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The Rex protein is an essential regulator of RNA expression in human T-cell leukemia virus types 1 and 2
(HTLV-1 and HTLV-2) that promotes the accumulation of full-length and partially spliced viral transcripts in
the cytoplasm. Rex-mediated regulation correlates with specific binding to a cognate RNA recognition element
which overlaps the 5* splice site in the viral long terminal repeat. It has been unclear whether Rex directly
affects splicing or only nuclear-to-cytoplasmic transport of viral mRNA. We demonstrate that HTLV-2 Rex is
a potent inhibitor of splicing in vitro at an early step in spliceosome assembly. Inhibition requires phosphor-
ylation of Rex and the ability of Rex to bind to the Rex response element. Direct inhibition of early spliceosome
assembly by Rex may account for differential accumulation of unspliced transcripts and represents a novel
mechanism of retroviral gene regulation.

Several human retroviruses have evolved similar strategies
for viral gene expression. Structural Gag and Env proteins are
expressed from unspliced gag or singly spliced env RNAs. Cy-
toplasmic expression of gag and env mRNA in human T-cell
leukemia virus types 1 and 2 (HTLV-1 and HTLV-2) requires
the nuclear posttranscriptional viral regulatory protein, Rex,
while an analogous function is performed by Rev in human
immunodeficiency virus type 1 (HIV-1) (2–4, 12, 19–21, 23). In
HTLV-1 and -2, the Rex protein is expressed early in infection
from a doubly spliced mRNA which also encodes the transcrip-
tional activator, Tax (20, 23). In the absence of Rex, little or no
gag/env mRNA is detected in the cytoplasm (4, 13, 21). The
HTLV-2 Rex protein binds with specificity to an RNA se-
quence element, termed the RxRE (Rex response element),
which forms a stem-bulge-loop secondary structure (4, 27).
HTLV-1/2 RNAs are generated by using two splice donor sites
located within the 59 long terminal repeat (LTR) and upstream
from env coding sequences (Fig. 1A). Mapping of the HTLV-2
RxRE to the R region of the LTR revealed that a consensus
site for U1 small nuclear ribonucleoprotein (snRNP) (59 splice
site) is contained within the genetically defined Rex-binding
element (4). Mutations which disable the 59HTLV-2 splice site
significantly reduce Rex binding (4). Immediately downstream
from the Rex binding domain are two cis-acting repressive
elements, the cis-acting repressive sequence (CRS) and U5
inhibitory element (UIE), which appear to decrease RNA ex-
port from the nucleus to the cytoplasm through interaction
with host proteins (2, 3). Rex has been shown to relieve con-
straints on RNA export from nucleus to cytoplasm conferred
by the CRS and UIE (2, 3). It remains unclear whether the Rex-
mediated cytoplasmic accumulation of incompletely spliced
RNAs is due to effects on RNA transport from the nucleus, on
RNA splicing, or on both. The location of the 59 splice site
within the RxRE suggested a direct role for Rex in the regu-
lation of mRNA splicing. We therefore decided to determine
whether in vitro splicing of viral pre-mRNAs is affected by Rex.

MATERIALS AND METHODS

Construction of splicing vectors. (i) HTLV-2 splicing constructs. All HTLV-2
splice donors were subcloned into recipient plasmid pBSA (a gift from J. D.
Reilly and Mary Edmonds, University of Pittsburgh) restricted with BamHI and
EcoRI or EcoRV. Inserts were derived as follows: LTR SD (nucleotides [nt] 361
to 786) was derived from pGEM 361-786 (4) cut with BamHI and EcoRI, LTR
DSD (nt 361 to 786, s449,450) was derived from pM13 LII 361-786 s449,450 (2)
restricted with BamHI and EcoRI, LTR DCRS (nt 361 to 520) was derived from
plasmid pM13 LII 361-520 (4) digested with BamHI and SmaI, and LTR
SDDRxRE (nt 361 to 786D465–501 [D indicates deletion]) was derived from
plasmid pM13 LII 361-786D465-501 (4) digested with BamHI and EcoRI. The
LTR U1 (nt 361 to 786 s447,448,456) construct was derived by site-directed
mutagenesis (Amersham) using a 28-nt oligonucleotide (CTGAGAGGATACT
TACCTGGGGAGGAGC) and pM13 LII 361-786 as the substrate, confirmed by
dideoxy nucleotide sequencing, and subcloned as a BamHI-EcoRI fragment into
pBSA. The env SD construct (nt 5090 to 5810, splice donor at nt 5183) was
derived from the HTLV-2 subclone pH6B 3.5 digested with BamHI and PvuII.
Splicing vectors are outlined in Fig. 1A.
(ii) Multimerization of stem-bulge-loop sequences. The minimal RxRE was

