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Naf1(N) protein was emulsified in the same amount of Freund’s
complete adjuvant (Wako) for the first injection and in Freund’s
incomplete adjuvant for the following two booster injections. Af-
ter the third injection, immune response was assessed by screen-
ing blood samples from the immunized mice with Western blot
analysis of purified Nafl(N) protein. The mouse showing high-
est immune response was given a final intraperitoneal booster in-
jection with 100 pL of antigen, 2-weeks after the third injection
and 3 days before fusion with myeloma cells.

Hybridoma preparation

Three days after the last immunization, the mice were killed
and the spleens removed aseptically. Spleen cells were mixed
with SP 2/0 myeloma cells at a ratio of 5:1 and fused in the pres-
ence of polyethylene glycol (PEG 1500; Roche) at 37°C. The
cells were then pelleted and resuspended in RPMI 1640 medium
(Sigma) supplemented with 20% fetal bovine serum (FBS;
Cansera International Inc), 100 U/mL penicillin, 100 g/ml. strep-
tomycin, and 2% HAT (100 M hypoxanthine, 400 nM
aminopterin, and 16 gM thymidine) for hybrid selection. Ali-
quots of the cell suspension were plated in 96-well plates and
cultured at 37°C in 5% CO,. After 24 h, 100 pL of HAT-selec-
tive medium was added, and every 2 or 3 days half of the medium
from each well was replaced with fresh HAT medium. Between
the 12th and 15th days, cell growth appeared in the majority of
wells, and the supernatants were screened by immunofluores-
cence staining for the specific antibody-secreting clones. Cells
from the positive hybridomas were transferred to a 24-well plate
and cultured in 1 mL of 1% HT medium. As hybridoma cells
grew well, aminopterin was omitted from the medium. At days
2 and 4, 0.5 mL of HT medium was added to each well, and su-
pernatants were screened again by immunofluorescence staining,
Among five positive hybridomas, one strongly positive hy-
bridoma (Hybridoma-4) was selected and subcloned by limiting
dilution in HT medinm (GIBCO), followed by screening and se-
lection of the strongest clone (C-3). Hybridoma clone (C-3) was
cultured in large scale for inoculation into mice.

Purification and isotyping of MAb

Hybridoma cells (2 X 105) were inoculated into the peritoneal
cavity of three BALB/c mice treated 1 week before with pristine
(Sigma) to generate ascitic fluids containing anti-Nafl MAb. Af-
ter 10 days, ascitic fluid was collected and purified using HiTrap-
Protein G Sepharose columns (Pharmacia Biotech). Immuno-glob-
ulin isotyping was performed using mouse MAb isotyping kit
(Amersham) according to the manufacturer’s instructions.

Immunofluorescence staining

Immunofluorescence staining of Sf9 cells infected with re-
combinant baculovirus was done as described in the previous
report.®® In summary, cells were fixed in methanol for 5 min
and incubated for 1 h at 37°C with anti-myc or anti-Nafl MAb,
followed by washing three times with PBS. Cells were then in-
cubated with FITC-conjugated goat anti-mouse second anti-
body (American Qualex) for 1 h. As for control, the second an-
tibody only was used. After thorough washings, cells were
evaluated under fluorescence microscope (BX50F, Olympus
Optical Co., Ltd.).
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Silver staining and Western blot analysis

The extent of the purification of recombinant Naf1(N) pro-
tein was analyzed by silver staining and Western blot analysis.
Aliguots of elusion, flow-through, and wash fractions were sub-
jected to 12% SDS-PAGE, followed by silver staining. G

Cell lysates of 293 cells transfected with full-length Nafl
and Nafl(N) cDNA were subjected to Western blot analysis.
Cell lysates were separated on a 12% SDS gel and blotted on
an Immobilon-P (Millipore) transfer membrane. After incuba-
tion with anti-Nafl MAb (1:1000 dilutions) and second anti-
mouse antibody conjugated with horseradish peroxidase, anti-
body binding was detected by chemiluminescence reagent.

Epitope determination of anti-Nafl MAb

For the epitope mapping of the anti-Nafl MAb, truncated
forms of Naf1(N) fusion proteins were expressed in Escherichia
coli, as described previously.®® ¢cDNAs encoding 6XHis and
myc-tagged Nafl(N)-1,2,3 and Naf1(N)-A,B,C fusion protein
fragments, ligated in pMAL-C2 vector after digestion with
BamH1 and Hindlll were transformed into E. coli (XL 2-Blue).
Single colonies of transformed E. coli were grown in Luria-
Bertani (LB) medium with kanamycin (25 pg/mL). Protein ex-
pression was induced with 1 mM isopropyl-p-thiogalactopyra-
noside (IPTG) and incubated at 37°C for 3 h. The cells were
then pelleted by centrifugation and resuspended in 100 uL of
lysis buffer (50 mM Tris-HCI, pH 8.0; 1 mM EDTA; 100 mM
NaCl) followed by sonication. Cell lysates were applied to SDS-
PAGE, followed by Coomassie Brilliant Blue staining or im-
munoblotting with anti-Nafl MAb.

Immunofluorescence staining and
confocal microscopy

Unstimulated peripheral blood lymphocytes (PBL), Jurkat,
MT-4, and Molt-4 cells were washed with PBS and fixed in 2%
paraformaldehyde for 20 min on ice. Cells were washed again
with PBS containing 0.1% BSA, treated with 2% normal goat
serum for 30 min to block non-specific binding, and then in-
cubated with anti-Nafl MAb (1:500 dilution) or control mouse
IgG for 1 h at room temperature. After washing, cells were in-
cubated with FITC-conjugated goat anti-mouse IgG antibody
for 1 h at room temperature. Cells were then washed and
mounted with Fluorescent Mounting Medium (Dako). Fluores-
cent images of endogenous Nafl were evaluated by confocal
microscopy using a Zeiss (LSM-510, V-2.5) Axioplan-2, laser-
imaging confocal microscope.

RESULTS

Expression and purification of recombinant
Nafl(N) protein

To generate MADb against Nafl cellular protein, we first con-
structed the recombinant baculovirus encoding Naf1(N) ¢cDNA
by homologous recombination of pMelBac A-Nafl(N) cDNA
with the replication-deficient baculovirus DNA in Sf9 cells us-
ing Bac-N-Blue transfection kit. Recombinant virus encoding
Naf1(N) was then used to infect High Five cells for large-scale
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protein production. Expression of the recombinant Naf1(N) pro-
tein was examined by immunofluorescence staining of bac-
ulovirus-infected Sf9 cells with anti-myc MADbD (Fig. 1A). Af-
ter protein purification, the purity of recombinant Nafl(N)
protein was analyzed by SDS-PAGE and Silver staining, show-
ing recombinant NafL(N) protein as a major band as shown in
Figure 1B. Silver staining of pusified Nafi(N) protein denoted
the presence of minor contaminants; however, none of these
bands reacted with purified MAD in Western blot analysis (Fig.
2B), indicating that the contaminants are not the components
of recombinant Nafl1(N) protein.

