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ABSTRACT

Replication of the integrated HIV-1 genome is tightly regulated by a series of cellular factors. In previous work we showed that
transactivation of the HIV-1 promoter is regulated by the cellular splicing factor SRSF1. Here we report that SRSF1 can down-
regulate the replication of B, C, and D subtype viruses by >200-fold in a cell culture system. We show that viral transcription
and splicing are inhibited by SRSF1 expression. Furthermore, SRSF1 deletion mutants containing the protein RNA-binding do-
mains but not the arginine serine-rich activator domain can downregulate viral replication by >2,000-fold with minimal impact
on cell viability and apoptosis. These data suggest a therapeutic potential for SRSF1 and its RNA-binding domains.

IMPORTANCE

Most drugs utilized to treat the HIV-1 infection are based on compounds that directly target proteins encoded by the virus. How-
ever, given the high viral mutation rate, the appearance of novel drug-resistant viral strains is common. Thus, there is a need for
novel therapeutics with diverse mechanisms of action. In this study, we show that the cellular protein SRSF1 is a strong inhibitor
of viral replication. Furthermore, expression of the SRSF1 RNA-binding domains alone can inhibit viral replication by >2,000-
fold in multiple viral strains without impacting cell viability. Given the strong antiviral properties of this protein, the RNA-bind-
ing domains, and the minimal effects observed on cell metabolism, further studies are warranted to assess the therapeutic poten-

tial of peptides derived from these sequences.

eplication of the integrated HIV-1 genome is tightly regulated

by a combination of host and viral factors. Interactions be-
tween viral sequences and cellular and viral proteins are required
to express the viral genome, and alteration of the mechanisms
regulating transcription, splicing, and export of the viral tran-
scripts can dramatically affect HIV-1 infectivity and pathogenesis
(1-3).

The integrated provirus is transcribed into a single pre-mRNA
from a promoter located within the 5’ long terminal repeat (LTR)
of the viral genome through RNA polymerase II (RNAP II) and a
combination of basal and promoter specific factors (1). The viral
protein, Tat, stimulates transcription elongation by binding to a
structured RNA element (transactivation responsive region
[TAR]), located at the 5" ends of all nascent HIV-1 transcripts (4,
5) and triggering the recruitment of the P-TEFb complex. The
P-TEFb complex is composed of cellular cyclin T1 and the cyclin-
dependent kinase 9. P-TEFb activates viral transcription by pro-
moting the release of the NELF and DRB sensitivity-inducing fac-
tor transcriptional pausing complex (6, 7) and phosphorylation of
the C-terminal domain of RNAP II to facilitate elongation of the
viral transcript (8, 9).

The single viral transcript undergoes a complex series of splic-
ing events to generate over 40 mRNA isoforms; thus, the same
viral protein is encoded by multiple mRNAs that vary for their 5’
and 3’ untranslated regions (10). Spliced viral mRNAs can be
classified in a group of ~4 kb in length, coding for the Env, Vpu,
Vpr, and Vif proteins, and a group of ~2 kb in length, coding for
the Tat, Rev, and Nef proteins (10). Furthermore, ca. 50% of the
viral pre-mRNAs leave the nucleus without being spliced. The
unspliced 9-kb mRNA encodes the Gag and Gag-Pol polyprotein
and is packaged within the nascent virions as viral genome. The
complex splicing regulation of the viral transcripts is carried out
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by several cellular factors, which interact with partially character-
ized cis-acting elements distributed throughout the genome and
selectively enhance or inhibit the use of specific splice sites (1).

We have recently showed that SRSF1, an RNA binding protein
(RBP) member of the serine/arginine (SR) proteins family, can
inhibit Tat transactivation by directly competing for its binding
onto TAR (11). SR proteins are key regulators of gene expression,
highly conserved, and widely expressed in eukaryotes. SRSF1 and
other members of this protein family regulate the assembly of the
splicing machinery (12), integrate multiple steps in RNA metab-
olism (13), and have been shown to modulate RNAP II activity
(14, 15). SRSF1 binds to splicing regulatory sequences within the
viral transcript and modulates the splicing of subgenomic clones
in vitro and ex vivo (3, 16, 17). Nevertheless, given the presence of
multiple putative binding sites for SRSF1 throughout the viral
genome and the high mutation rate in the primary sequences
among different viral isolates, the overall contribution of this pro-
tein to viral replication, in the contest of the full-length virus, is
unclear.
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FIG 1 SRSF1 inhibition of HIV-1 transcription. (A) Schematic representation of the pMtat(—) proviral clone. (B) Schematic representation of the SRSF1
deletion clones containing the RNA recognition motifs (RRMs) and the Arg-Ser-rich domain (RS). (C) Tat and SRSF1 expression in HEK293 cells transfected
with SRSF1 and Tat coding plasmids. Proteins are detected with the anti-Tat, anti-SRSF1, and anti-tubulin antibodies. The SRSF1 expressed from the pSRSF1
vector is tagged with a T7 epitope (T7-SRSF1) and migrates more slowly than the endogenous protein (endo-SRSF1). (D) The T7-tagged SRSF1 proteins was
detected utilizing an anti-T7 tag. (E) Quantification of viral mRNA in a transient-transfection system. HEK293. Cells were transfected with the proviral clone
pMtat(—) and the indicated vector in the presence (+) or absence (—) of the Tat expression construct. Viral mRNA was quantified by gPCR (primers P1 and P2),
and data were normalized for the a-tubulin mRNA content of each sample and expressed as the fold increase versus the pEGFP, Tat ™ transfection control. The
Tat expression level is shown for the cells transfected with pTat. (F) Quantification of viral mRNA in the integrated provirus. HLM1 cells were transfected with
the indicated expression vector in the presence (+) or absence (—) of Tat, and viral mRNA was quantified by qPCR and expressed as the fold increase versus the
pEGEFP, Tat ™ transfection control. The Tat expression level is shown for the cells transfected with pTat. All data are represented as means = the SEM.