synthesized by annealing complementary oligonucleotides comprising nt 458 to
507 of the 59 LTR of HTLV-2 (59-GGGCCTCTCAGGTCGAGCTCGGCTGC
CCCTTAGGTAGTCGCTCCCCGAGGGTCTTT-39) adapted with restriction
half sites of SmaI at the 59 end and DraI at the 39 end. The annealed product was
purified by electrophoresis on 2% low-melting-point NuSieve agarose in 13
Tris-acetate-EDTA and then subjected to excision and DNA extraction. The
precipitated DNA was resuspended in 13 ligation buffer and ligated overnight at
168C in the presence of 0.5 mM ATP, 3 U of T4 DNA ligase, and 10 U each of
SmaI and DraI. Ligation products were phenol extracted, ethanol precipitated,
and resolved on a 2% low-melting-point agarose gel in 13 Tris-agarose-EDTA.
Discrete bands, corresponding to products ranging from one to eight monomers,
were gel purified and incubated in 13 ligation buffer together with dephosphor-
ylated pGem 1 vector DNA restricted with SmaI and 2 U of T4 DNA ligase for
18 h at 168C to form plasmid pAB410. The ligation mixture was transformed into
Escherichia coli DH5a competent cells (Gibco-BRL), and transformants were
selected on YT medium with ampicillin selection. Positive clones were selected
by colony hybridization according to standard procedures (24), using the sense
oligonucleotide labeled with T4 kinase and [g-32P]ATP to a specific activity of
5 3 109 cpm/mg. DNA sequences of isolated clones were confirmed by dideoxy
sequencing.
(iii) Rx4 splicing constructs. Head-to-tail concatemers containing four copies

of the minimal RxRE were cloned into splicing vector pBSAd I as follows. To
generate an insertion at the 59 end of exon I, pBSAd I was cut with PstI, blunt
ended, and dephosphorylated; to generate an insertion at the 39 end of exon II,
pBSAd I was cut with HincII and dephosphorylated; to generate an insertion at
the center of the intron of pBSAd I, the splicing cassette was removed from
pBSAd I by digestion with PstI andHincII, and the resulting fragment was ligated
to dephosphorylated pBluescript KS deleted for theHindIII site and cut with PstI
and HincII; the resulting plasmid was digested with HindIII. All vector DNAs
were then blunt ended, dephosphorylated, and ligated with a blunt-ended EcoRI-
XbaI fragment of pAB410 containing the reiterated minimal RxRE to form
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pBSAd1-I (sense Rx4) and pBSAd1-Ia (antisense Rx4). Sense and antisense
orientations of inserts were determined by dideoxy sequencing.
Expression and purification of Rex. HTLV-2 Rex was expressed and purified

to near homogeneity as previously described (27). Briefly, 5 3 108 SF9 insect
cells (ATCC 1711-CRL) were infected with the baculovirus clone vAcC4rex (27)
for 3 days. The harvested cells were disrupted by Dounce homogenization in a
Wheaton homogenizer in lysis buffer (10 mM KCl, 10 mM Tris-HCl [pH 7.9], 1
mM dithiothreitol, 500 mM phenylmethylsulfonyl fluoride); the postnuclear su-
pernatant was adjusted to 100 mM KCl–1 mM MgCl2–20 mM N-2-hydroxyeth-
ylpiperazine-N9-2-ethanesulfonic acid (HEPES; pH 7.4)–5% glycerol and then
applied to a 5-ml heparin-agarose column (HiTrap; Pharmacia) equilibrated in
the same buffer. The column was developed with 10 column volumes of a linear
100 to 1,000 mM KCl gradient; the peak fraction was identified by silver staining
material of column fractions run on sodium dodecyl sulfate (SDS)–10% acryl-
amide gels and verified by Western blotting (immunoblotting). Pooled peak
fractions were dialyzed against 60 mM KCl–20 mM HEPES (pH 7.4)–1 mM
MgCl2–0.5 mM EDTA–1 mM dithiothreitol–300 mM phenylmethylsulfonyl flu-
oride–10% glycerol and stored as aliquots at 2808C.
Immunobinding analysis. [32P]CTP-labeled RNAs used in RNA binding re-

actions were synthesized according to standard protocols and purified on 3.5%
polyacrylamide–8 M urea gels. Binding reactions were carried out with 50 pg of
uniformly labeled RNA and 5 nM Rex in 50 ml of binding buffer (40 mM
Tris-HCl [pH 8.0], 200 mM KCl, 2 mM MgCl2, 0.05% Triton X-100, 20 mg of
acetylated bovine serum albumin [BSA] per ml, 8 mg of tRNA per ml) in the
presence of a 2,000-fold excess of specific (unlabeled RNA) or nonspecific
(HIV-1 transactivating region [TAR] RNA) competitor RNA. After incubation
at 48C for 20 min, Rex-specific antiserum, affinity purified with protein A-agarose
(Sigma), was added, and the mixture was incubated at 48C for 20 min. Then 15
ml of protein A-Sepharose CL4B (Pharmacia) in binding buffer was added, and
the mixture was incubated at 48C with rotation for 30 min. The Sepharose beads
were washed three times with 400 ml of binding buffer, and radioactivity was
determined by liquid scintillation counting.
Transient transfection by electroporation for CAT assays. Transient transfec-

tions into Jurkat T cells were performed with a total of 25 mg of mixed plasmid
and 5 3 106 cells in RPMI 1640 medium containing 10% fetal calf serum at a
concentration of 2 3 107 cells per ml by electroporation as previously described
(5). Following transfection, cells were resuspended in Iscove’s medium contain-
ing 10% fetal calf serum at 106 cells per ml and incubated at 378C with 5% CO2.
The incubated cells were harvested at 24 h posttransfection, cell viability was
determined by trypan blue exclusion, and cells were lysed by three successive
freeze-thaw cycles. Protein concentrations of cellular extracts were determined
by the Bio-Rad protein microassay procedure. Equal amounts of protein from
each sample were then used to assay for chloramphenicol acetyltransferase
(CAT) activity, using the xylene extraction procedure (25).

