Gag isolated from virion parti-
cles. These results suggested that Gag processing in the trans-
fected cell was not due to a defect in viral protease function
(data not shown).

Impaired virus production in the presence of modified Ul
snRNAs. We next determined the effect of expressing the mod-
ified U1 snRNAs on HIV-1 virion production. Cells were co-
transfected with pNL4-3 proviral plasmid and modified Ul
snRNA constructs. At 48 h posttransfection the medium was
harvested and analyzed for virus production. Expression of
U1D2upEx resulted in a 10-fold decrease in virus production
compared to that with pNL4-3 in the presence of pUC13U1
control U1 snRNA. Expression of U1D2up, on the other hand,
resulted in only a 2-fold decrease in virus production. Expres-
sion of U1D3up resulted in an approximately 4-fold reduction
in virus production compared to that with the wild-type control
(Fig. 5). Expression of UIT1 and U1T6 caused approximately
10-fold reductions in virus production compared to that with
expression of control Ul snRNA, whereas expression of U1T3
and U1T4 reduced virus production by 70% and 60%, respec-
tively (Fig. 5). On the other hand, expression of U1T2 only
slightly reduced virus production, and expression of U1T5 did
not significantly affect virus production (Fig. 5). Thus, the
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snRNA were calculated.

effects of modified Ul snRNAs on splicing correlated with
their effects on virus production.

Inhibition of virus replication in T cell lines expressing
modified Ul snRNAs. Our results above (Fig. 5) showed that in
transfected 293T cells expression of several modified Ul
snRNAs that promoted splicing of HIV-1 RNA inhibited virus
production approximately 10-fold. To further examine whether
modified Ul snRNAs inhibit virus replication, we generated
stable T cell lines expressing several modified Ul snRNAs
that were particularly effective in the transient assays. Stable
CEMSS T cell lines were obtained by transducing lentiviral
vectors expressing UlD2upEx, U1D3up, and U1TI1, which
were targeted to increase splicing at Al, A2, and A3, respec-
tively. These cell lines were not different from the control cell
lines in viability and did not show any significant cytopathic

effect, suggesting that these modified U1 snRNAs do not have
any significant off-target effects (data not shown).

We first determined the relative expression levels of individ-
ual Ul snRNAs by quantitative real-time PCR assays as de-
scribed in Materials and Methods. We used primers that spe-
cifically detected U1D2upEx and U1T1. We also attempted to
measure UlD3up expression but were unable to find condi-
tions and primers that were specific for UlD3up and that
would allow us to distinguish its expression from wild-type
expression. As shown in Fig. 6A, in transfected 293T cells, the
expression of UlD2upEx and U1T1 was approximately 15%
and 12%, respectively, of that of endogenous UlsnRNA (Fig.
6A). In stable CEMSS cells, the expression of U1D2upEx and
UIT1 was 3.1% and 1.2%, respectively, compared to that of
the empty vector control (Fig. 6A).
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FIG. 5. Analysis of HIV-1 virus production. 293T cells were trans-
fected with pNL4-3 alone (6 pg) or in the presence of modified Ul
snRNAs (4 pg). Cell-free supernatants were collected at 48 h post-
transfection, and virus production was determined by RT assays as
described previously (36). Error bars indicate standard deviations.

We then analyzed the HIV-1 RNA species by RT-PCR in
stable cell lines infected with HIV-1. Figure 6B shows splicing
pattern of CS RNA from HIV-1-infected U1T1-, U1D2upEx-,
and Ul1D3up-expressing CEMSS cells. As expected, there
was an increased level of 1.4.7 (tat) mRNA species in U1T1-
expressing cells compared to that in control cell lines. In
UlD2upEx-expressing cells, as expected, there was an increased
level of the exon 2-containing mRNA species 1.2.5.7. In
CEMSS cells expressing U1D3up, on the other hand, there
were no detectable differences in the splicing pattern com-
pared to that of the wild type.