Previous studies on the role of SRSF1 in HIV-1 replication have
focused on its activity as a splicing regulator and have been carried
out utilizing minimal subgenomic substrates and molecular
clones derived from the LAV(LAI) viral isolate (10, 18). We
sought to analyze the role of SRSF1 in viral gene expression and
replication utilizing molecular clones from different viral sub-
types. We show that the overexpression of SRSF1 strongly inhibits
the viral transcription, splicing, and replication of viruses from the
B, C, and D subtypes. Furthermore, we found that the SRSF1
RNA-binding domains (RBDs) alone can downregulate viral rep-
lication by >2,000-fold without altering cell viability and apopto-
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sis. Taken together, our results demonstrate the therapeutic po-
tential of SRSF1 and it RBDs.

MATERIALS AND METHODS

Plasmids and cells. The SRSF1 deletion mutants have been previously
described (19). The enhanced green fluorescent protein (EGFP)-tagged
SRSF1 clones were obtained by cloning the SRSF1 coding sequences up-
stream the EGFP gene in the pEGFP-C1 vector (Clontech). The HIV-1
molecular clones—pNL4.3 contributed by Malcolm Martin (18),
pMtat(—) contributed by Reza Sadaie (20), pLAL2 contributed by K.
Peden (21), pMJ4 contributed by T. Ndung'u (22), and p94UG114.1.6

June 2015 Volume 89 Number 12


http://jvi.asm.org

SRSF1 RRMs Inhibit HIV-1 Replication

Gag/ Pol — e (US
- P4 P2 |
Vif
Vpr == SS
P5 N
Env/Vpu e ~ T T T e T——
BT N P6
Tat -_— i __
P9 P8
e o e e e S i S S S S TS e =2
Rev — — — | MS
e P10
Nef - -
P
B) TAR_BS GAR_BS ESE3_BS
+|1 11000 ZIOOO ‘a’IOOO 4|000 SIOOO GIOOO 7|000 8|000 9|000
NL4-3 6
5
4
3
2
1
LAV.2 6 |
5
a4
3
2
1
i g
sl
1
3l
94UG114. |
1.6 :Ii
C) Transfection HEK293 _ 5000 ) 1A T
pNL4-3 + SRSF1 S 2000 1.0}
B 09}
72h g 1000 o8
s 500 < °r
¢ 500 Z 071
Harvest Virions T 100 = 061
Infect TZMbl 2 50 § 0.5
48h 2 2 0.4
S 10 031
= 5 2
Tat is expressed E g i
Integrated LTR-Luc is expressed 2 T = = =
v S & P & &
¥ Fov & &
Luc expression is proportional to L 3

infective virions produced in HEK293 cells

E)

2.00 12t
— 175 K
é 1.50 >
% 1.25 &
© b
S 1.00 k]
8075 =

0.50 =

0.25

June 2015 Volume 89 Number 12 Journal of Virology jviasm.org 6277


http://jvi.asm.org

Paz et al.

contributed by B. H. Hahn (23)—were obtained through the AIDS Re-
search and Reference Reagent Program, Division of AIDS, National Insti-
tute of Allergy and Infectious Disease (NIAID), National Institutes of
Health (NIH).