In vitro splicing. HeLa nuclear extracts were prepared as previously described
(6) except that nuclei were resuspended at a concentration of 109 cells per 1.5 ml.
Splicing substrates were in vitro transcribed by using T7 or T3 RNA polymerase
(Promega), 1 mg of linearized template, and a-32P-labeled CTP (20 mCi/ml; 800
Ci/mmol; Amersham) as a precursor as previously described (27) and purified on
a 3.5% polyacrylamide–8 M urea gel. Splicing reactions were performed for 2 h
under standard conditions in a final volume of 30 ml with 17 ml of extract,
unlabeled nonspecific competitor (yeast tRNA or HIV-1 TAR RNA) in 400-fold
excess, 20,000 cpm ('1 pmol) of labeled pre-mRNA substrate, purified Rex
where applicable, and a final salt concentration of 90 mM KCl. Products of each
reaction were proteinase K digested, phenol extracted, and ethanol precipitated.
The precipitate was resuspended in 10 ml of 50% formamide–5 M urea and
resolved on 6% acrylamide (19:1)–7 M urea gels in 75 mM Tris-borate (pH 8.3).
Gels were dried and autoradiographed at 2808C. Molecular sizes of splicing
products were verified by using either a radiolabeled 123-bp ladder (Bethesda
Research Laboratories) or Sau3A1-restricted pBS (Stratagene) as a marker.
Phosphatase treatment of purified Rex. Three hundred nanograms of purified

Rex and 40 mg of BSA were added to a 50-ml packed bead volume of calf
intestine phosphatase (CIP)-agarose (100 U of CIP; Sigma P-0762), prewashed
three times in 10 bead volumes of CIP buffer containing 100 mg of BSA per ml,
and incubated for 60 min at 378C as recommended by the manufacturer. An
equivalent amount of protein unrelated to splicing, BSA, was processed in a
parallel reaction to control for the contamination of splicing extracts by phos-
phatase after the bead treatment and removal of calf intestine alkaline phos-
phatase (CIAP) by centrifugation. Fifty microliters of Rex or control supernatant
was equally divided for assay in the in vitro splicing reaction or for immunobind-
ing as described below, and the structural protein integrity and extent of dephos-
phorylation were confirmed by Western blot analysis.
Western blot analysis. CIAP-treated and untreated Rex was resolved by elec-

trophoresis on an SDS–12% polyacrylamide gel and transferred onto nitrocel-
lulose paper (Hybond; Amersham). The membrane was blocked for 1 h in 1%
(wt/vol) BSA (Sigma)–100 mM NaCl–10 mM Tris (pH 7.5)–0.1% Tween 20 at
room temperature. Polyclonal Rex-specific antiserum (1:1,000) was then added,
and the mixture was incubated for an additional 3 h. After washing, the blot was
incubated with anti-rabbit immunoglobulin coupled to alkaline phosphatase and
developed with the Vectastain ABC system (Vector Laboratories Inc., Burlin-
game, Calif.).
Gel retardation analysis of splicing complexes. Splicing reactions were termi-

nated by addition of 53 stop buffer (5 mg of heparin per ml, 13 Tris-borate-
EDTA, 50% glycerol, 0.025% bromphenol blue), and 20 ml of each reaction
mixture was resolved at room temperature on a 3% acrylamide (60:1)–0.5%
agarose composite gel in running buffer (50 mM Tris-borate, 1 mM EDTA [pH

FIG. 1. (A) Substrates used for in vitro splicing. A schematic map of the
HTLV-2 genome and the 59 LTR indicates the locations of the splice donor
(SD), the RxRE, and CRS elements. Splicing constructs are outlined below;
splice donor sequences (open boxes) and adenovirus splice acceptors (black
boxes) are indicated. (B) In vitro splicing of 32P-labeled HTLV-2 substrates.
Spliced products are indicated as follows: exons, boxes; introns, lines; intron
lariats, loops. pBSAd I spliced less efficiently under the elevated salt concentra-
tion used to optimize HTLV-2 splicing, although both lariats are clearly visible
on longer exposures (lanes 13 and 14).
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8.3]) for 5 h at 250 V. Gels were dried and autoradiographed at 2808C. The
identities of splicing complexes (16) were verified by electroblotting of complexes
to Zeta-Probe GT membranes (Bio-Rad) followed by hybridization with radio-
labeled antisense RNA probes to U2, U4, U5, and U6 RNAs and autoradiog-
raphy at 2808C according to the manufacturer’s recommendations (data not
shown).

RESULTS

In vitro splicing of HTLV-2 splice donors. To assay for direct
Rex effects on splicing from viral splice sites in vitro, sequences
containing wild-type and mutant HTLV-2 LTR splice donors
were cloned upstream of the first intron and L2 exon of the
major late transcription unit of adenovirus type 2 in the splic-
ing vector pBSA (Fig. 1A). All viral splice donors were active
in vitro and gave rise to intermediate and fully spliced products
(Fig. 1B) which were identified by their predicted gel mobili-
ties. A dinucleotide substitution at the viral LTR exon-intron
border (LTR DSD) abolished splicing in vitro (Fig. 1B, lanes 3
and 4), indicating the obligatory role of the native 59 LTR
splice site. Deletions within the stem-bulge-loop structure (nt
465 to 501) of the RxRE (LTR SDDRxRE) (2) or the removal
of the CRS elements (LTR SDDCRS) did not adversely affect
splicing (lanes 5 to 8). In the case of LTR SDDCRS, deletion
of the cis-acting CRS element within the intron appeared to
enhance splicing in vitro (lane 8). Because of the smaller intron
size, LTR SDDCRS branched intermediates migrate below the
precursor RNA in our gel system. Similarly, Env SD 59 exon
and intron sequences are larger than their LTR SD counter-
parts and therefore migrate more slowly in denaturing gels
(lanes 11 and 12).
Affinity purification of HTLV-2 Rex. HTLV-2-infected cells