Production and characterization of anti-Nafl MAb

Female Balb/c mice, subcutaneously immunized with pu-
rified recombinant Nafl(N) protein, revealed antibody re-
sponses in Western blot analysis using mice sera, and we se-
lected a mouse with highest antibody response for hybridoma
preparation. We obtained five positive hybridomas, and from
them, one strongly positive hybridoma (Hybridoma number-
4) was selected by immunofluorescent assay. We then sub-
cloned the hybridoma by limiting dilution, and the strongest
clone (C-3) was selected and cultured in large scale to be in-
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oculated into the peritoneal cavity of BALB/c mice. Ascitic
fluid, containing anti-Nafl MAb, was collected and purified
by using Protein G Sepharose columns. Immunoglobulin iso-
typing showed the isotype of the purified anti-Nafl MADb as
1gG1 with a lambda (A) light chain. The specificity of MAb
was examined by immunofluorescence staining of Sf9 cells
infected with recombinant baculovirus (Fig. 2A) and Western
blot analysis using purified anti-Naf1 MAb (Fig. 2B, C). Anti-
Nafl MADb recognized recombinant Naf1(N) protein, but not
control BSA (Fig. 2B), as well as full-length Nafl and
Naf1(N) in transfected 293 cell lysates (Fig. 2C). These re-
sults clearly show that anti-Nafl MAD is specific to Nafl pro-
tein, not to histidine or myc, tagged to the recombinant
Naf1(N) antigen. According to previous reports, it has already
been shown that hexahistidine tagging takes advantage of a
high-affinity to Ni-NTA resin in the purification procedure
without interfering with the protein function.

Epitope analysis of MAD

To complete the characterization of MAb, we investigated
the Nafl epitope recognized by this MAb. Polyhistidine and
myc-tagged Naf1(N) fusion protein fragments (1, 2, and 3) with

FIG. 2. (A) Immunofluorescence stain-
ing of Sf9 cells with purified anti-Nafl
monoclonal antibody (MAD). Sf9 cells in-
fected with baculovirus expressing recom-
binant Naf1 were fixed in methanol and im-
munostained with purified anti-Nafl MADb,
followed by fluorescein isothiocyanate
(FITC)-conjugated second antibody (left
panel) or with second antibody (Ab) only
(right panel). (B) Western blot analysis of
purified Naf1(N), showing the reactivity of
anti-Nafl MAb. Lane 1, purified Nafl(N)
recombinant protein; lane 2, control BSA.
(C) Western blot analysis of Nafl-trans-
fected 293 cell lysates for the specificity of
anti-Nafli MAb. Lane 1, control vector
transfected 293 lysate; lane 2, full-length
Nafl; lane 3, Nafl (N). The arrowhead in-
dicates the position of endogenous Nafl in
293 cell lysate.
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overlapping regions between amino acid residues 38 and 135,
were generated (Fig. 3A). Protein expressions in induced E. coli
were analyzed by SDS-PAGE and the Coomassie blue staining
(Fig. 3B). Western blot analysis of Naf(N) protein fragments
using anti-myc antibody and the purified MAb shows that pro-
tein fragments were thoroughly produced in E. coli, and the epi-
tope detected by the MAb was located at the overlapping re-
gion of protein fragments 1 and 2, between amino acid residues
64 and 88 (Fig. 30).

We again constructed Nafl fusion protein fragments (Fig.
3A-C) with overlapping regions between amino acid residues
64 and 88 (Fig. 3D). Expression of Naf1(N) protein fragments
was ascertained by SDS-PAGE, followed by Coomassie blue
staining (Fig. 3E) and Western blot analysis using anti-myc an-
tibody (Fig. 3F). According to the result of Western blot anal-
ysis using anti-Nafl MAb, as shown in Figure 3F, the MAb
was found to have a specific binding ability to Nafl1(N) frag-

253

ment C. These results indicate that the epitope recognized by
anti-Nafl MAb was located at amino acid residues 81-88 re-
gion of Nafl.

Endogenous Nafl expression and
subcellular localization

The ability of the anti-Nafl MAD to detect endogenous Nafl
in various cells was also investigated by Western blot analysis and
the immunofluorescent staining of cells followed by confocal mi-
croscopy (Fig. 4A,B). Cell lysates of unstimulated human PBL,
Jurkat, MT-4, Molt 4, 293, and U-937 cells were applied to 12%
gel SDS-PAGE, and immunoblotting with Nafl MAb showed en-
dogenous Nafl protein with the molecular weight of about 72 kDa
(Fig. 4A). Immunofluorescent staining of human PBL, Jurkat, MT-
4, and Molt-4 cells with anti-Naf1 MAD, followed by the assess-
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FIG. 3. Mapping of the Nafl epitope recognized by anti-Nafl monoclonal antibody (MAb). (A, and D) Schematic represen-
tation of N-terminally truncated Nafl fusion proteins. The fusion proteins contain 6XHis tag at N-terminus and myc tag at C-
terminus. The numbers refer to the position of amino acids in Nafl protein. (B,E) Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Coomassie Brilliant Blue staining for the expression of Naf1 fusion proteins from un-induced
(—) or isopropyl-p-thiogalactopyranoside (IPTG) induced (+) E. coli, transformed with control empty vector (EV) or with pMAL-
6XHis-Nafl-myc cDNAs. (C,F) Western blot analysis of induced bacterial lysates expressing Naf1 fusion proteins. Lysates of
induced E. coli were electrophoresed in 12% acrylamide gels and immunoblotted with anti-Nafl MAb for the specific epitope
(upper panals) or anti-myc MADb for the protein input control (lower panals).
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FIG. 3. Continued.

ment under confocal microscope, showed predominantly cyto-
plasmic localization of endogenous Nafl (Fig. 4B).

DISCUSSION

In this report, we present the production and characteriza-
tion of an MAb specific for the cellular protein, Nafl/ABIN-1.
We used the baculovirus expression system to synthesize re-
combinant Nafi(N) protein. High Five cells were described to
achieve higher protein production when compared with Sf9
cells.®® Previous reports showed that hexahistidine tagging
takes advantage of a high affinity to Ni-NTA resin in the pu-
rification procedure and does not interfere with the protein func-
tion. (9

The ability of anti-Nafl MAD to recognize endogenous
Naf1 protein in various cell lines was examined by Western
blotting and immunostaining. We also investigated the ex-
pression and localization of endogenous Nafl in human PBL
and other cell lines showing its cytoplasmic localization. Ac-
cording to previous reports, Nafl associates with HIV-1 vi-
ral proteins, Nef, and matrix in the yeast two-hybrid system
and pull-down assays using Nafl-overexpressed cell

lysates.!? HIV-1 Nef contributes substantially to AIDS
pathogenesis by augmenting virus replication and markedly
perturbing the T cell functions. Host cell activation by viral
protein Nef has been supposed to be a result of interaction
between Nef with cellular protein Naf1, which is involved in
the signal transduction of host cells. Nafl has also been
known to interact with A20 zinc finger protein, previously
characterized as an inhibitor of NF-«xB activation and apop-
tosis. Nafl (ABIN-1) has been reported to inhibit NF-xB-de-
pendent gene expression induced by TNF and IL-1. Nafl
blocks NF-«B activation by negative feedback regulation of
NF-«B, and it has also been suggested that Nafl has the po-
tential to inhibit TNF-induced activation of NF-xB upon
overexpression.2429 However, most of these earlier experi-
ments were performed with Nafl-overexpressed cells because
of the lack of specific MAbD to the endogenous Nafl. To in-
vestigate the Nafl-interacting proteins and their molecular
functions under physiological condition, anti-Nafl MAD is
required to access endogenous Nafl in some specific exam-
inations, such as immunoprecipitation and immunostaining
assays. The improvement in understanding of the activation
and regulation of NF-«B has opened the way for the devel-
opment of new treatments in inflammatory diseases as well
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as in HIV infection. From a therapeutic point of view, ge-
netic engineering of specific human cells to express an NF-
kB inhibitor such as Nafl will offer a novel therapeutic tool
in gene therapy.