We then tested whether expression of several modified Ul
snRNAs that promoted excessive splicing also affected multi-
round replication of HIV-1. Stable CEMSS cell lines express-
ing UlD2upEx, UlIT1, or UlD3up were challenged with
NLA4-3 virus at three different multiplicities of infection (MOI).
Culture media were collected at 2-day intervals after infection,
and RT activity was measured to determine virus production.
At an MOI of 0.002, virus replication was significantly inhib-
ited in U1D2upEx-, U1D3up-, and U1T1-expressing cells (Fig.
6C). Virus production was inhibited greater than 90% in cells
expressing U1D2upEx, whereas in cells expressing U1D3up
and U1T1, virus production was inhibited 70 to 80% compared
to virus produced in empty vector control cells or CEMSS cells
(Fig. 6C). Similar effects on virus production were observed at
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an MOI of 0.01 (Fig. 6C). At the relatively high MOI of 0.1,
expression of U1D2upEx and U1T1 still resulted in significant
inhibition of virus replication (90% and 60%, respectively). On
the other hand, virus replication at an MOI of 0.1 was not
significantly affected in U1D3up-expressing cells (Fig. 6C).

DISCUSSION

Modified snRNAs have previously been used to inhibit
HIV-1 gene expression and virus replication. One approach
was to inhibit the accumulation of HIV-1 RNA by targeting
HIV-1 sequences in the 3'-terminal exon (33). This approach
was adapted from prior studies indicating that expression of
cellular genes could be inhibited by targeting 3’-terminal exons
with modified Ul snRNAs (7, 21). This inhibition of RNA
accumulation was proposed to be either a direct inhibition of
3’ polyadenylation machinery by Ul snRNPs or, alternatively,
disruption of interactions between the 3’ss and the poly(A)
signal as proposed by the exon definition hypothesis (31). In
either case, binding of the modified U1 snRNPs would lead to
incompletely processed RNA transcripts that are rapidly de-
graded (21). It has also been previously shown that HIV-1
replication was inhibited by inducing skipping of internal exons
of tat, rev, and nef mRNAs by expression of modified U7
snRNA targeted to HIV-1 splice junctions and nearby regula-
tory elements (5, 6).

In this report we have shown for the first time that specifi-
cally designed Ul snRNAs targeting key splicing regulatory
elements can be used to induce excessive HIV-1 splicing and,
by this mechanism, inhibit virus replication. We expressed
modified Ul snRNAs that are able to bind with high affinity to
HIV-15'ss D2 and D3 and tat exon sequences downstream of
3’ss A3. Expression of some of these modified Ul snRNAs
resulted in excessive splicing of HIV-1 RNA and a drastic
inhibition of virus production. In addition we found that ex-
pression of modified U1 snRNPs that induced excessive splic-
ing of HIV-1 also induced defective Gag processing. The ef-
fects of these modified Ul snRNAs on wild-type HIV-1 gene
expression and replication are similar to the phenotype of
some HIV-1 splicing element mutants (23, 24, 26).

Human cells express over one million copies of Ul snRNA
per cell (22). To alter the splicing pattern by modified Ul
snRNA, efficient expression of modified U1 snRNAs is neces-
sary to compete with the unmodified cellular Ul snRNAs. In
transfected 293T cells, expression of either of two 5'-mutated
U1 snRNA molecules, UlD2upEx and U1T1, was sufficient to
inhibit HIV-1 production by 90%. Assuming a transfection
efficiency of greater than 90%, which is typical for 293T cells
transfected under the conditions used here, our data imply that
the expression levels of Ul1D2upEx and U1T1 in the trans-
fected cells are approximately 15% and 12% of that of endog-
enous Ul snRNA. Strong inhibition of HIV-1 replication was
also obtained in stable T cell lines in which U1D2upEx and
UI1T1 were expressed at levels of only 3.1% and 1.2% compared
to the level of cellular Ul snRNA. These expression levels are
comparable to those described in a previous study in which mod-
ified U1 snRNAs were used to inhibit expression of cellular genes
(7). We believe that the modified Ul snRNAs are effective at
these low levels because of their increased binding affinities to
HIV-1 RNA compared to the wild-type Ul snRNA.