express two forms of Rex protein, p24 and p26, which differ in
the extent of serine phosphorylation (10). Green et al. (10)
have demonstrated that serine phosphorylation at multiple
sites significantly enhances the binding of Rex to HTLV-2
target RNAs. To obtain the phosphorylated p26 form of Rex,
we expressed HTLV-2 Rex in a baculovirus expression vector
system as previously described (27). Cytoplasmic extracts of
infected SF9 cells were fractionated by heparin-agarose chro-
matography using a linear 0.1 to 1.0 M KCl gradient. Fractions
were collected and analyzed by SDS-gel electrophoresis. The
presence of Rex was determined by silver staining (Fig. 2) and
confirmed by Western blotting (data not shown). Rex eluted
near homogeneity at 600 mM KCl, and peak fraction numbers
36 through 40 were pooled and dialyzed prior to storage at
2808C. The biological activity of purified Rex was confirmed
by using a previously described (27) sensitive immunobinding
assay (data not shown).
Inhibition of pre-mRNA splicing by Rex. LTR SD pre-

mRNA contains the splice donor within the 59 LTR and RNA-
binding elements for Rex (RxRE) and heterogeneous nuclear

ribonucleoproteins I (CRS) and A1 (UIE). When splicing re-
action mixtures with the LTR SD substrate were incubated
with increasing amounts of purified Rex, formation of inter-
mediate and product RNAs was markedly decreased (Fig. 3,
lanes 6 to 8). Inhibition of splicing was observed at levels as low
as 19 nM (lane 7). At a concentration of 38 nM, splicing from
LTR SD was effectively abolished and accumulation of un-
spliced substrate was observed (lane 8). To rule out nonspecific
degradation of the pre-mRNA by Rex, we incubated pre-
mRNA with Rex under splicing conditions without the addi-
tion of nuclear extract (lane 4). Comparison with reaction
mixtures which contained nuclear extract (lane 3) or nuclear
extract and Rex (lane 5) reveals that the limited RNA degra-
dation observed is a property of the nuclear extract and occurs
when splicing is prevented by omission of ATP from the reac-
tion (lanes 3 and 5) or inhibited by Rex (lanes 7 and 8).
Deletion of nt 465 to 501 within the RxRE results in only

residual RNA binding of Rex in vitro and greatly diminishes
expression of a CAT reporter gene linked to the HTLV-2 LTR
(4). We have failed to detect Rex binding to RNA containing
the splice donor within env. We therefore compared the abil-
ities of Rex to inhibit splicing of substrates to which Rex binds
with high affinity (LTR SD) or binds poorly (LTR DRxRE, env
SD, and pBSAd I). In comparison with wild-type LTR SD,
LTR SDDRxRE mutated within Rex binding sequences was
markedly less inhibited (Fig. 4A, lanes 3 to 5 and 7 to 9). The
env SD and pBSAd I substrates (lanes 11 to 13 and 15 to 17)
showed little or no inhibition by Rex. Quantitative estimates
indicated that the extent of inhibition was greater than 90% for

FIG. 3. Inhibition of HTLV-2 pre-mRNA splicing in vitro. Where indicated,
Rex was added to a final concentrations of 38 nM (lanes 4 and 5) or 19 and 38
nM (lanes 7 and 8). Lane 1, radiolabeled, Sau3A1-restricted pBS plasmid as a
molecular weight marker (M); lane 2, substrate pre-mRNA only; lane 3, addition
of HeLa nuclear extract; lane 4, addition of Rex protein and ATP; lane 5,
addition of Rex protein and HeLa nuclear extract; lanes 6 to 8, dose-dependent
inhibition of splicing by Rex. Sizes are indicated in base pairs.

FIG. 2. Affinity chromatography of cytoplasmic extracts derived from SF9
cells infected with a baculovirus clone of HTLV-2 Rex. Aliquots of fractions from
a heparin-agarose column were electrophoresed on SDS–10% acrylamide mini-
gels and subjected to silver staining. Rex protein was identified by its molecular
mass; Rex-containing fractions 36 through 40 were pooled, dialyzed, and stored
in aliquots at 2808C. The identity and quality of the pooled preparation were
confirmed by Western blot analysis (data not shown). M, size markers; C, con-
trol, FT, flowthrough; W, wash.
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LTR SD and substantially diminished for LTR SDDRxRE
(19%), env SD (7%), and pBSAd I (8%) substrates (Table 1).
Constructs in which CRS elements were deleted (LTR

SDDCRS) or in which a perfect U1 snRNP consensus (12-of-
12-nt match to U1 snRNP, compared with the 9-of-12-nt match
in wild-type HTLV-2) was introduced bound Rex with affinity
similar to that of LTR SD and demonstrated similar inhibition
in the presence of 38 nM Rex (Fig. 4B; Table 1). Hence,
Rex-mediated inhibition of splicing in vitro is not dependent
on the presence of CRS elements or on a suboptimal splice
site, as described for Rev (6). However, it is possible that a

suboptimal splice site predisposes the LTR splice donor to Rex
inhibition in vivo. We therefore sought to create a Rex-binding
element that mediates the Rex response but does not contain
a splice donor within Rex binding sequences.
Rex binding to a reiterated minimal RxRE.Mutational anal-

ysis of the RxRE of HTLV-2 has shown that a stable stem-
bulge-loop structure (nt 465 to 501) is critical for Rex protein
binding to the RxRE (3, 4). To understand the functional role
of the stem-bulge-loop within the RxRE, we investigated its
ability to bind Rex protein in vitro. Prior immunobinding ex-
periments in our laboratory had established that RNA encod-

