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Novel cytoplasmic mRNA species produced by human T-cell leukemia virus type I (HTLV-I) were cloned by
using the polymerase chain reaction technique. Five novel 3' splice sites located in the X region and upstream
of the env gene were identified. Splicing to the 3' splice sites in the X region generates mRNAs that express two
previously unidentified viral proteins, named Rof and Tof. Tof accumulates in the nucleoli of transfected cells.
The other viruses of the HTLV family, such as HTLV-II and bovine leukemia virus, also have a complex
splicing pattern and are capable of producing additional proteins encoded in the X region. These results suggest
that HTLV-I and other members of the HTLV family produce novel proteins, which may contribute to the
biological properties of these viruses.

The human T-cell leukemia virus (HTLV) family includes
HTLV types I and II (HTLV-I and HTLV-II), simian T-cell
leukemia virus type I, and bovine leukemia virus (BLV).
These viruses produce essential proteins, in addition to Gag,
Pol, and Env, that regulate viral expression. This character-
istic is shared by the lentiviruses, including human immuno-
deficiency virus type 1 (HIV-1). Therefore, it has been
proposed that the lentiviruses and the HTLVs should be
classified together in a group designated complex retrovi-
ruses (8, 30, 33).
The two regulatory proteins necessary for expression of

the HTLVs are Tax and Rex. Tax is a transcriptional
activator of the viral promoter (6, 10, 16, 34, 41, 43). Rex
affects posttranscriptional regulatory steps by promoting
transport of the unspliced and singly spliced mRNA from the
nucleus to the cytoplasm and by promoting expression of the
Gag, Pol, and Env proteins (11, 21, 22, 24, 40). Tax and Rex
are expressed from two overlapping reading frames located
in the distal part of the X region of the virus by a bicistronic
viral mRNA, consisting of three exons (Fig. 1B) (31, 39). The
X region lies between the env terminator and the 3' long
terminal repeat (LTR) and contains four open reading frames
(ORFs), initially named x-I, x-II, x-III, and x-IV (Fig. 1).
The x-IV ORF encodes the second exon of Tax, while the
x-III ORF encodes the second exon of Rex. The proximal
part of the X region in HTLV-I consists of 655 nucleotides
(nt) containing ORFs x-I and x-II, which are not known to be
expressed. This organization is common to all retroviruses
of the HTLV family since simian T-cell leukemia virus type
I, HTLV-II, and BLV have a similar arrangement (see Fig.
5). We investigated whether additional mRNAs are pro-
duced by HTLV-I, HTLV-II, and BLV via alternative
splicing in the X region to express the additional ORFs.
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MATERIALS AND METHODS

Recombinant constructs. CS-HTLV-I DNA was cloned
from cell line CS-1, obtained by cocultivation of cord blood
lymphocytes with lethally irradiated HS-1 cells. The latter is
an HTLV-I-infected B-lymphocyte cell line derived from the
peripheral blood of a 20-year-old female with adult T-cell
leukemia (26, 27). CS-1 cells harbor three intact HTLV-I
proviruses. DNA from CS-1 cells was digested to completion
with EcoRI and cloned into the bacteriophage lambda DASH
vector (Stratagene). One of the cloned HTLV-I proviruses
was then subcloned into the plasmid vector pUC19 such that
cellular flanking sequences were removed. The HTLV-I
plasmid clone, termed pCS-HTLV-I, lacks 30 bp from the
left end of the 5' LTR and approximately 60 bp from the
distal end of the 3' LTR. These missing sequences do not
alter expression of the transfected virus and are regenerated
after one round of virus replication. Eucaryotic expression
plasmids were constructed by inserting the polymerase chain
reaction (PCR)-amplified rof and tofcDNAs into an expres-
sion vector which contains the HIV-1 LTR promoter, the
Rev-responsive element, and the polyadenylation signal. All
other constructs used have been described in detail else-
where. pLlOCAT contains the HTLV-I LTR promoter
linked to the chloramphenicol acetyltransferase indicator
gene (32), pLcXL expresses the tax cDNA from the HTLV-I
LTR promoter, pCgag-RXRE (5) contains the HIV-1 gag
gene linked to Rex-responsive element of HTLV-I (RXRE),
and pL3rex contains the rex gene linked to the HIV-1 LTR
promoter (44).