In conclusion, anti-Nafl MADb will be an indispensable tool
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in various immunoassay and functional investigations concern-
ing the endogenous Nafl. We hope this MAb may lead to new
findings and understanding of Nafl in many aspects relating to
HIV infection and various inflammatory diseases in human be-
ings.

[t FIG. 4. Nafl expression in human PBL, Jurkat,
i MT-4, Molt-4, 293, and U-937 cell lines. (A) Sodium
dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot analysis of cell
lysates for the expression of endogenous Nafl using
anti-Nafl monoclonal antibody (MAD). (B) Subcel-

lular localization of Naf1 in human PBL, Jurkat, MT-

4, and Molt-4 cells by immunofluorescence staining
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with anti-Nafl MADb or control IgG and assessment
under confocal microscopy.
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Abstract

Vpr, one of the accessory gene products of human immunodeficiency virus type 1 (HIV-1), affects aspects of both viral and cellular
proliferation, being involved in long terminal repeat (LTR) activation, arrest of the cell cycle at the G2 phase, and apoptosis. We have discov-
ered a novel role for Vpr as a regulator of the splicing of pre-mRNA both in vivo and in vitro. We found, by RT-PCR and RNase protection
analysis, that Vpr caused the accumulation of incompletely spliced forms of a-globin 2 and f-globin pre-mRNAs in cells that had been
transiently transfected with a Vpr expression vector. We postulated that this novel effect of Vpr might occur via a pathway that is distinct from
arrest of the cell cycle at G2. By analyzing splicing reactions in vitro, we showed that Vpr inhibited the splicing of f-globin pre-mRNA in
vitro. The splicing of intron 1 of a-globin 2 pre-mRNA was modestly inhibited by Vpr but the splicing of intron 2 was unaffected. Interest-
ingly, an experimental infection system which utilizes high-titered HIV-1/vesticular stomatitis viras G protein showed that Vpr expressed
from an HIV-1 provirus was sufficient to accumulate endogenous a-globin 2 pre-mRNA. Thus, it is likely that Vpr contributes to selective

inhibition of the splicing of cellular pre-mRNA.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The genome of human immunodeficiency virus type 1
(HIV-1) contains both structural genes, such as gag, pol, and
env, and accessory genes, such as tat, rev, vif, vpr, vpu, and
nef. The vpr gene encodes a protein of 96 amino acids that is
incorporated in significant quantities into virions [1,2]. Vpr
is a nucleophilic protein with non-classical nuclear localiza-
tion signals {3,4]. The presence of Vpr in the viral particle
facilitates efficient infection of macrophages and other non-
dividing cells [5-7] by mediating the active nuclear import
of preintegration complexes (PIC) [8,9]. One of the impor-
tant functions of Vpr is the promotion of growth arrest at the
G2/M phase of the cell cycle [10-13]. Indeed, there are suf-
ficient amounts of Vpr in incoming viral particles to induce
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G2 arrest of the cell cycle even prior to the initiation of the
synthesis of viral proteins de novo [14,15]. In addition,
G2 arrest enhances viral replication, in part by increasing the
activity of the long terminal repeat (LTR) [16]. Other evi-
dence also suggests that Vpr can regulate apoptosis both posi-
tively and negatively [17-22]. Vpr has also been reported to
produce herniation and disruption of the nuclear envelope,
which might be correlated with G2 arrest and suggests the
possibility that Vpr might allow PICs to bypass the size restric-
tions of nuclear pore complexes [23].

Splicing of pre-mRNA is not only a nearly ubiquitous and
essential step in gene expression but it is also an important
mechanism for the generation of protein diversity and the
regulation of gene expression. The splicing reaction is per-
formed by the spliceosome, which consists of five small
nuclear ribonucleoprotein (snRNP) complexes, namely, Ul,
U2, U4, U5, and U6, and a large number of non-snRNPs,
which include members of the serine- and arginine-rich (SR)
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family of proteins. The spliceosome acts, through a multi-
tude of RNA-RNA, RNA-protein and protein—protein inter-
actions, to excise each infron precisely and to join exons in
the correct order [24]. In mammalian cells, SR proteins and
other splicing factors are present in regions of the nucleus
known splicing factor compartments, nuclear speckles, or
interchromatin granules, and they appear to function at sev-
eral steps in gene expression [25]. Several viral proteins have
also been shown to regulate the splicing of pre-mRNAs. For
example, NS1 of influenza virus [26,27] and ICP27 of herpes
simplex virus (HSV) [28-31] were reported to interfere with
splicing of cellular pre-mRNA as part of the mechanism for
blockage of host protein synthesis. Moreover, it has been pro-
posed that production of unspliced or partially spliced tran-
scripts of HIV-1 and other lentiviruses might be mediated by
the action of virus-encoded Rev, which binds to a specific
RNA sequence (the Rev-responsive element or RRE). Rev
binds viral RNAs that contain an RRE [32,33] and it exports
HIV-1 RNA to the cytoplasm in a CRM1-dependent manner
[34-36].

In the present study, we discovered a novel role for Vpr of
HIV-1. We demonstrated that Vpr inhibits the splicing of cel-
lular pre-mRNA both in vivo and in vitro. In analyses by
RT-PCR and RNase protection assays, we showed that Vpr-
induced the accumulation of unspliced forms of a-globin 2
and f-globin pre-mRNA. Furthermore, we confirmed that Vpr
inhibited pre-mRNA splicing in an in vitro splicing assay
using f-globin pre-mRNA as the substrate. We also present
strong evidence that Vpr contributes to selective inhibition
during the splicing of cellular pre-mRNA. In addition, we
demonstrated that HIV-1 infection was sufficient to inhibit
splicing of a-globin 2 pre-mRNA using vesicular stomatitis
virus G protein (VSV-G) pseudotyped HIV-1 viruses. Our
results reveal a novel function of Vpr and contribute to an
enhanced understanding of splicing mechanisms and the life
cycle of HIV-1.

2. Materials and methods
2.1. Cells, transfection and extraction of RNA and DNA

Human cervical HeLa cells and human 293T cells were
grown in Dulbecco’s modified Eagle’s medium that con-
tained 10% heat-inactivated fetal bovine serum, 50 units/ml
penicillin, and 50 pg/ml streptomycin. The Jurkat line of
human T-lymphoid cells was grown in similarly supple-
mented RPMI 1640 medium.