TABLE 1. Relative levels of inhibition by Rex

Rex concn
(nM)

% Inhibitiona
Figure

LTR SD LTR SDDRxRE env SD pBSAd I LTR SDDCRS LTR U1

0 0 (19) 1C
19 90 (2) 1C
38 100 (0) 1C
0 0 (64) 0 (53) 0 (30) 0 (12) 1D
19 55 (29) 4 (51) 0 (30) 0 (14) 1D
38 92 (5) 19 (43) 7 (29) 9 (11) 1D
0 0 (65)b 0 (117)b 0 (41)b 1E
19 94 (4)b 16 (98)b 24 (31)b 1E
38 98 (1)b 74 (31)b 85 (6)b 1E

a For each concentration of Rex, percent inhibition 5 1 2 (spliced lariat/unspliced substrate in the presence of Rex)/(spliced lariat RNA/unspliced substrate in the
absence of Rex) 3 100. The splicing efficiency measured as spliced lariat RNA/unspliced substrate RNA remaining is given in parentheses.
b Calculated on basis of spliced double-exon product RNA/unspliced substrate remaining. Values were derived by using densitometric scanning and the NIH Image

1.49 software for analysis.

FIG. 4. (A) Specific inhibition of HTLV-2 pre-mRNA splicing by Rex. S, substrate RNA only. The relative levels of RNA substrate binding of Rex derived in
parallel immunobinding reactions were as follows: LTR SD, 100.0%; LTR DRxRE, 38.6%; and env SD, 21.0%. Numbers represent values corrected for nonspecific
binding due to Rex antiserum alone and the negative control, pBSAd I. (B) Rex-mediated inhibition of splicing from substrates with altered cis-acting elements. In the
text that follows, percent RNA substrate binding to Rex relative to that of the wild type is indicated in brackets. LTR SDDCRS [57] is missing nt 520 to 786 of the LTR,
deleting both the CRS (nt 520 to 630) and UIE (nt 645 to 750). This deletion causes the branched lariat RNAs to migrate below the substrate RNA. LTR U1 [110]
has a perfect 12-of-12-bp U1 consensus match at the LTR splice donor. Details are as for Fig. 1B.
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ing nt 460 to 503 of the RxRE shows only residual binding
activity in a Rex immunobinding assay (unpublished results).
To enhance Rex binding to this sequence, we reiterated nt 458
to 501 to form a tetrameric minimal binding site (Rx4) which
excluded the U1 consensus sequence (nt 447 to 455) of the 59
LTR splice donor.
We used the Rex immunobinding assay to quantitatively

measure Rex binding to radiolabeled Rx4 RNA. RNA from nt
361 to 786, which includes the full-length RxRE (nt 405 to
630), was used as the positive control. The specificity of the
Rex-RNA interaction was determined by competition with a
2,000-fold excess of unlabeled probe RNA or with excess non-
specific HIV-1 TAR RNA, which also forms a stem-loop but
does not bind Rex protein. As a negative control, we used
RNA from nt 361 to 786D465 to 501 (361-786D465-501 RNA),
which contains an internal deletion of the essential stem-bulge-
loop sequence and shows minimal binding activity in vitro (4).
As shown in Fig. 5A, Rex binding to Rx4 RNA (37%) ex-

ceeds binding to the full-length RxRE (21%). In contrast, Rex
affinity for Rx4 RNA in antisense orientation (2%) falls to the
level of the negative control 361-786D465-501 RNA (2%),
demonstrating that multimerization of the essential stem-
bulge-loop structure of the RxRE specifically enhances Rex
affinity to a level equivalent to or exceeding that of the native
binding site.
Correlation of Rex-Rx4 binding with Rex function. Using a

transient transfection assay, we have demonstrated previously
that expression from an HTLV-2 LTR containing an intact
RxRE and a CRS element (nt 520 to 630) linked to a CAT
gene (pLII CAT) is low in the presence of Tax, and addition of
Rex in trans rescues gene expression (3, 4). Expression of the
CAT reporter linked to an LTR deleted for RxRE but not
CRS elements, however, remains minimal even in the presence
of Rex (3).
To test whether Rx4 can substitute for the RxRE in the

context of the HTLV-2 LTR, we inserted Rx4 upstream of the
CRS element of pLII 367, 520-630 CAT (3) to generate plas-
mid pAB420. Plasmid pLII 367, 520-630 CAT contains all of
U3 and the 59 43 nt of the R region upstream of a CRS element
(nt 520 to 630) linked to a CAT gene. It is therefore transac-
tivated by Tax but not by Rex. The LTR-CAT constructs were
cotransfected with HTLV-2 Tax or Tax/Rex expression vectors
into Jurkat T cells. As previously shown, CAT expression from
pLII 367, 520-630 CAT remained low in the presence of Rex
(Fig. 5B) (3). In contrast, reporter gene expression from both
pLII CAT and pAB420 is rescued when Rex is supplied in trans
(Fig. 5B). Furthermore, pAB420 is activated to the same extent
as pLII CAT, suggesting that Rx4 functions as efficiently as the
wild-type RxRE in transient transfections. Therefore, Rex bind-
ing to a multimerized minimal binding element appears to cor-
relate with Rex responsiveness in a functional assay.
Rx4 mediates inhibition of pre-mRNA splicing in vitro. Rex