Transfections and protein analysis. HLtat cells (36), which
constitutively produced the HIV-1 Tat, were transfected as

described previously (14, 18), and two days later, the cells
were harvested and analyzed for RNA or protein produc-
tion. Chloramphenicol acetyltransferase expression was

quantitated as described previously (17). HIV-1 p249ag
expression was analyzed by using an enzyme-linked im-
munosorbent antigen-capture assay (NEN). Indirect immu-
nofluorescence was performed as described elsewhere (16).
RNA isolation, cDNA synthesis, PCR amplification, and
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FIG. 1. (A) Organization of the HTLV-I genome. The viral ORFs are indicated. The positions of the primers used for amplification are

indicated by arrows; the oligonucleotides used as hybridization probes are indicated by asterisks. The numbering follows the sequence of
Seiki et al. (39) as reported previously (29) in which + 1 is the first nucleotide of the viral mRNA at the beginning of the R region. Cytoplasmic
RNA was reverse transcribed, and the resulting cDNAs were amplified with the PCR technique by using the indicated primer pairs. (B) The
structures and coding potential of the different HTLV-I mRNAs are shown. Arrows indicate the three alternative splice sites for exon 2 used
in the env and the doubly spliced mRNAs.

cloning. Cytoplasmic RNA (9, 15) (0.1 to 0.4 ,ug) was reverse
transcribed in the presence of 500 ng of a mix of random
hexamers [pd(N)6; Pharmacia] for 2 h at 45°C, and the
resulting cDNAs were amplified by the PCR in the same tube
as previously described (36). The resulting cDNAs were
cloned into the Bluescript KS- vector (Stratagene). For
sequence analysis of the cloned cDNAs, single-stranded
DNA was prepared and sequenced according to standard
protocols.
The names, sequences, and exact locations in the HTLV-I

genome of the oligonucleotides used in this work are as
follows: 5091,5'-GGGCTCGCATCTCTCCTTCACGCG-3' (nt
1 to 24); 4771, 5'-CYI?CCTGGTCTFAATAGCCGCC-3' (nt
4641 to 4662); 4772, 5'-CCGAAGATGAGGGGGCAGAACTG
GAAG-3' (nt 4886 to 4860); 5084, 5'-GGAAGAATAA A A T
CAAAGTGGCGAGAAACTTACCC-3' (nt 4864 to 4830);
4767, 5'-GGGATCGGCGGGGCCTCCGACGGG-3' (nt 4805
to 4782); 5466, 5'-GCTGAGAAGGCGAAACAGC-3' (nt 6502
to 6484); 4768, 5'-CTGATAATAAGCATGGTTAAC1Y1f1G-3'
(nt 6949 to 6925); 4299, 5'-AACACGTAGACTGGGTATCC-3'

(nt 7004 to 6985); 5662, 5'-CTGCGTCCGCCGTCTAG-3' (nt
103 to 119); 5665, 5'-GGCGGCTATTAAGACCAGGAAG-3'
(nt 4662 to 4641); 5456, 5'-CCAGTGGAAAGGACCAC
AGG-3' (nt 4661 to 4680); 4769, 5'-GACTCTGTCCAAAC-
CCTGGGAAGTGGG-3' (nt 6976 to 6950); and 6123, 5'-
CCAACACCATGGCACTATGCTGT1TTCGCCTF1CTCAGC
C-3' (nt 4820 to 4831 and nt 6478 to 6503). Sequence analysis
of the CS-HTLV-1 isolate revealed the following differences
with the published sequence (39): nt 129, A to G; nt 4819, T to
A; nt 6632, G to A; nt 6633, G to A; nt 6668, T to C; nt 6744,
G to A; nt 6752, T to C; nt 6806, T to C; nt 6892, A to G; nt
6901, A to G; nt 6918, G to A; nt 7026, C to T; and nt 8406, A
to G.
The names, sequences, and positions of the HTLV-II

specific oligonucleotides are as follows: 6004, 5'-
CCCCCCGGTGGATCC-3' (nt 5081 to 5095); 6005, 5'-GAT
TCCTGAAAAAAGCTGCATGC-3' (nt 5102 to 5124); 6012,
5'-GGAAGAAAGGCATCAGCAGT-3' (nt 6911 to 6892);
and 6013, 5'-AGCGGGAGCGGCGCAGA-3' (nt 6969 to
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6953). The numbering follows the published sequence (42),
whereby +1 is the first nucleotide of U3. Sequence analysis
of the HTLV-II X region revealed the following differences
with the published sequence: nt 6744, A to G; nt 6751, T to
A; nt 6752, deletion of T; nt 6824, insertion of C; and nt 7223,
T to C.
The names, sequences, and positions of the BLV specific

oligonucleotides are 6101, 5'-AGGCGCTCTCCTGGCTAC
TG-3' (nt 4758 to 4777); 6100, 5'-GAAAGCCrTCAAATGCCT
AAAGA-3' (nt 4809 to 4831); and 6102, 5'-CAACC`T`CCT
CAGGGTGCGA-3' (nt 6863 to 6844). The numbering follows
the published sequence (35), whereby + 1 is the first nucleotide
of U3. Sequence analysis of the pBLV913 isolate revealed the
following difference with the published sequence (35): nt 4830,
G to A.
For Northern (RNA) blot analysis, HLtat cells were

transfected with CS-HTLV-I DNA, total RNA was prepared
by the RNAzol method (Cinna/Biotecx), and polyadenylated
mRNAs were selected twice by oligo(dT) chromatography
according to the manufacturer's recommended protocol
(Pharmacia) and subjected to Northern analysis as described
previously (19). HTLV-I RNAs were detected by hybridiza-
tion to a 2P-labeled DNA probe generated by PCR amplifi-
cation of CS-HTLV-I DNA by using primer pair 6123 and
4768 that is specific for rof and tofmRNAs. Radioactivity on
resulting blots was quantitated with the AMBIS radioana-
lytic imaging system.