HEK293 cells were maintained at below 80% confluence. Cells were
transfected in 24-well plates with Lipofectamine 2000 (Life Technologies),
0.2 pg of virus coding plasmid, and 0.2 pg of the SRSF1 or control expres-
sion plasmids. Proteins expressed were analyzed utilizing the antibodies
anti-SRSF1 (provided by A. R. Krainer, Cold Spring Harbor Laborato-
ries), Tat (obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH), and antiserum to HIV-1 Tat from Bryan Cullen),
GFP (B-2; Santa Cruz Biotech), B-tubulin (Sigma), and T7-Tag (Sigma).
HLMI1 was obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH; HLM30 cells (obtained from Reza Sadaie) were trans-
fected by electroporation by utilizing a GenePulser II (Bio-Rad).

In vitro infection assay. H9 cells (obtained from Robert Gallo through the
NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH) were in-
fected at high multiplicity of infection (MOI; =100) with virus generated
by collecting the supernatant from HEK293 cells transfected with the
proviral clone pNL4-3. At 4 days postinfection, cells were transfected with
the EGFP-tagged clones by electroporation utilizing a GenePulser II (Bio-
Rad). At 24 h posttransfection, EGFP-expressing cells were sorted using a
BD FACSAria IT cell sorter. Cells that displayed a peak EGFP signal were
gated and collected. After sorting, the cells were collected and plated in
96-well plates at a concentration of 50,000 cells/well in triplicates. Virus
was collected every 24 h for the following 4 days and quantified utilizing
TZM-bl cells.

RNA extraction and transcripts analysis. Total RNA was extracted 48
h after transfection with a total RNA isolation kit (Agilent) and DNase
treated with Turbo DNase (Ambion). RNA was reverse transcribed utiliz-
ing a random pd(N)6 primer and Superscript II RT (Life Technologies).
Quantitative PCR (qPCR) analysis of the viral transcripts was performed
as previously described (3) utilizing the primers described in Table SA1 in
the supplemental material. Each sample was normalized for the relative
content in the housekeeping genes GAPDH and Tubulin. qPCR was per-
formed utilizing a Stratagene Mx3005P real-time PCR system and SYBR
green dye and analyzed with MxPro V3.0 software. Each assay was carried
out with a minimum of three independent transfections, while gPCR
assays were carried out in duplicates. The data are represented as means =
the standard errors of the mean (SEM). Alternative splicing events in
cellular genes were quantified by semiquantitative reverse transcription-
PCR (RT-PCR) assays utilizing the primer sets described in Table SA1 in
the supplemental material. To avoid amplification bias, 28 cycles were
utilized for each PCR assay. PCR products were analyzed and quantified
utilizing a 2100 Bioanalyzer (Agilent Technologies) and 2100 Expert Soft-
ware. The data are represented as means = the SEM.

Cellular assays. The viral replication assay was carried out utilizing
TZM-bl cells contributed by J. C. Kappes (24) obtained through the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID,

NIH, and seeded 24 h before infection in 96-well plates at 50% confluence
in 200 pl of Dulbecco modified Eagle medium supplemented with 8%
fetal calf serum and gentamicin. Supernatant collected from HEK293 cells
72 h after the transfection carried out with the proviral constructs was
utilized to infect the TZM-bl cells. At 48 h postinfection, the cells were
lysed, and the luciferase expression was assayed and quantified utilizing a
BMG PolarStar Omega reader. Each assay was carried out with a mini-
mum of three independent transfections. TZM-bl infections from each
independent assay were carried out in triplicates. Luciferase data were
analyzed utilizing the MARS data analysis software. Cell viability was mea-
sured in HEK293 cells at 72 h posttransfection utilizing the CellTiter-Glo
(Promega) ATP production assay. The assay was performed in HEK293
cells at 72 h posttransfection and in H9 cells at 5 days posttransfection.
Apoptotic events were detected utilizing a FAM FLICA caspase 9 apopto-
sis detection kit (Marker Gene Technologies). The data are represented as
means * the SEM. The assay was performed in HEK293 cells at 72 h
posttransfection.

RESULTS

SRSF1 inhibits Tat transactivation. The cellular machineries reg-
ulating the transcription and processing of eukaryotic RNAs are
intimately coupled. Components of the RNAP II transcription
complex modulate the processing of the nascent pre-mRNA and,
in some cases, the processing feeds back to regulate transcription
(25, 26); therefore, it is important to study the regulation of viral
gene expression within the contest of the full-length virus. In our
previous work we utilized a series of reporter minigenes and bio-
chemical assays to show that SRSF1 inhibits viral transactivation
by recognizing a sequence within TAR that overlaps the Tat bind-
ing site. Here, we set out to study the role of SRSF1 in HIV tran-
scription in the context of the full-length virus. We used the pro-
viral clone pMtat(—), which contains a full-length viral genome
but lacks a functional copy of the Tat gene (Fig. 1A) (20). HEK293
cells were cotransfected with the proviral vector pMtat(—) and
expression clones for Tat, SRSF1, and SRSF1 deletion mutants or
the control EGFP. Tat increased the amount of viral transcripts by
>60-fold, whereas SRSF1 overexpression reduced transactivation
to 8-fold (Fig. 1E), confirming our previous observations, ob-
tained utilizing a subgenomic reporter construct (11).