binding to RxRE RNA and Rex rescue of LTR-driven reporter
gene expression are sensitive to mutations within the overlap-
ping splice donor site in the RxRE (4). More importantly, we
show that Rex inhibition of viral RNA splicing in vitro depends
on the presence of an intact RxRE in the 59 LTR. To deter-
mine whether Rx4 could mediate Rex inhibition of pre-mRNA
splicing in a heterologous context, we inserted Rx4 DNA in
sense and antisense orientations into the intron of an adeno-
virus splicing vector, pBSAd1, to yield plasmids pBSAd1-I and
pBSAd1-Ia, respectively. Splicing reaction mixtures were in-
cubated in the presence of 0, 19, and 38 nM purified Rex
protein. In the absence of Rex, substantial amounts of LTR SD
pre-mRNA are spliced to intermediate and product RNAs
(Fig. 6, lane 2). Addition of Rex to reaction mixtures contain-
ing LTR SD RNA leads to complete inhibition of splicing

(lanes 3 and 4). Incubation of LTR SD RNA together with a
400-fold excess unlabeled Rx4 RNA in the presence of 38 nM
Rex reverses the inhibition of splicing (lane 5). This finding
suggests that Rx4 RNA can efficiently compete for Rex binding
to the RxRE under conditions of RNA splicing. In contrast,
little or no inhibition is observed for LTR SDDRxRE RNA
substrates, even at 38 nM Rex (lanes 7 to 9). Both pBSAd1-I
and pBSAd1-Ia pre-mRNAs, containing Rx4 sequence in
sense and antisense orientations, respectively, spliced effi-
ciently in vitro (lanes 11 and 15). However, while pBSAd1-Ia
RNA remains nonresponsive to Rex at both concentrations
tested (lanes 16 and 17), splicing of pBSAd1-I RNA is sub-
stantially inhibited at 19 nM Rex and abrogated at 38 nM Rex
(lanes 12 and 13). This finding suggests that the Rx4 sequence
in the intron of pBSAd1-I RNA binds Rex protein and makes
this RNA susceptible to Rex-mediated inhibition of RNA
splicing in vitro.
Correlation of inhibition of splicing with Rex phosphoryla-

tion. Studies by Green et al. have shown that Rex must be

FIG. 5. (A) Specific Rex binding to RxRE and Rx4 RNA in vitro. RNA-Rex
complexes were detected by immunoprecipitation with Rex-specific antiserum
and incubation with protein A-Sepharose as described in Materials and Methods.
Sepharose beads were collected and counted by liquid scintillation. 361-786 RNA
contains the splice donor, full-length RxRE, and CRS elements of the 59 LTR
and serves as the positive control. 361-786D465-501 RNA has a deletion of the
stem-bulge-loop motif essential for Rex binding and serves as a negative control.
Rx4 RNA contains four stem-bulge-loop motifs in series. RNAs for Rx4 and Rx4
antisense were transcribed from pAB410 in both sense and antisense orienta-
tions, using T3 and T7 phage promoters, respectively. Results are the means of
three independent assays. Standard errors are indicated. (B) Correlation of Rex
binding to Rx4 RNA with function in a transient expression assay. Expression
of CAT activity in Jurkat T cells transfected with CAT reporter constructs
was measured 24 h posttransfection. CAT expression is driven by the HTLV-2
promoter of the 59 LTR. All reporter constructs were cotransfected with the
HTLV-2 tax expression plasmid BC20.2Sph or BC20.2, expressing both tax and
rex. Fold activation was calculated by dividing the relative level of CAT activity
in the presence of both Tax and Rex by the level of CAT activity in the presence
of Tax alone. Results are the means of three independent transfections.
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phosphorylated in order to bind efficiently and have demon-
strated that incubation of p26 Rex with CIAP results in the
formation of dephosphorylated p24 Rex (10, 11). We dephos-
phorylated purified Rex protein with CIAP coupled to agarose
beads and removed CIAP by centrifugation prior to splicing.
The extent of dephosphorylation and the integrity of the pro-
tein were monitored by Western blotting (Fig. 7A). We then
compared the inhibition of splicing in the presence of phos-
phatase-treated and untreated Rex (10). As shown in Fig. 7B,
dephosphorylated Rex showed a markedly attenuated effect on
splicing in vitro relative to phosphorylated Rex. Immunobind-
ing studies done in parallel demonstrated a decrease in the
ability of dephosphorylated Rex to bind RNAs with specificity.
This finding suggested that Rex-mediated inhibition of splicing
in vitro is a function of its ability to specifically bind its RNA
recognition element.
Inhibition of splicing at an early step in spliceosome assem-

bly. The spliceosome assembly pathway can be separated into
early ATP-independent events such as U1 snRNP binding and
later ATP-dependent steps. Reaction mixtures from which
ATP is omitted permit the stable binding of U1 snRNP and
other splicing factors to form the commitment complex but
block further addition of snRNPs to form a functional spliceo-
some (26). To determine the step at which Rex inhibited splic-
ing, we preincubated LTR SD with nuclear extract in the ab-
sence of ATP for increasing amounts of time. At defined
intervals, ATP together with Rex was added, the incubation
continued, and products of the splicing reactions were assayed.
Addition of ATP alone restored splicing (Fig. 8A, lane 3).