Transfections were performed by electroporation in a
4-mm-diameter cuvette using a Gene Pulser (Bio-Rad, Rich-
mond, CA.) at 300 V and 975 pF for HeLa cells and at 260 V
and 975 pF for Jurkat cells.

Genomic DNA was extracted from HeLa cells with a Wiz-
ard™ genomic DNA purification kit (Promega, Madison,
WIL.). Total RNA was extracted from HeLa cells and Jurkat
cells using TRIzol™ reagent (Invitrogen, Carlsbad, CA.).

2.2. Construction of plasmids

The derivative of the expression vector pME18neo that
encodes Flag-tagged wild-type Vpr, namely, pME18Neo-
Fvpr, has been described previously [37,38]. To generate the
control vector pME18Neo-Stop, in which a stop codon was
inserted at the amino terminus of the vpr sequences, we pet-
formed PCR using pME18Neo-Fvpr as the template and prim-
ers VprSTOP (5"-ATCCGAATAAGCCCCAGAAGACC-3)
and PMER?2 (5-GGGGAGGTGTGGGAGGTTTT-3"). Then
we subcloned the mutated vpr gene between the EcoRV and
Nod sites of pME18Neo-Fvpr. To generate the expression vec-
tor for the f-globin gene, we amplified the f-globin gene,
including three exons and two introns, by PCR with genomic
DNA from HeLa cells as template and primers PG-1-
EcoRV-5" (5-GGCGATATCCATGGTGCACCTGACTCCT-
3’) and BG-end-Xbal-3" (5-GCTCTAGATTAGTGA-
TACTTGTGGGC-3"). Then we cloned the amplified fragment
between the EcoRV and Xbal sites of pBluescript IT (SK*)
(Stratagene, La Jolla, CA.). The resulting construct was des-
ignated pSK-f-globin. The EcoRV and Xbal fragment of pSK-
B-globin was excised and subcloned into pME18Neo-HA and
encoded the following amino acid sequence: M-A-Y-P-Y-D-
V-P-D-Y-A-COOH. To generate the expression vector for the
a-globin 2 gene, we amplified the a-globin 2 gene, includ-
ing three exons and two introns, by PCR with genomic DNA
from HeLa cells as template and primers HBA2EcoRV (5'-
ATCCATGGTGCTGTCTCCTGCC-3") and HBANotl (5'-
CAGCGGCCGCTTAACGGTATTTGGAGG-3"). Then we
cloned the amplified fragment between the EcoRV and Notl
sites of pME18Neo-HA.

Infectious molecular clone HIV-1 pNF462 was a kind gift
from A. Adachi, Tokushima University, Japan [39]. To gen-
erate env-negative mutant designating pNF462Aeny, frame
sift was introduced at env region of pNF462 as described
below. Parental clone pNF462 was digested using BstEII
(TOYOBO, Osaka, Japan) and blunt-ended by KOD
(TOYOBO). Then the fragment was self-ligated to introduce
5-base frame sift. To generate vpr-negative mutant designat-
ing pNF462AenvAvpr, Ndel-Sall fragment of pNLA32Avpr
were inserted at Ndel-Sall site of pNF462Aenv. The genera-
tion of pNL432Avpr was described previously [40]. The
expression plasmid of VSV-G, designated pPCM V-G, has been
previously described [41].

2.3. Reverse transcription-PCR

Samples of RNA were treated with RNase-free DNase I
(Invitrogen) for 30 min at room temperature to remove
genomic and plasmid DNA. Then 4 pg of total RNA were
reverse-transcribed in the presence of oligo(dT) by Super-
Script™ 11 Reverse Transcriptase (Invitrogen) in a total vol-
ume of 20 pl.

We amplified intron 1 of endogenous a-globin 2 pre-
mRNA by PCR using primers 3’HBA2EIN1 (5'-
TTCTGGTCCCCACAGACTCA-3") and 3’HBA2E3N1 (5'-
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TTATTCAAAGACCAGGAAGGGC-3") for the first PCR
(15 cycles; see below for details of cycles), primers and
5'HBA2I1N2 (5-GACCCACAGGCCACCCTCAA-3') and
3HBA2E3N2 (5-GTGCTCACAGAAGCCAGGAACTTG-
3) for the second nested PCR or 5’HBA2EIN2 (5-
CCCACCATGGTGCTGTCTCC-3’) and 3’HBA2I2 (5'-
CAGTGGCTTAGGAGCTGTGCAG-3") for 35 cycles, as
shown in Fig. 1D. We amplified endogenous a-globin 2
mRNA by PCR (34 cycles) using primers 5’HBA2EIN1 (5’
TTCTGGTCCCCACAGACTCA-3") and 3’HBA2E3NL1 (5'-
TTATTCAAAGACCAGGAAGGGC-3"). Introns 1 and 2 of
unspliced a-globin 2 pre-mRNA and spliced a-globin 2
mRNA were detected by PCR with 0.5 ul of ¢cDNA as tem-
plate and the primers shown in Fig. 1D. To detect intron 1 of
exogenous a-globin 2 pre-mRNA, we performed PCR for
32 cycles with primers 5’"HBA2I1 (5-GACCCACAGGC-
CACCCTCAA-3") and 3’'HBA2E3 (5-TAACGGTATTT-
GGAGGTCAGCACG-3"). To detect intron 2 of exogenous
a-globin 2 pre-mRNA, we performed PCR for 34 cycles with
primers 5’HBA2E1 (5-CGAGTATGGTGCGGAGGC-3") and
3’HBA2I2. To detect exogenous «a-globin 2 mRNA, we per-
formed PCR for 23 cycles with primers 5HBA2E1 and
3’HBA2E3. We amplified f-actin mRNA by PCR (16 cycles)
using primers 5’B-act (5"-CGTCGCCCTGGACTTCGAGCA-
3 and 3'B-act (5-GCTGGAAGGTGGACAGCG-
AGGCCAGGA-3"). The details of each cycles of PCR were
as follows: 2 min at 94 °C; then the indicated number of cycles
of incubation at 94 °C for 30 s, at 60 °C for 30 s, and at 72 °C
for 45 s; with a final 2-min extension at 72 °C. Reaction prod-
ucts were subjected to electrophoresis on a 2% agarose gel.

All products of PCR were cloned into pBluescript I (S K*)
and their identities were confirmed by nucleotide sequencing
by the dideoxy chain-termination method with a CEQ™
2000 DNA-analysis system (Beckman-Coulter, Fullerton,
CA)).

2.4. Quantitative PCR

The real-time quantitative PCR of exogenous a-globin 2
pre-mRNA was performed on LightCycler system (Roche
Diagnostics, Mannheim, Germany) in the presence of
LightCycler-FirstStart DNA Master SYBR Green I (Roche
Diagnostics) using the following primers AG/1stF (5’
TITCTGGTCCCCACAGACTCA-3") and AG/1stR (5-
TTATTCAAAGACCAGGAAGGGC-3) for the first PCR,
and AG/2nd/IN1F (5-AGGCCACCCTCAACCGT-3) and
AGExon2R (5-CTTGAAGTTGACCGGGTC-3") for the sec-
ond PCR. For normalization, quantitation of total «-globin 2
RNA was performed using primers AG/1stF and AG/1s(R for
the first PCR, and AGExon2F (5’-GATGTTCCTGTCC-
TTCCC -3’) and AGExon2R for the second PCR. The first
PCR product was treated with ExoSAP-IT™ (containing exo-
nuclease I and shrimp alkaline phosphatase) to remove the
first PCR primers according to the manufacturer’s instruc-
tions (Amersham Bioscience, Uppsara, Sweden) and sub-
jected to the second PCR.