SRSF1 is composed of two RNA recognition motif (RRM)
RNA-binding domains (RBDs), which interact with specific RNA
sequences, and an RS (arginine/serine-rich) carboxy-terminal do-
main, which is required for protein-protein interaction but does
not appear to affect the RNA binding specificity of the protein
(27). Our previous results indicated that the ability of SRSF1 to
inhibit transactivation was solely dependent on its binding to

FIG 2 SRSF1 inhibition of HIV-1 replication. (A) Schematic representation of the pNL4-3 proviral clone. The relative position of the viral genes is indicated on
the map on top. The main mRNAs— classified as unspliced (US), singly spliced (SS), and multiply spliced (MS)—are indicated. Multiple mRNAs coding for each
viral gene are generated by the choice of several alternative 5" and 3’ splice sites (10). Locations of the primers utilized in the qPCR assays to amplify the total viral
mRNA (P1 and P2) and specific for the gag/pol (P3 and P4), env/vpu (P5, P6), rev (P9 and P8), tat (P7 and P8), and the multiple spliced mRNAs (tat, rev, and nef)
(P10 and P11) are indicated. (B) SRSF1 binding sites within the viral transcript. The sequences of four molecular clones were analyzed for consensus SRSF1
binding sites utilizing the ESEfinder 3.0 (29). A high-threshold stringency of 4 was chosen for the SRSF1 matrix analysis to reduce the number false positives and
the significance of the output data. The position and score of each predicted SRSF1 binding site is plotted for each viral molecular clone in relation to the standard
NL4-3 genome map. The location of the SRSF1 binding sites that have been experimentally characterized is indicated in relation to the NL4-3 genome (top). (C)
Viral replication assay. HEK293 cells were cotransfected with the viral expression clone pNL4-3 and the indicated SRSF1 plasmid. Viral production was assayed
as indicated in the schematics on the left. The amount of supernatant utilized for the assay was normalized for the amount of cells present in the plate. Inhibition
of viral replication was defined as the: the luciferase counts from TZM-bl infected with the supernatant of HEK293 transfected with pNL4-3 and the control
pEGFP/the luciferase counts from TZM-bl infected with the supernatant of HEK293 transfected with pNL4-3 and the indicated SRSF1 clone. (D) Quantification
of total viral mRNA from the transfected HEK293 cells by qPCR (primers P1 and P2). The results are visualized as the fold increase or decrease versus the control
pEGFP transfection. (E) Quantification of the single viral transcripts. Expression of the gag/pol, env, tat, rev, and multiply spliced mRNAs relative to the total
amount of viral transcript was calculated by normalizing the amount of specific transcripts for the total amount of viral mRNA in each sample, and each value
is expressed as the fold increase or decrease versus control pEGFP transfection. All data are represented as means = the SEM.
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TAR. To determine whether this was also true in the context of the
full-length virus, we expressed a series of SRSF1 deletion mutants
(Fig. 1B and D) in the absence or presence of Tat.

The mutant carrying a deletion of the protein-interacting RS
domain reduced transactivation to only 6-fold, which is lower
than the one observed utilizing the wild-type protein (8-fold).
Expression of a mutant clone carrying only RRM2 decreased
transactivation with efficiency similar to the wild-type protein
(10-fold), whereas RRM1 reduced transactivation by <50%.
These data are consistent with our previous observations suggest-
ing an inhibition mechanism solely dependent on the RNA bind-
ing specificity of SRSF1 for a sequence overlapping the Tat binding
site onto TAR and with findings suggesting that the RNA binding
activity of SRSF1 is mostly dependent on RRM2 (28).

One of the limitations of utilizing a transient-transfection system
to study the mechanism of viral replication is the presence of multiple
nonintegrated copies of the viral genome. Although the transcription
machinery appears to similarly regulate the integrated and noninte-
grated viral genome, it is conceivable that the transcriptional effect of
SRSF1 might differ in the course of the natural infection, with cells
carrying a single copy of the genome integrated in the chromosomal
DNA. The results obtained using HLM1 cells, which carry a single
copy of the integrated pMtat(—) (Fig. 1F), validate the data obtained
with the transfection of pMtat(—) and indicate that the transient-
transfection system utilized can be adopted to test the effects of SRSF1
on viral production.

SRSF1 RBDs inhibit viral production. SRSF1 exerts a key role
in the regulation of viral splicing. Previous work carried out by us
and others characterized splicing regulatory sequences bound by
SRSF1 that modulate selection of specific splice sites by the cellular
splicing machinery (3, 16, 17). Furthermore, in silico analysis of
the viral transcript performed using the ESEfinder 3.0 (29), a SR
protein functional binding site prediction matrix, indicates that
several putative high-affinity SRSF1 binding sites are present
throughout the viral genome (Fig. 2B), revealing a pervasive role
for this splicing factor in the regulation of the viral pre-mRNA.