12%

3.1%

CEMSS cells

L} L L
(=4 o b - -
o - nm o
e 2

(=]
|043u09 10303A Aydwa

0} aAlje|al uolssaldxa Juadiad

12 %

15 %

Transfected 293T cells

o ° - =

=] - = o

= o
VNYUS LN shouabopua

0} dAIje|al uoissaldxa jJuasiad

<

T deo- LA
d49-x3dnzain

|o13u0)

d49-111N
nndd9-x3dnzain

|o13uo)

NRREERRR RN SEERARY)]

49-x3dnzain
|onu0)

Ln
x3dnzain
snouabopuz

Ln
x3dnzain
snouabopug

LN
x3dnzain
snouabopug

R-T1

R-D2upEx

R-WT

Primer:

R-T1

R-WT R-D2upEx

Primer:

€vIN

1009 Aydwrg +¢-IN
d4o-dnedin +€-vIN
dA9-xgdnzain +€-4IN

dID-1LIN +E-¥IN

b
=
-

1.25.7

MOl 0.01

—=— U1T1-GFP

—a— U1D2upEx-GFP
—»— U1D3up-GFP
—e— Vector Control
—e— CEMSS

—8- Mock

MOI 0.002

12000+

—=— U1T1-GFP

—— U1D2upEx-GFP
—— U1D3up-GFP
—e— Vector Control
—e— CEMSS

—8- Mock

8000+
4000+

Ayanoe 1y

4000+

30004
20004

Auanoe 1y

1000+

Day4 Day6 Day8

Days Post Infection

Day 0

Day4 Dayé Day8

Days Post Infection

Day 0

MOI1 0.1

—a— U1T1-GFP
—— U1D2upE
—*— U1D3up-

x-GFP

GFP

—— Vector Control
—e— CEMSS
—8— Mock

200004

16000+

12000+

Aunnoe

T
(=3
(=3
(=3
«©

1

-]

40004

Day8

Day6

Day4
Days Post Infection

Day 0

12798



VoL. 84, 2010

We showed that HIV-1 splicing at 3’ss Al or A2 can be
activated by increasing U1 base pairing to the relatively weak
5'ss D2 or D3, respectively. This activation occurs by increas-
ing interactions between the downstream 5’ss and upstream
3’ss as predicted by the exon definition hypothesis. Interest-
ingly, 3'ss A3 was activated by targeting modified Ul snRNAs
to several different sequences within the first fat coding exon
(exon 4). In this case, there was increased production of com-
pletely and incompletely spliced tat mRNAs. Thus, binding of
U1 snRNPs at several locations within the fat exon is sufficient
to activate splicing at 3'ss A3 and promote exon 4 inclusion by
increased splicing at the 5'ss flanking exon 4, 5’ss D4. Some of
the Ul snRNAs targeted to exon 4 were more effective than
others in inducing excessive splicing. One of the reasons for
this may be that the targets overlap binding sites for other
cellular factors. For instance, U1T1, which was very effective in
inducing splicing at 3’ss A3, overlaps the splicing regulatory
element ESS2 which binds hnRNP A/B proteins and represses
splicing at 3'ss A3 (4, 11, 35). However, overlap of a negative
regulatory element cannot explain the results with U1T6, which
we showed was equally effective in inducing excessive splicing.
Another possibility is sequestration of target sequences in regions
of base-paired secondary structures (16, 19). Insertion of target
sequences into duplex structures has previously been shown to
greatly reduce the inhibition induced by modified Ul snRNAs
targeted to the 3'-terminal exons (14). However, target se-
quences for U1T1 and U1T6, both of which were effective,
have been shown to be within base-paired regions. In contrast,
UI1TS, which was directed to an unpaired loop region, did not
induce excessive splicing. Finally, it is possible that definition of
exon 4 may require a minimum distance of the upstream 3’ss to
the U1 snRNA binding site. This could explain the ineffectiveness
of UITS, which is only 26 to 35 nt downstream from 3'ss A3.

We showed that increasing the complementarity between
U1 snRNP and 5'ss D2 and D3 resulted in increased splicing at
3’'ss Al and A2, respectively. In the case of UlD2upEx, the
number of H bonds involved in Ul binding to the 5’ss, assum-
ing Watson-Crick base pairing, increased from 14 to 23, and in
the case of U1D3up, it increased from 17 to 23. These results
are consistent with a model proposed by Freund et al. for the
role of extended base pairing of Ul snRNA beyond the 5'ss
consensus sequence “AG/GU(A/G)AGU™® to positions + 7
and + 8 (15). Increased binding of Ul snRNA would then be
expected to lead to increased exon definition and increased
splicing at the upstream 3'ss.