2.5. RNase protection assay

RNase protection assays were performed with an RPA III
kit (Ambion, Austin, TX.) according to the instructions in the
manual from the manufacture. In brief, 10 pg of total RNA
were allowed to hybridize with 8 X 10*cpm 32p_Jabeled probe
overnight at 46 °C. Unprotected single strand RNA was
digested with RNases A and T1 and protected fragments were
fractionated on a 5% polyacrylamide-7 M urea denaturing
gel that was then exposed to an imaging plate (Fuji film,
Tokyo, Japan).

For the generation of the probe for detection of splicing of
P-globin pre-mRNA, we amplified full-length intron 1-exon
2 of p-globin by PCR using KOD plus DNA polymerase
(TOYOBQ) with genomic DNA from HeLa cells as tem-
plate. We cloned the product of PCR into pBluescript I (SK*)
at the EcoRV site. The construct was verified by nucleotide
sequencing. After linearization with Notl, an antisense probe
was generated using a Riboprobe System (Promega) accord-
ing to the manufacturer’s standard protocol, 50 pCi **PICTP
(PerkinElmer, Boston, MA.) and T7 RNA polymerase. At the
end of the reaction, 20 units of RNase-free DNase I (Promega)
were added and incubation was continued at 37 °C for 15 min.
The probe was then purified by gel filtration on a Sephadex
G-50 spin column (Amersham Biosciences) o remove unin-
corporated nucleotides.

2.6. In vitro splicing assay

The pSK-B-globin plasmid including three exons and two
introns, was linearized with BamHI and then transcribed by
the Riboprobe system (Promega) with T7 RNA polymerase
and 50 uCi [**P]CTP (PerkinElmer). Splicing reactions were
carried out as described previously [42]. In brief, approxi-
mately 25 fmol of RNA transcript were incubated for 2 h at
30 °C with 60% (v/v) nuclear extract in Dignam’s buffer D
with 20 mM creatine phosphate, 3 mM MgCl,, 0.8 mM ATP,
and 2.6% (w/v) polyvinyl alcohol. Hel.a nuclear extracts were
prepared basically as described previously [43]. Transcripts
were separated on a 7% polyacrylamide-7 M urea denatur-
ing gel which was exposed to an imaging plate.

2.7. Western blotting

Cells were lyzed with a 1% solution of SDS 24 or 48 h
after transfection. Lysates were suspended in Laemmli’s [44]
buffer and equal amounts of total protein were fractionated
by SDS-PAGE (15% polyacrylamide). The separated pro-
teins were transferred to a polyvinylidene difluoride mem-
brane (Immobilon; Millipore, Bedford, MA.) for analysis by
immunoblotting. Each membrane was blocked for 1 h in a
5% (wiv) solution of skim milk powder in PBS prior to incu-
bation with anti-FLAG M2 monoclonal antibody (Sigma-
Aldrich, St. Louis, MO.). Then the membrane was incubated
with horseradish peroxidase-linked sheep antibodies against
mouse IgG (Amersham Biosciences). Bands of immunoreac-
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Fig. 1. Vpr prevented splicing of endogenous intron 1 of a-globin 2 pre-mRNA in HeLa cells. HeLa cells were transfected with 30 pg of pME18Neo that
encoded Flag-tagged wild-type Vpr (Vpr) or with 30 ng of control pME18Neo-Stop (Stop), or they were mock-transfected. Then, 24 and 48 h after transfection,
cells were subjected to Western blotting (A), immunofiuorescence (B), analysis of the cell cycle (C) and RT-PCR (D-G). (A) Western blotting of Vpr. Trans-
fected cells were lyzed and then lysates containing 25 pg of protein were subjected to Western blotting analysis with the Flag-specific MAb M2. (B) Subcellular
localization of Vpr. Transfected cells were subjected to immunofiuorescence staining with Flag-specific MAb M2 and Alexa 488-conjugated goat antibodies
against mouse IgG and analyzed by confocal laser scanning microscopy. Bar, 20 um. (C) The DNA content of HeLa cells that expressed Vpr. Transfected cells
were treated with the Flag-specific monoclonal antibody M2 and propidium iodide (P). Cells that bound M2 were quantitated by flow cytometry. Arrowheads
indicate peaks of cells at the G1 and G2/M phase. The ratio of cells at G2/M to those at G1 is indicated in the upper right of each graph. (D) Schematic
representation of the human «-globin 2 gene and the positions of primers used for nested RI-PCR. (E) Result of nested R1-PCR for examination of endogenous
a-globin 2 pre-mRNA. Total RNA was extracted from cells, as indicated, and subjected to the first RT-PCR with primers specific for exon 1 (Y HBA2E1N1) and
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tive proteins were detected with the SuperSign al™ West Pico
chemiluminescent substrate (Pierce, Rockford, IL.).

2.8. Immunofluorescence assay

HeLa cells, growing on coverslips, were examined 24 or
48 h after transfection by an immunofluoresence assay, as
described previously [4].

2.9. Analysis of the cell cycle

Hel.a cells were harvested 24 or 48 h after transfection
and analyzed by flow cytometry for DNA content, as de-
scribed previously [45].

2.10. Virus infection assay

To generate VSV-G pseudotyped virus, 293T cells (1 x
10° celis) were transfected with 5 pg of VSV-G expression
vector together with 10 pg of pNF462Aenv or
pNF462AenvAvpr. Supernatants of transfected cells were har-
vested 24 h after transfection, filtered through 0.45-pum-pore-
size filters and treated with DNase I (250 U, Sigma). The
amount of HIV-1 p24 antigen was quantified with Lumipulse
(Fujirebio, Tokyo Japan). HeLa cells were infected with
VSV-G pseudotyped virus containing 100 ng of p24 antigen
per 5 x 10° cells.

3. Results

3.1. Accumulation of the incompletely spliced form
of endogenous o-globin 2 pre-mRNA

Vpr is involved in the import of the PIC of HIV-1 into the
nuclei of non-dividing cells, in cellular differentiation, in the
induction of cell cycle arrest at the G2/M phase, in immune
suppression, and in enhancement of the replication of the HIV-
1 itself [10-14,16,46]. However, although Vpr is a nucleo-
philic protein with non-classical nuclear localization signals
[3,4], the function of Vpr in the nucleus remains to be clari-
fied. To examine whether Vpr might affect splicing by the
spliceosome, which is an important event in the nucleus, we
transfected HeLa cells with pME18Neo-Fvpr that encoded
Flag-tagged Vpr and with the control vector pME18Neo-
Stop, in which a stop codon was located at the amino termi-
nus of the vpr sequence. We extracted total cellular RNA and
examined levels of unspliced endogenous human a-globin 2
pre-mRNA and of spliced mRNA by nested RT-PCR (Fig. 1).
We selected the human gene for a-globin 2 as the cellular
target gene, because it is a simple construct with only three