Two mechanisms have been proposed to explain SRSF1’s role
in splicing regulation (27). In one model, SRSF1 recruits, via pro-
tein-protein interactions with the RS domain, an essential com-
ponent of the basal splicing machinery onto 5’ and 3’ splice sites.
In the second model, SRSF1 activates splicing by competing with
and inhibiting the binding of splicing repressors in the proximity
of the regulated splice site. Furthermore, this protein has also been
shown to inhibit the splicing of a number of cellular exons (30—
32), although the mechanism of action is unclear.

Given the multiple SRSF1 binding sites present throughout the
viral genome, the complex alternative splicing patterns required
to generate multiple mRNAs encoding the viral gene products and
the diverse mechanisms by which this protein exerts its functions
in splicing and transcription, it is conceivable that expression of
the SRSF1 full-length sequence or deletion mutants, which retain
the RNA binding functions, might considerably alter viral repli-

cation. We sought to determine how the wild type and its single-
domain deletion mutants might affect the biogenesis of the viral
mRNAs and viral replication at large. To this end, we utilized a
viral production assay. HEK293 cells were cotransfected with the
proviral vector pNL4-3, which codes for a replication competent
copy of the viral genome, and the SRSF1 full-length or RBD do-
main constructs. Transfection of HEK293 cells is highly efficient,
thus ensuring coexpression of the proviral and SRSF1 constructs.
Viral production was analyzed by collecting the supernatant from
the transfected HEK293 cells and infecting TZM-bl cells (24),
which contain a copy of the luciferase gene under the control of
the HIV-1 LTR promoter. Infected cells express the viral protein
Tat, which in turn activates the viral LTR promoter. Thus, the
number of infective viral copies is reliably quantified by the activ-
ity of the luciferase gene product. Overexpression of SRSF1 de-
creased viral production by >200-fold. Surprisingly, a mutant
lacking the RS domain exhibited decreased production by
>2,000-fold, while the result obtained following expression of the
RRM2 alone was comparable to the wild type (Fig. 2C). These data
are in agreement with our previous results, which showed that
downregulation of SRSF1 by small interfering RNA induces an
increase in viral production (3).

Next, we determined the effect that the SRSF1 mutants have on
the levels of viral mRNA and on the splicing of specific viral
mRNA isoforms. Messengers were quantified utilizing a series of
qPCR assays with primers sets designed to anneal either to a region
common to all viral mRNAs or to specific spliced mRNAs species
as previously described (3). The wild-type SRSF1 downregulated
total viral RNA production by >20-fold; comparable results were
achieved with the clone carrying the deletion of the RS domain or
the RRM2 alone, while the RRM1 alone decreased viral RNA levels
to roughly one-third of the control (Fig. 2D). Each SRSF1 mutant
caused a deregulation of the relative levels of the single viral
mRNAs analyzed (Fig. 2E), which differs from the pattern ob-
tained upon overexpression of the wild-type protein. This was
expected given the diverse mechanisms by which SRSF1 exerts its
splicing functions and the multiple SRSF1 binding sites present
within the viral genome.

Our data indicate that SRSF1 exerts pleiotropic effects on the
regulation of the viral genome and that its RBDs can inhibit viral
replication by presumably competing with other cellular and viral
modulators of RNA biogenesis.

SRSF1 RBDs inhibit divergent viral isolates. The primary se-
quence of HIV-1 is highly variable among single isolates. Multiple
viral strains with different geographical distributions have been
identified. Based on genetic similarities, the numerous virus
strains are classified into types, groups, and subtypes or clades.
More than 90% of HIV-1 infections belong to HIV-1 group M.
Within group M there are known to be at least nine genetically
distinct subtypes. Subtype B is the most common subtype in Eu-
rope, the Americas, and Japan, subtype C is predominant in

FIG 3 SRSF1 inhibition of replication in divergent viral subtypes. (A) Primary sequences alignments of the characterized SRSF1 binding sites in molecular clones
from the B (NL4.3 and LAL2), C (MJ4), and D (94UG114.1.6) viral subtypes. (B to E) Quantification of viral replication and viral mRNAs for the four viral
molecular clones after expression of the SRSF1 constructs. Replication for each viral clone was assayed as described in Fig. 2C. The relative amount of viral RNA
was quantified as described in Fig. 2D. The relative amounts of gag/pol and multiple spliced mRNAs were quantified as described in Fig. 2E, normalized for the
total viral mRNA content of each sample, and expressed as the fold increase or decrease versus the control pEGFP transfection. All data are represented as

means * the SEM.
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FIG 4 Effects on cellular viability, apoptosis, and splicing of SRSF1 deletion mutants. (A) Cell viability was measured by quantifying cellular ATP production at
Journal of Virology

72 h posttransfection. The viability of the cells transfected with the SRSF1 clones is given relative to that of the mock-transfected control. (B) Apoptotic events
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Southern and East Africa and India and subtype D is limited to
East and Central Africa.