The effect of excessive splicing on HIV-1 Gag processing is
not yet understood. Our results have indicated that several
HIV-1 mutants demonstrating excessive splicing also show this
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same effect on Gag processing (24, 26). We have obtained
preliminary data indicating that this defect in processing re-
sults from the failure of Gag to assemble and to associate with
plasma membrane (D. Mandal and C. M. Stoltzfus, unpub-
lished data). Thus, excessive splicing of wild-type HIV-1 RNA
that is induced by modified U1 snRNPs may also cause defec-
tive Gag assembly, and this defect may contribute to the inhi-
bition of virus replication. It is of interest that reduced levels of
unspliced viral RNA, inefficient virus assembly, and low virus
production have also been found for HIV-1 infections of murine
and other rodent cell lines that were engineered to express the
HIV-1 receptor and coreceptor as well as cyclin T1 required for
Tat function (8, 27). In this case, there appears to be a reasonable
correlation between levels of unspliced RNA and virus produc-
tion in mouse and rat cell lines but not in hamster cell lines (8).

Using subgenomic HIV-1 env expression constructs, several
studies have indicated that Ul snRNP binding to 5'ss D4 is
important in HIV-1 transcription and stability (2, 12, 20). In
our experiments we did not directly measure the effects of Ul
snRNA on transcription or stability of HIV-1 mRNAs. The
results shown in Fig. 2A indicated that the presence of control
U1 plasmid resulted in an increase in the overall level of the
Northern blot signal. This was not a consistent finding, how-
ever, in multiple independent experiments. We also could not
demonstrate a significant difference in the levels of total HIV-1
RNA in the presence or absence of control Ul snRNA by
quantitative real-time PCR assays (D. Mandal and C. M.
Stoltzfus, unpublished observations).

We showed that UlD2upEx and U1T1 expressed by lenti-
virus-transduced CEMSS T cells result in excessive splicing
and inhibition of HIV-1 replication. We believe that this strat-
egy, if the challenges for delivery of the modified Ul snRNAs
can be surmounted, may be an effective therapeutic approach
and add to our arsenal of antiretrovirals. One reason is that the
inhibition is mediated by RNA rather than protein and there-
fore would not be expected to generate an immune response.
Second, the modified Ul snRNAs that we tested should be
broadly effective, since they targeted to conserved HIV-1 se-
quences in 5'ss D2 and D3 and within the first fa¢ coding exon.
Third, the modified Ul snRNAs act to inhibit HIV-1 at a
different step of gene expression, RNA splicing in the nucleus,
compared to inhibitory small interfering RNAs (siRNAs),
which act to reduce levels of HIV-1 mRNAs in the cytoplasm.
It will be necessary to test these two RNA-based approaches
together to investigate whether they can act synergistically to
inhibit HIV-1 replication. It will also be necessary to assay for
the frequency of resistant variants that arise when HIV-1 is
passaged on cells expressing the modified U1 snRNAs. Finally,

FIG. 6. Virus production in stable CEMSS T cells expressing modified Ul snRNA. (A) Determination of expression levels of modified Ul
snRNAs by quantitative real-time PCR. Total RNA was isolated from transfected 293T cells or stable CEMSS cells transduced with lentiviral
vectors expressing modified Ul snRNAs. cDNAs synthesized by RT from the RNA samples were subjected to quantitative real-time PCR. The
relative amounts of WTU1, U1D2upEx, and U1T1 snRNAs, expressed as a percentage of wild-type Ul levels, were determined for each cell type
using primers specific for wild-type (R-WT) and mutant (R-D2upEx and R-T1) Ul snRNAs as described in Materials and Methods. The values
shown are the averages of three independent determinations. (B) Analysis of CS (1.8-kb) mRNA species from stable CEMSS T cells expressing
modified Ul snRNAs infected with wild-type HIV-1. Total RNA was isolated from infected cells, and spliced RNA species were analyzed as
described in the legend to Fig. 3. (C) HIV-1 replication in stable CEMSS T cells expressing modified U1 snRNAs. Control CEMSS T cells, cells
expressing modified Ul snRNAs, and cells transduced with empty vector were infected with NL4-3 virus at different MOI as indicated. Virus
production was determined by RT assays of cell-free supernatant collected at different time points shown. Error bars indicate standard deviations.
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the approach described here may be useful for inhibiting the
replication of other viruses that are dependent on the host cell
splicing process.
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