exons and two introns and the length of the coding region,
including two introns, is only 685 bps. Vpr was expressed at
detectable levels within 24 h after transfection (Fig. 1A) and
was localized predominantly in the nucleus and nuclear enve-
lope (Fig. 1B). However, it was minimally effective in induc-
ing G2 arrest (Fig. 1C). To our surprise a-globin 2 pre-
mRNA containing intron 1 but not intron 2 was clearly
detectable in HeLa cells that had been transiently transfected
with the Vpr-coding vector after the second PCR with for-
ward primer 5’HBA2I1N2, which is located in intron 1, and
reverse primer 3’HBA2E3N2, which is located in exon 3. We
sequenced the fragment obtained by PCR and confirmed that
the fragment was a-globin 2 pre-mRNA that retained intron
1 but lacked intron 2 (data not shown). By contrast, pre-
mRNA that contained intron 2 did not accumulate in cells
that had been transfected with the Vpr-coding vector, or in
cells transfected with the control vector pME18Neo-Stop and
in mock-transfected cells. In addition, the second PCR with
forward primer 5’HBA2E1N2, which spans exon 1, and
reverse primer 3’HBA212, which spans intron 2, yielded nei-
ther of two possible types of pre-mRNA that contained intron
2 (data not shown). By contrast, in all cells transfected with
the control vector pME18Neo-Stop and all mock-transfected
cells, essentially all of the «-globin 2 pre-mRNA had been
spliced and spliced mRNA was produced (Figs. 1E, F). The
levels of expression of fS-actin mRNA were the same in all
samples examined (Fig. 1G), as were levels of mRNAs that
encoded GAPDH and L13a (data not shown). Our results indi-
cated that splicing of a-globin 2 pre-mRNA had been par-
tially inhibited by overexpression of Vpr, allowing incom-
pletely spliced pre-mRNA to accumulate. Moreover, we
obtained similar results later in 48 h period after transfection,
namely, during the time when Vpr is able to induced signifi-
cant G2 arrest, as shown in Fig. 1C. These observations sug-
gest that the Vpr-induced inhibition of splicing and G2 arrest
are independent phenomena.

3.2. Vpr inhibits splicing of exogenous f-globin
pre-mRNAs

To confirm that Vpr affects splicing of pre-mRNA in vivo,
we selected the human gene for §-globin, which is also a com-
paratively simple construct. We produced a derivative of
pME18Neo that included the -globin gene, with three exons
and two introns, under the control of the SRa promoter, as
shown in Fig. 2A. Then, we transiently transfected HeLa cells
with two pME18Neo expression vectors, namely, one that
encoded Vpr and one that encoded f-globin pre-mRNA. We
examined the splicing of f-globin pre-mRNA by RNase pro-
tection analysis using a >*P-labeled antisense probe specific
for f-globin pre-mRNA (Fig. 2). This probe was able to dif-

exon 3 (3'HBA2E3N1), and then the second nested RT-PCR with primers specific for intron 1 (HBA2IIN2) and exon 3 (3'HBA2E3N2), or with specific
primers of exon 1 (SHBA2EIN?) and intron 2 (3'HBA212). (F) Result of RT-PCR for examination of a-globin 2 mRNA with primers specific for exon 1
(SHBA2ELIN1) and exon 3 (3’HBA2E3N1). (G) Result of RT-PCR for examination of f-actin mRNA. The products of PCR were subjected to electrophoresis
on a 2% agarose gel. The data are representative of five independent experiments that gave similar results.
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Fig. 2. Vpr inhibited the splicing of exogenous f-globin pre-mRNA in HeLa cells that had been transfected with a vector that encoded Vpr and a vector that
encoded f-globin pre-mRNA. (A) The pME18Neo construct, showing the f-globin gene that contained three exons and two introns under the control of the SRa
promoter. Bar shows the location of the antisense probe specific for f-globin pre-mRNA. In the RNase protection assay, this probe allowed discrimination
between unspliced pre-mRNA and spliced mRNA, as indicated. B-D, HeLa cells were cotransfected with 25 pg of pME18Neo that encoded Flag-tagged
wild-type Vpr (lanes 2 and 4) or control pME18Neo-Stop (lanes 1 and 3) together 5 pg of pME18Neo that encoded S-globin pre-mRNA (lanes 1 and 2). HeLa
cells were harvested 24 h after transfection and divided into two portions. (B) Some cells were subjected to an RNase protection assay. Total RNA was extracted
from cells and subjected to an RNase protection assay with the 3*P-labeled f-globin antisense probe. After treatment with RNases A and T1, the protected
fragments were separated by electrophoresis on a 5% polyacrylamide-7 M urea denaturing gel. Arrows indicate positions of the intact probe, of unspliced
B-globin RNA (intron 1+), and of spliced f-globin RNA (intron 1-). (C) Intensities of the unspliced and spliced B-globin pre-mRNA signals were quantitated
using BAS2500 (Fujifilm Co., Tokyo, Japan) and percentage of the intensity of unspliced f-globin RNA against that of unspliced plus spliced f-globin RNA
was calculated in each transfection. Each column and error bar represent the mean + S.D. of results from three independent experiments. (D) The remaining
cells were subjected to Western blotting with the Flag-specific monoclonal antibody M2 to determine levels of expression of Vpr. The data are representative of
three independent experiments that gave similar results.

ferentiate unspliced f-globin pre-mRNA that contained intron
1 from spliced mRNA, as shown in Fig. 2A. Protected frag-
ments were fractionated on a 5% acrylamide—7 M urea dena-
turing gel. We found that, 24 h after transfection, pre-mRNA
that contained intron 1 modestly accumulated in cells that
had been transfected with pME18Neo-Fvpr plus the -globin
expression vector, as compared to levels in Hel.a cells that
had been transfected with pME18Neo-Stop plus the -globin
expression vector (Fig. 2B, lanes 1 and 2). The percentage of
unspliced f-globin RNA against total f-globin RNA in HeLa
cells that had been transfected with pME18Neo-Fvpr was

approximately threefold higher than that in Hel.a cells that
had been transfected with control vector pME18Neo-Stop
(Fig. 2C). Thus, it appeared that Vpr had modestly inhibited
splicing of exogenous f-globin pre-mRNA in vivo. Further-
more, f-globin pre-mRNA was spliced and spliced p-globin
mRNA also accumulated. By contrast, no bands of unspliced
pre-mRNA and spliced mRNA were detected in the analysis
of RNA from HeLa cells had not been transfected with the
P-globin expression vector (Fig. 2B, lanes 3 and 4), indicat-
ing the absence of endogenous f-globin pre-mRNA and
spliced mRNA in this system. Moreover, we obtained similar
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Fig. 3. Vpr inhibited splicing in vitro. HeLa cells were transfected with 30 ug
of pME18Neo that encoded Flag-tagged wild-type Vpr (Vpr) or 30 pg of
control pME18Neo-Stop (Stop). Then, 24 h after transfection, nuclear extracts
(NE) were prepared from cells and subjected to in vitro splicing assay with
32p_jabeled B-globin pre-mRNA as substrate. The products were separated
on a 7% polyacrylamide-7 M urea denaturing gel.

results in RNase protection analysis with a derivative of
pME18Neo that included the «-globin 2 gene with three exons
and two introns under the control of the SRa promoter (data
not shown). Since our findings tended to confirm the resuits
of amplification by nested RT-PCR of the endogenous pre-
mRNA, it appeared that Vpr might partially inhibit the splic-
ing of f-globin and a-globin 2 pre-mRNAs in vivo.