Our studies utilize molecular clones derived from early isolates
of the B subtype. Since SRSF1 inhibition of HIV replication is
dependent on its binding onto multiple sequences within the viral
transcript, its activity could greatly vary among different viral
strains. Computational analysis of the putative SRSF1 binding
sites in the four viral isolates showed multiple potential targets for
this cellular factor (Fig. 2B). Furthermore, comparison of the
binding sites, which have been previously experimentally charac-
terized, revealed a high degree of homology among the viral iso-
lates (Fig. 3A).

To study the effect of SRSF1 on isolates from the B, C, and D
subtypes, we analyzed the production of these viruses in HEK293
cells cotransfected with the molecular clones of each viral isolate
and plasmids coding for SRSF1 and its deletion mutants. Overex-
pression of SRSF1 inhibited viral production by at least 100-fold in
all of the viral isolates (Fig. 3B to E). Consistent with the results
obtained with the NL4-3 isolate, the strongest inhibitor of viral
production was the mutant carrying the RS deletion (>1,000-fold
in all isolates), while the inhibition achieved by the clone express-
ing the RRM2 alone was comparable to the one achieved by the
full-length protein. Analysis of the viral transcripts among the
different isolates indicated that the intracellular level of all viral
messengers were similarly impacted by the SRSF1 wild-type se-
quence and the RS deletion mutant. Expression of the single
RRMs leads to more distinctive differences in the relative amounts
of unspliced and multiple spliced messengers among the isolates
(Fig. 3B to E).

Given the heterogeneity of the sequences recognized by SRSF1
and the different roles played by the single domains in determin-
ing its RNA-binding specificity (28, 33), we expected substantial
differences in the total and relative amounts of viral mRNAs gen-
erated by divergent viruses upon expression of each SRSF1 mu-
tant. Nevertheless, the synthesis and processing of viral mRNAs
was severely disrupted in all of the molecular clones tested, and the
production of all three viral subtypes analyzed was strongly inhib-
ited by SRSF1 and its single RBD.

The SRSF1 RBDs have minimal impact on cell viability and
apoptosis. The strong inhibition of viral production observed
upon overexpression of SRSF1 suggests a therapeutic potential for
this protein. Nevertheless, SRSF1 is an essential gene, which is
associated with disease and neoplastic transformation. Thus, it is
plausible that its overexpression will induce major changes in cell
metabolism, which can result in altered cell viability, prolifera-
tion, morphology, and apoptosis, making it a less likely therapeu-
tic candidate. Our data also show that the SRSF1 RRMs can inhibit
viral production with an activity comparable (RRM2) or higher
(RRM1+2) to the full-length protein. Given the multiple mecha-
nisms utilized by this protein to exert its cellular functions, it is
conceivable that the single RRM might impact cell metabolism
less severely than the wild-type sequence. To explore the effects

that these deletion mutants have on cell viability and apoptosis, we
analyzed both parameters in HEK293 cells transduced with SRSF1
and its deletion mutants. Cell viability was reduced by >30%
upon overexpression of the wild-type SRSF1 and single RRM1
(Fig. 4A). Surprisingly, deletion mutants carrying RRM1+2
(ARS) or RRM2 alone did not significantly impact cell viability.
Apoptotic events increased upon transfection of the wild-type and
RS domain deletion clones but not the ones expressing the single
RRM1 and RRM2 compared to the control EGFP vector (Fig. 4B).

The relevance of this protein’s role as a global regulator of
transcription, mRNA stability, nuclear export, and translation is
still unclear. On the contrary, its pervasive role in mRNA splicing
regulation has been widely studied, and it is crucial for cell sur-
vival, development, and replication. To determine whether the
deletion clones were differently affecting the splicing of cellular
genes, we selected a panel of 15 genes, whose splicing is regulated
by SRSF1 (28, 34), and we measured the inclusion of specific ex-
ons. Only 4 of the genes analyzed were similarly regulated by the
wild type and the deletion mutants (Fig. 4C). Three of the genes
surveyed were regulated solely by the wild-type SRSF1, whereas
eight genes were regulated by both the wild type and the RS dele-
tion mutant. Similar results, indicating marked differences in the
splicing pattern generated by each SRSF1 mutant, had been pre-
viously obtained surveying a series of genes involved in mammary
epithelial cell transformation (34). Taken together, these data in-
dicate that the SRSF1 RRM domains can inhibit viral replication
with a reduced impact on cellular metabolism.