Simultaneous addition of ATP and Rex resulted in marked
inhibition of splicing (lanes 4 and 5). However, preincubation
for 5 min or longer in the absence of ATP markedly attenuated
the effect of Rex (lanes 6 to 9). Since U1 snRNP binding occurs
within the first minutes of incubation, these results suggest that
Rex effects on splicing are diminished if U1 snRNP is allowed
to interact with the splicing substrate in the absence of Rex.
Gel retardation analysis of splicing complex assembly on ra-
diolabeled LTR SD substrate confirmed that Rex was acting
early in spliceosome assembly. Generally, four ribonucleopro-
tein complexes can be resolved on nondenaturing gels (17). A
nonspecific heterogeneous complex H forms in the absence of
ATP and represents primarily heterogeneous nuclear ribonu-
cleoprotein binding to the substrate (17). Following ATP ad-
dition, three splicing specific complexes, A, B, and B* (alter-
natively designated C) are formed in a time-dependent
manner. The earliest complex A contains U2 and U1 snRNP
and is subsequently joined by U4/U6 and U5 as a tri-snRNP
particle to form complexes B and B* (17, 26). Figure 8B, lanes
3 to 6, shows the formation of three ATP-dependent com-
plexes over time in the absence of Rex. In the presence of Rex,
formation of all three complexes, including the earliest com-
plex, A, is impaired (lanes 7 to 10). This finding suggests that
Rex acts prior to the addition of U2 to the commitment com-
plex to form complex A. To test whether Rex can affect the

FIG. 7. (A) Dephosphorylation of Rex protein by CIAP. Rex was treated
with CIAP as described in Materials and Methods and analyzed by Western
blotting. The positions of dephosphorylated (p26) and dephosphorylated (p24)
Rex are indicated. (B) Inhibition of splicing requires phosphorylated Rex. Splic-
ing reactions were performed and analyzed as for Fig. 1B. Rex was dephosphor-
ylated by treatment with CIP prior to addition to the splicing reaction mixture
(lanes 6 and 7). Splicing reactions were performed as described above. Phos-
phatase treatment of an equivalent amount of BSA as a control did not adversely
affect the splicing assay (lane 8). Immunobinding reactions done in parallel
revealed that CIP treatment dramatically reduced Rex RNA binding activity. In
the text that follows, numbers in boldface are percentages of wild-type binding,
and the actual percentages of input RNA bound by Rex are given in brackets.
Untreated Rex: wild-type 361-786 RNA (LTR SD) 5 100 [65], control 361-
786D465-501 RNA (LTR SD DRxRE) 5 25 [16]. CIAP-treated Rex: wild-type
361-786 RNA (LTR SD)5 0, control 361-786 D465-501 RNA (LTR SDDRxRE)
5 3 [2]. Relative inhibition was calculated for the double-exon product/substrate
remaining as described in the footnote to Table 1 and resulted in 0, 48, and 93%
inhibition for 0, 19, and 38 nM Rex, respectively, and 0 and 10% inhibition for
19 and 38 nM CIAP-treated Rex.

FIG. 6. Inhibition of splicing by Rex of RNA substrates containing the Rx4
sequence. RNA substrates were spliced in vitro under standard conditions. LTR
SD contains nt 361 to 786 of the HTLV-2 59 LTR, including the 59 splice donor,
full-length RxRE, and CRS elements; LTR SDDRxRE contains a deletion from
nt 465 to 501 of the LTR SD sequence, which removes the essential stem-bulge-
loop motif of the RxRE; pBSAd1-I and pBSAd1-Ia contain the Rx4 sequence in
the intron of pBSAd1 in the sense and antisense orientations, respectively. Rex
protein concentrations (nanomolar) are indicated at the top. Unlabeled nonspe-
cific (ns) competitor RNA is HIV-1 TAR RNA; unlabeled specific competitor
RNA (s; lane 5) is Rx4 RNA. Competitor RNA was added in 400-fold excess.
pBluescript KS (Stratagene) was digested with Sau3A1, end labeled with [g-32P]
ATP, and used as a molecular weight marker (M; lane 19).
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stability of existing complexes, we added Rex after a 15-min
incubation of LTR SD, HeLa extract, and ATP and then con-
tinued the incubation. Lane 5 shows that 15 min are sufficient
for the assembly of all three complexes. However, addition of
Rex at this time led to the loss of only complex A (lane 12)
during continued incubation. This finding suggests that Rex
prevented de novo formation of complex A but allowed exist-
ing A complexes to progress to the B and B* configurations.
This finding was consistent with a Rex effect early in spliceo-
some assembly. Alternatively, addition of Rex at 15 min may
specifically destabilize complex A but not complexes B and B*.

DISCUSSION

We have shown that HTLV-2 Rex can effectively inhibit
splicing of RNAs containing a Rex RNA-binding element in
vitro. Inhibition is demonstrated on splicing substrates which
contain the native RxRE or a multimerized minimal RxRE but
not on RNAs carrying a deletion of a stem-bulge-loop struc-
ture necessary for RNA binding. Inhibition is not observed for
substrates carrying the second HTLV-2 splice donor, located in
the env region of the genome, or heterologous control sub-
strates. This lack of inhibition suggests that Rex binding to the
RxRE in the 59 LTR has the potential of inhibiting viral RNA
splicing in vivo. RNA substrates, with or without CRS ele-
ments, splice well in vitro, suggesting that CRS RNA makes no
intrinsic contribution to the splicing regulation of HTLV-2
RNAs. If Rex inhibits splicing by merely binding to the RxRE
to interfere with assembly of spliceosomes, other RNAs should
become Rex responsive by providing the RxRE in cis and Rex
protein in trans. To test this hypothesis, we first created a
minimal Rex-binding element (Rx4) that does not include the
splice donor site. When inserted into the intron of an adeno-
virus splicing substrate, Rx4 mediates inhibition of splicing by
Rex at levels comparable to those observed for the HTLV-2 59
LTR exon (LTR SD). Our finding that inhibition requires a
functional Rex-binding element, phosphorylated Rex protein,
and occurs with specificity indicates that Rex binding to RNA
is essential for inhibition to occur.
Rex binding near the splice donor site in the LTR may