3.3. Vpr inhibits pre-mRNA splicing in vitro

"[o obtain definitive evidence that Vpr acts on splicing, we
included this protein in in vitro splicing assays with a nuclear
extract (NE) of HelLa cells that had been transiently trans-
fected with either pME18Neo-Fvpr or pME18Neo-Stop
(Fig. 3). As a substrate we used >?P-labeled B-globin pre-
mRNA with a G capped at the 5" end. As expected, the splic-
ing of f-globin was dramatically suppressed by the nuclear
extract from HeLa cells that expressed Vpr. By conirast, splic-
ing activity of a nuclear extract from HeLa cells that had been
transfected with pME18Neo-Stop was sufficient to splice
B-globin pre-mRNA. This in vitro splicing assay demon-
strated that Vpr regulated the splicing of f-globin pre-
mRNA.

3.4. Vpr inhibits splicing of exogenous a-globin
2 pre-mRNA

As shown in Fig. 1, amplification of endogenous o-globin
2 pre-mRNA by nested RT-PCR demonstrated that pre-

mRNA that contained only intron 1 and not intron 2 accumu-
lated in the presence of Vpr. Thus, inhibition of splicing upon
expression of Vpr might be sequence-specific. Therefore, we
examined the effects of the expression of Vpr on cellular splic-
ing by RT-PCR using total RNA from Jurkat cells that had
been transfected with pME18Neo-Fvpr or pME18Neo-Stop
and a derivative of pME18Neo that included the a-globin 2
gene (Fig. 4). In this experiment, we used Jurkat cells, a line
of human T-lymphoid cells that is permissive with respect to
infection by HIV-1 and from which it is not possible to amplify
the endogenous a-globin 2 pre-mRNA by nested RT-PCR.
In our analysis, 24 h after transfection, we detected three prod-
ucts amplification by RT-PCR of pre-mRNA. They contained
intron 1 but not intron 2 (Fig. 4Bb), intronl and intron 2
(Fig. 4Ba, Bc), and intron 2 but not intron 1 (Fig. 4Bd) both
in the absence and in the presence of Vpr. The levels of f-actin
mRNA were similar in all samples examined (Fig. 4B). These
results indicate that splicing of intron 1 might be partially
inhibited by Vpr, while splicing of intron 2 was unaffected.
‘We obtained similar results in HeLa cells (data not shown).
Collectively, our results indicate that Vpr of HIV-1 is involved
in selective inhibition during the splicing of cellular pre-
mRNAs.

3.5. Vpr expressed from an HIV-1 provirus accumulates
endogenous a-globin 2 pre-mRNA

To monitor the potential of Vpr to inhibit the splicing of
cellular pre-mRNAs, we assessed whether HIV-1 infection
accumulated endogenous a-globin 2 pre-mRNA. HeLa cells
were infected with 100 ng equivalent of p24 of VSV-G
pseudotyped HIV-1 vpr* or vps~ virus. Then 24 h after infec-
tion, total RNA was isolated from HelLa cells and real-time
quantitative RT-PCR were carried out to quantitate the level
of endogenous a-globin 2 pre-mRNA. The level of total
a-globin 2 RNA was measured for normalization and fold-
production of the level of a-globin 2 pre-mRNA that con-
tains intron 1 was quantified (Fig. 5B). Interestingly, a higher
level of a-globin 2 pre-mRNA that contains infron 1 was
detected in HeLa cells infected with vpr* virus than that in
HeLa cells infected with vpr~ virus. This result indicated that
Vpr produced from an HIV-1 provirus was sufficient to accu-
mulate endogenous a-globin 2 pre-mRNA in an infection sys-
tem as well as in a transient transfection system.

4. Discussion

Our present results lead to three major conclusions. First,
the present study reveals that Vpr, when expressed tran-
siently in cells, can regulate the splicing reaction of cellular
pre-mRNA both in vivo and in vitro. Using RT-PCR and
RNase protection assays, we showed that Vpr induced the
accumulation of unspliced forms of «-globin 2 and f-globin
pre-mRNAs in HeLa cells that expressed Vpr. We confirmed
the modulation of splicing by Vpr in in vitro splicing assays
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Fig. 4. Analysis by RT-PCR of exogenous a-globin 2 pre-mRNA in Jurkat
cells that had been transfected with a vector that encoded Vpr and a vector
that encoded «-globin 2 pre-mRNA. (A) The pME18Neo construct inclu-
ding a-globin 2 gene that contained three exons and two introns under the
control of the SRa promoter and the position of each primer used for RT-PCR.
(B) Jurkat cells were transfected with 1, 3, 5 and 10 pg of pME18Neo that
encoded Flag-tagged wild-type Vpr (lanes 2-5), 10 pg of control pME1 8Neo-
Stop (lane 6) or none of this plasmid (lane 1), and 1 pg of pMEI8Neo that
encoded a-globin 2 pre-mRNA (lanes 1 and 2). Then, 24 h after transfec-
tion, RT-PCR was performed with a pair of primers specific for a-globin 2
pre-mRNA, and products of PCR were subjected to electrophoresis on a 2%
agarose gel. RT-PCR to amplify cellular f-actin mRNA was performed as a
control. Total amounts of DNA were equalized by addition of control
pME18neo. The data are representative of results of three independent expe-
riments.

as follows. The splicing of B-globin pre-mRNA was dramati-
cally suppressed when a nuclear extract from HeLa cells that
expressed Vpr was added to an in vitro splicing system, sug-

A intron 1 intron 2

axon 3

exon 2

exon 1

AGHSIF Prommsersnasssnsnsansasinsennnnn. -4 AG/stR 1% PCR

] 2nd PCR

AGEXON2F Preenneos- 4 AGExon2R
AGIZNd/INTF Bro-merenanene -4 AGExon2R

2.0
1.5
1.0

fold increase

0.5

vpr-

vpr+

Fig. 5. Vpr expressed from an HIV-1 provirus accumulates endogenous a-glo-
bin2 pre-mRNA. Vesicular stomatitis virus G protein (VSV-G) pseudotyped
HIV-1 viruses were harvested from 293T cell cultures 24 h after cotransfec-
tion with VSV-G expression vector together with pNF462Aenv or
pNF462AenvAvpr. HelLa cells (5 x 10%) were infected with 100 ng of
p24 antigen equivalent of pseudotyped viruses. Two hours after infection,
cells were washed with serum-free medium twice and cultured with fresh
medium containing 10% fetal bovine serum. Then, 24 h after infection, quan-
titative RT-PCR was performed using specific primers for total a-globin 2
RNA or a-globin 2 pre-mRNA that contains intron 1. (A) Schematic repre-
sentation of a-globin 2 gene and the position of primers used for quantita-
tive RT-PCR. (B) Fold increase of the level of a-globin 2 pre-mRNA that
contains intron 1. Signals of amplification products were normalized by those
of total ar-globin 2 RNA. Each column and error bar represent the mean + S.D.
of results from three independent experiments.