SRSF1 effects on viral replication, cell viability, and apopto-
sis are dose dependent. Next, we sought to determine the mini-
mal amount of wild-type or truncated mutant SRSF1 plasmid that
could be transfected to maintain the inhibition of HIV-1 replica-
tion and minimize the effects on cellular viability and apoptosis.
We analyzed the dose-dependent response on the inhibition of
HIV-1 virion production (Fig. 5A), cell viability (Fig. 5B), and
apoptotic events (Fig. 5C) upon transfection of increasing
amounts of the SRSF1 plasmids. A reduction by 50% of the input
plasmids (Fig. 5D) abolished the effects on cell viability and apop-
tosis for the RS deletion and single RRM2 clones, while maintain-
ing the maximum inhibition of viral production. Cell viability and
apoptosis were reduced to control levels when the input of the
plasmid coding for the wild-type SRSF1 was decreased by 8-fold,
this reduced the inhibition of viral production to roughly 20-fold
compared to the >200-fold reduction observed at the higher
DNA input.

SRSF1 inhibits HIV replication in an in vitro infection sys-
tem. To show that SRSF1 can inhibit viral replication in infected
cells that carry an integrated copy of the viral genome, we utilized
the leukocyte-derived H9 cell line, which can be easily infected
with a number of viral strains and allows for efficient viral repli-
cation. H9 cells were infected with viral particles (NL4-3 clone) at
a high MOI (=100) and grown for 4 days to ensure the homoge-
nous infection of the cell population. The infected cells were tran-

in transfected cells. Apoptosis in HEK293 cells transfected with the control and SRSF1 vectors was detected by visualizing the active apoptotic marker caspase 9
at 72 h posttransfection. (C) RT-PCR analysis of SRSF1 target genes. Primers located in the exons flanking the alternatively spliced exon allow amplification of
isoforms either including or excluding the regulated exon. For each gene, we show the graphic output of the analysis (top) and the relative level of exon inclusion
(bottom) in cells expressing the indicated SRSF1 or control plasmid 48 h after transfection. The splicing of three genes is responsive solely for the expression of
the full-length SRSF1 (*). Eight genes respond to both the wild type and the ARS clone (**); four genes respond to the wild type, the ARS clone, and the RRM2

clone (***). All data are represented as means = the SEM.
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FIG 5 Dose-dependent response to SRSF1 expression. (A) Inhibition of viral replication was assayed as described in Fig. 2C. The proviral clone pNL4-3 was
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deletion mutants, and control plasmid DNA was measured at 72 h after transfection. All data are represented as means * the SEM.

siently transfected utilizing EGFP-tagged SRSF1 clones. The
EGFP-tagged proteins exhibited cellular localization similar to the
untagged ones, as previously reported (19) (Fig. 6A). Fluores-
cence-activated cell sorting was utilized to select EGFP-expressing
cells.

Post-sorting, the virus-containing media from the infected
cells expressing the SRSF1 and control EGFP proteins were col-
lected at 24-h intervals and utilized to quantify viral production.
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At 48 h after transfection of the SRSF1 expression clones, viral
replication was reduced to the levels observed in the viral produc-
tion assay carried out in HEK293 cells (Fig. 6C). At day 4 post-
sorting, the inhibitory effect of the transfected SRSF1 clones was
considerably diminished; this is likely explained by the progressive
loss of the epigenic expression plasmid.

Next, we compared the viability of EGFP control and SRSF1-
transfected but not infected H9 cells at day 5 posttransfection.
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FIG 6 (A) Localization of endogenous SRSF1 and EGFP-tagged clones. (a) Nuclear DAPI (4',6'-diamidino-2-phenylindole) staining. (b) Endogenous SRSF1
was detected by immunofluorescence while tagged SRSF1-EGFP clones were detected by fluorescence microscopy. (c) Merged panel a and b images show
localization of the endogenous and tagged proteins within the nuclei and cytosol. (B) Viral replication assay. H9 cells were infected with NL4-3 virus at a high
MOI (=100). The infected cells were then transfected with the SRSF1-EGFP clones, sorted for EGFP expression, and assayed for viral replication in the following
days, as summarized in the schematics on the left. Inhibition of viral replication was measured as described as described in Fig. 2C for four consecutive days
following cell sorting. (C) Cell viability of the infected cells transfected with the EGFP-tagged SRSF1 clones was measured by quantifying cellular ATP production
5 days posttransfection. (D) Viability of the cells transfected with the SRSF1-EGFP clones is expressed relative to that of the EGFP-transfected control. All data

are represented as means * the SEM.