interfere with early steps in splicing, such as commitment com-
plex formation. This question was addressed by adding Rex to
commitment complexes, formed for increasing amounts of
time by preincubating RNA substrates together with HeLa
nuclear extract in the absence of ATP. Commitment com-
plexes are formed by the interaction of U1 snRNP with the 59
splice site within the first 2 min of preincubation. Inhibition
was attained only after very brief preincubations and lost after
prolonged exposure to HeLa extract, suggesting that Rex can-
not abrogate splicing of RNA substrates that are already com-
mitted to the splicing pathway. However, only a limited
amount of splicing activity was recovered by prolonged prein-
cubation of substrate RNAs in ATP-deficient HeLa extracts,
suggesting residual effects of Rex on continuing rounds of
RNA splicing. Gel retardation analysis shows that the forma-
tion of higher splicing complexes (A, B, and B*9) is inhibited in
the presence of Rex protein. The loss of complex A after
addition of Rex to assembled splicing complexes may reflect a
block to the recruitment of new commitment complexes in the
presence of Rex. In this case, the pool of A complex existing at
the time of Rex addition may be depleted by maturation of
assembled A complexes into complete spliceosomes (B and
B*), and diminished formation of new A complexes may be
due to Rex binding to pre-mRNAs. These observations are
consistent with the inhibition of splicing at an early step of
spliceosome formation. Since mutations within the 59 splice
site also reduce Rex affinity for the RxRE (4), Rex may inter-

FIG. 8. (A) Preincubation of precursor RNA with splicing extract in the
absence of ATP attenuates the Rex effect. Control splicing reactions were done
in the presence of 0, 19, and 38 nM Rex (lane 3 to 5). Preincubation was
performed as follows. Standard splicing reactions were set up, omitting ATP,
creatine phosphate, and Rex (to 38 nM), which were added back to the reactions
after 2, 5, 10, or 15 min (lanes 6 to 9). The incubation was then continued for 90
min, and reactions were processed as for Fig. 1B. (B) Gel retardation of splicing
complexes with LTR SD. Incubation times are indicated at the top, and splicing
complexes are indicated at the right. Lanes 1 and 11 contain LTR SD substrate
RNA only; lane 2 contains a complete splicing reaction minus ATP and creatine
phosphate. Lanes 3 to 6 show formation of ATP-dependent complexes after 1, 5,
15, and 30 min of incubation in the absence of Rex, and lanes 7 to 10 show
formation in the presence of Rex (38 nM). Lane 12 represents the complex
profile with addition of Rex at 10 min of incubation, followed by an additional
incubation time of 5 min.
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fere with U1 snRNP interactions with the splice donor. How-
ever, results of gel retardation experiments suggest that Rex
may affect the formation or stability of complex A. Further
analysis is required to unambiguously identify the splicing com-
ponent affected by Rex binding to pre-mRNA.
Inhibition of splicing at an early ATP-independent step by a

retroviral protein is in contrast to HIV-1 Rev, which has been
suggested to affect binding of U4/U6-U5 snRNP, a later step in
spliceosome assembly (16). Inoue and coworkers have noted
the accumulation of unspliced HTLV-1 transcripts in both the
nucleus and the cytoplasm of transiently transfected cells in the
presence of Rex (13). These observations are consistent with a
model in which Rex binds its cognate RNA motif in proximity
to the splice donor and may thus effectively exclude splicing
factors from the early assembly of a commitment complex at
the splice site.
The effect of Rex on splicing suggests a bimodal mechanism

of action in which 59 splicing may be inhibited, contributing to
unspliced transcript accumulation, while nuclear-to-cytoplas-
mic transport of gag mRNA is facilitated through the RxRE-
Rex interaction with the CRS. Such a bimodal mechanism has
been postulated for HIV-1 Rev on the basis of RNA transport
experiments with Xenopus laevis oocytes (8). Investigators had
previously noted Rex effects on nuclear-to-cytoplasmic trans-
port mediated through the RxRE in the reiterated 39 LTR
(15). The reported ability of HTLV-1/2 Rex to act as a substi-
tute for HIV-1 Rev in Rev-deficient HIV-1 clones could con-
ceivably be due to effects on splicing and/or transport, although
we tend to favor the latter because of the distance between the
HIV-1 splice donor and Rev binding sequences (18, 22, 28).
Transport effects alone would not explain differential expres-
sion of HTLV-2 gag, env, and tax/rex mRNAs, all of which
contain the reiterated 39 RxRE. It is possible that there are
present within gag or env sequences in HTLV-1 and -2 addi-
tional cis-acting regulatory elements that may also affect splic-
ing, similar to those already described for Rous sarcoma virus
and avian sarcoma virus (1, 9, 14, 28). As opposed to the
observed mechanism for Rex, these elements are thought to
act on the basis of RNA secondary structure, suboptimal 39
splice sites, or other mechanisms which are poorly understood.
Direct inhibition of early spliceosome assembly by Rex may
therefore represent a novel mechanism of retroviral regulation
in HTLV-1 and -2.
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