gesting that Vpr had an effect on the splicing machinery. The
level of inhibition of splicing by Vpr was modest in vivo but
high in vitro. The reason why such difference arose between
in vivo and in vitro was not clear, but there was a possibility
that some factors that could alleviate the inhibition of splic-
ing by Vpr in vivo existed at low levels or lacked in HeLa
nuclear extract that used in the in vitro splicing assay. Thus,
the mechanism by which Vpr inhibits pre-mRNA splicing
appears to be novel. Second, although the inhibition of splic-
ing induced by Vpr was not as strong as that shown in a tran-
sient transfection system, we also indicated strong evidence
that Vpr expressed from an HIV-1 provirus was sufficient to
accumulate endogenous d-globin 2 pre-mRNA in an infec-
tion system using VSV-G pseudotyped HIV-1 vpr* or vpr~
virus. Third, our results also indicate the potential sequence-
specific nature of the Vpr-induced modulation of splicing.
Amplification of endogenous a-globin 2 pre-mRNA by nested
RT-PCR demonstrated that pre-mRNA that contained only
intron 1 and not intron 2 accumulated in presence of Vpr.
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Moreover, RT-PCR with total RNA from Jurkat cells that had
been transfected with a pME18Neo-Fvpr plus a derivative of
a pME18Neo that included the «-globin 2 gene revealed that
Vpr-induced an increase in the accumulation of all products
of pre-mRNA that contained intron 1. Further studies are
required to clarify why Vpr inhibit splicing of the particular
intron.

The NS1 protein of influenza virus [26,27,47] and the
ICP27 protein of HSV [29-31,48] have been reported to
inhibit the splicing of cellular pre-mRNA, perhaps as a part
of the mechanism for shutting down the synthesis of host pro-
teins. The NS1 protein binds to U6 small nuclear RNA, inhib-
iting the formation of U4/U6 and U2/U6 complex [47], while
ICP27 inhibits splicing by interfering with assembly of spli-
ceosomes [31]. In addition, it has been proposed that
ICP27 interacts with SRPK1 and inhibits splicing by altering
the phosphorylation of SR protein [48]. Moreover, ICP27 also
interacts with spliceosome-associated protein 145 and inhib-
its splicing prior to the first catalytic step [30]. It has been
demonstrated that Vpr binds to ribonucleic acid via a process
that requires the carboxy-terminal basic domain of the pro-
tein (in particular the helical 70-80 domain) {49], which sug-
gests the possibility of a functional association with pre-
mRNA. Indeed, we have preliminary evidence (Kuramitsu
and Aida, personal communication) that a carboxy-terminal
domain of Vpr is essential for the inhibition of splicing. There-
fore, our present results and the previous demonstration that
NS1 and ICP27 can associate with spliceosomes that con-~
tained splicing intermediates suggest that Vpr might interact
with spliceosomes, which inhibit splicing at the stage when
the splicing complex is formed. It is also possible that Vpr
inhibits splicing by preventing pre-mRNA from association
with spliceosomes or stabilizing pre-mRNA through the asso-
ciation with pre-mRNA. These issues will be further eluci-
dated.

The correlations between the novel ability of Vpr to inhibit
splicing of cellular pre-mRNA and the previously character-
ized functions of Vpr in phenomena such as LI'R activation
[16], apoptosis [50] and G2 arrest [10-13], suggest some
intriguing possibilities. Splicing and transcription are tightly
coupled [51]. For example, spliceosomal UsnRNP forms a
complex with elongation factor TAT-SF1, which associates
with RNA polymerase II (pol II) via the carboxy-terminal
domain (CTD) kinase PTEFb. This UsnRNP-TAT-SF1 com-
plex stimulates both transcription and splicing in vitro [52].
Kino and Pavlakis [53] have reported that hsRBP7, a subunit
of pol I1, bind Vpr in a yeast two-hybrid screening assay. This
observation strongly suggests that Vpr might regulate tran-
scription via an interaction with hsRBP7 and might then coin-
cidentally, participate in the splicing reaction. Moreover, apo-
ptosis and splicing influence one another. For example, the
cellular apoptosis-promoting factor TIA-1 is a regulator of
the splicing of pre-mRNA [54,55]. However, it remains
unclear whether Vpr can inhibit splicing via these two pro-
cesses. By contrast, Vpr-induced G2 arrest might be a key
event related to the inhibition of splicing by Vpr. Roshal et al.

[56] showed that treatment with 1.Y294002, an inhibitor of
phosphatidylinositol 3-kinase, alleviated Vpr-induced G2 ar-
rest in HeLa cells. Moreover, recent reports indicated that
RNA processing is also the target of several signal-
transduction  pathways, including phosphatidylinositol
3-kinase pathway [57,58]. However, in the present study, we
detected the accumulation of pre-mRNA during the 24-h
period after transfection, namely, during the time when Vpr
is unable to induce G2 arrest. This result clearly indicates
that the inhibition of splicing by Vpr is not the result of
G2 arrest. Further studies are required to determine whether
inhibition of the splicing of pre-mRNA influences the induc-
tion of G2 arrest by Vpr.

The generation of the 2 or 4-kb form of HIV-1 RNA from
unspliced 9-kb genomic RNA by splicing is orchestrated by
cis elements like exonic splicing enhancers (ESEs), exonic
splicing silencers (ESSs), intronic splicing silencers, and the
viral protein Rev [59-64]. It has been suggested that, Rev-
mediated nuclear export of incompletely spliced HIV-1 RNA
regulates splicing of HIV-1 RNA [63]. However, splicing of
HIV-1 RNA is also controlled by many cellular splicing fac-
tors, such as SR proteins and heterogeneous nuclear ribo-
nucleoproteins (hnRNPs). For example, the generation of tat
mRNA is regulated via splicing acceptor site A3. Splicing at
the A3 site is regulated by ESS2p [62], ESE2 [60] and ESS2
[61]. The ribonucleoprotein designated hnRNP H binds to
the ESS2p element to repress activity at splice site A3.
SC35 binds to the ESE2 to activate splicing, whereas inRINP
Al binds ESS2 to repress splicing. ESE2 and ESS2 overlap
and binding of hnRNP A1l to ESS2 masks binding site for
SC35 and inhibits splicing at the A3 site. By contrast, it has
been suggested that Vpr acts multifunctionally via interac-
tions with numerous cellular partner molecules, such as the
14-3-3, the p300/CREB-binding protein, and the importin o
[53]. Therefore, it is possible that Vpr might be associated
not only with host splicing but also with the alternative splic-
ing of HIV-1 RNA. However, we do not know whether Vpr
interacts with regulators of splicing that control splicing of
HIV-1 RNA. Thus, while our present results suggest that Vpr
inhibits splicing of cellular pre-mRNA, it remains to be deter-
mined whether Vpr regulates splicing of the HIV-1 genome.
Our understanding of the life cycle of HIV-1 and the progres-
sion of AIDS pathogenesis will be enhanced as we improve
our understanding of the roles of Vpr both in cellular splicing
and in the life cycle of HIV-1.
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