Similarly to the results obtained in HEK293 cells, the wild-type
SRSF1 sequence induced a reduction in cell viability, while the
deletion clones did not. These data show that viral replication can
be inhibited efficiently by expressing the truncated SRSF1 mutants
carrying the RRM2 domain either alone (200-fold inhibition) or
in combination with the RRM1 domain (>2,000-fold inhibition)
without significantly impact cell viability in a stable cell line, sug-
gesting a therapeutic potential for these RBDs.

DISCUSSION

The mammalian splicing factor SRSF1 exerts pleiotropic effects
on cellular genes (13, 14). In our previous work, we showed that
this RBP plays a role in the regulation of transactivation of the viral
promoter by competing with the viral protein Tat (11) and in the
splicing regulation of the viral transcripts (3, 16). In the present
study, we show that overexpression of SRSF1 can inhibit viral
replication by over 200-fold by reducing the activation of the viral
promoter and deregulating the splicing of the viral transcripts. We
also observed that the SRSF1 RRM1+2 or RRM2 alone can also
efficiently downregulate viral replication. Surprisingly, the de-
crease in viral replication obtained by expressing RRM1+2 was
increased by a factor of 10 compared to the one obtained by over-
expressing the wild-type protein (>2,000 versus 200-fold, respec-
tively), while the single RRM2 domain was sufficient to reduce
viral replication to the level observed with the full-length protein.
This may be due to the role played by the RS domain in promoting

6284 jviasm.org
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the association of SRSF1 with nuclear speckles and spliceosomal
complexes (19). The proteins lacking the RS domain are unlikely
to be sequestered within these nucleoplasmic complexes, making
them available to bind key sequences within the viral transcript
inhibiting its transcription and splicing.

The current treatment of HIV-1 is mostly based on com-
pounds that directly target the activities of proteins encoded by
the virus. However, these proteins mutate rapidly, generating
novel drug-resistant viral strains. There is a need for novel thera-
peutics with mechanisms of action that differ from the ones cur-
rently on the market. Transcription and cellular factors regulating
HIV RNA processing are expressed in most cell types and regulate
a multitude of cellular events, making them less ideal therapeutic
target candidates. Nevertheless, small molecules that inhibit the
splicing activity of the splicing factors SR proteins have been
shown to efficiently repress viral replication in peripheral blood
mononuclear cells with little cell toxicity (2).

We have shown that although SRSF1 significantly affected cell
viability and apoptosis, RRM1+2 or RRM2 alone had a minimal
impact on cell viability while retaining an extremely potent anti-
viral activity in divergent viral isolates. These data suggest that the
SRSF1 RRMs have a strong therapeutic potential.

SRSF1 antiviral activity is a result of the protein’s affinity for
specific RNA sequences and the inhibition of the transcription
and processing of the viral messenger. The RNA-binding specific-
ity of SRSF1 appears to be mostly dependent on RRM2, since it
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interacts with the target RNA with efficiency similar to the one for
RRM1 and RRM2 combined (28). Our data indicate that inhibi-
tion of viral replication differs greatly upon the expression of
RRM2 and RRM1+2 (~200-fold inhibition versus >2,000-fold
inhibition); thus, factors other than the RNA-binding specificity
of these subdomains may account for their antiviral activity.

SRSF1 is a shuttling protein primarily localized within the nu-
cleus and associated with spliceosomal components in subnuclear
structures named nuclear speckles (35). The SRSF1 clone contain-
ing RRM1+2 (ARS) exhibits decreased nuclear and nuclear
speckle localization (Fig. 6A). The deletion mutant with the single
RRM2 domain shows a diffuse cellular localization with no evi-
dent association with speckles. This suggests that the different
efficiency in antiviral activity observed upon expression of the
RRM1+2 compared to the RRM2 alone is likely due to the differ-
ences in intracellular localization of the two deletion mutants.

To analyze the effect of SRSF1 on viral production, we cotrans-
fected plasmids coding for full-length replication competent
HIV-1 molecular clones and SRSF1 coding plasmids in HEK293
cells. This cell line lacks the receptor for HIV-1 and cannot be
directly infected. Nevertheless, transfection is highly efficient
(>98%), thus ensuring that the virus and the SRSF1 coding plas-
mids are both present in majority of the cell population, yielding
extremely robust and reliable data.

Although the viral genome is expressed from the nonintegrated
plasmid, it reliably mimics the expression of the viral genes ob-
served in activated CD4 " T cells, the main HIV-1 target. Further-
more, we confirmed the inhibition of viral replication in an in vitro
viral infection-replication assay utilizing the leukocyte derived H9
cell line. To evaluate the therapeutic potential that the SRSF1 pro-
tein domains might have in a system that more closely mimics the
natural course of the viral infection, future studies will be aimed at
the delivery of the deletion mutants lacking the RS domain in
primary CD4™ T cells.
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