In vitro transcription and translation. Amplified cDNAs
were cloned into the XhoI site of the Bluescript KS- vector
(Stratagene). The resulting plasmids were linearized with
HindIII, and capped run-off transcripts were synthesized
with T3 RNA polymerase (Stratagene) according to the
recommendations of the manufacturer. In vitro translation
was performed in a nuclease-treated rabbit reticulocyte
lysate (Promega) in the presence of 25 ,uCi of [3H]leucine.
The produced proteins were analyzed on SDS-15% acryl-
amide gels (25). Immunoprecipitations were performed as
described previously (14).

RESULTS

Novel mRNAs expressing the x-I and x-II ORFs of HTLV-I.
A molecular clone of HTLV-I generated from lymphocytes
of a patient with adult T-cell leukemia and named CS-
HTLV-I was used to study the production of viral mRNAs.
Upon introduction into mammalian cells, CS-HTLV-I pro-
duced all viral proteins, including Tax and Rex. Electron
microscopy studies demonstrated that mature virus particles
are produced from this molecular clone. We reasoned that
this apparently intact molecular clone would produce all
viral mRNAs after transfection of proviral DNA into human
cells and would provide an ideal model for studying expres-
sion of HTLV-I. Cell lines persistently infected with
HTLV-I often contain defective proviruses producing addi-
tional transcripts, which may complicate the interpretation
of the results.

First, we investigated whether HTLV-I expressed mRNAs
encoding the x-I and x-II ORFs. HeLa cells were transfected
with CS-HTLV-I, and 2 days later, cytoplasmic RNA was
isolated and reverse transcribed with a mix of random
hexanucleotide primers. The resulting cDNAs were ampli-
fied by PCR with specific oligonucleotide primers, as indi-
cated in Fig. 1A. The primer pairs were designed to specifi-
cally detect mRNAs that splice from exon 2 to the x-I and
x-II ORFs. The resulting amplification products were sepa-
rated on acrylamide gels (Fig. 2A), blotted onto nitrocellu-
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FIG. 2. (A) Southern blot of PCR-amplified cDNAs containing
portions of the x-I and x-II regions. Primer pairs 4771 and 5466 and
4771 and 4768 were designed to specifically detect mRNAs that
splice from exon 2 to the x-I and x-II ORFs. Portions (10 ,ul) of each
PCR amplification were analyzed on 5% nondenaturing polyacryl-
amide gels. DNA was visualized by UV fluorescence after being
stained with ethidium bromide (EtBr, lanes 2 and 3), transferred to
nylon membranes, and hybridized as previously described (36) to
probe 5456 (lanes 4 and 5). The assignment of the amplified bands to
different mRNAs is shown on the right. The size markers are
indicated to the left. Lanes: 1, MspI-digested pBR322; 2 and 4,
amplification with primer pair 4771 and 4768; 3 and 5, amplification
with primer pair 4771 and 5466. (B) Northern blot analysis of
poly(A)' mRNA from cells transfected by CS-HTLV-I. Approxi-
mately 4 pg of poly(A)+-selected mRNA from HLtat cells trans-
fected by pCS-HTLV-I DNA was analyzed on a denaturing gel and
blotted. HTLV-I RNAs were detected by hybridization to a 32p
labeled probe specific for unspliced, singly spliced, and rof and tof
RNAs, generated by PCR amplification with primers 6123 and 4768.
A duplicate blot was hybridized with a probe able to detect all
HTLV-I mRNAs (not shown). The positions of the three character-
ized classes of HTLV mRNAs (unspliced [U], singly spliced [SS],
and doubly spliced [DS]) are indicated on the right. The positions of
28S and 18S rRNAs are indicated on the left. Radioactivity on
resulting blots was quantitated with the AMBIS radioanalytic imag-
ing system.

lose filters, and hybridized with a 32P-labeled internal oligo-
nucleotide (5456) as probe. The results of this analysis
confirmed that the three bands produced by PCR amplifica-
tion were HTLV-I specific (lanes 4 and 5). The cDNAs were
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TABLE 1. Splice sites used in HTLV-I, HTLV-II, and BLV

VisSplice
Nucleotide

Virus site position Base sequence
no.

HTLV-I 5' 119 GCCGTCTAGgtaagtttag
4831 ACACCATGGgtaagtttct

3' 4501 ctotatccatagCCCTAT
4641 tattatttcaagCTTCCT
4658 tggtcttaatagCCGCCA
6383 (rof) cttctcctgcagCAACTT
6478 (tof) tttctttcctagCACTAT
6875 ttcctccaccagCAGGTC
6950 gcttattatcagCCCACT

HTLV-II 5' 449 TCCTCCCAAGgtaagtctcc
5183 AACACCATGGgtaatgtttt

3' 5044 caatccctccagGAAGCG
6807 ttcctcccatagGACCTT
6827 ttcoccttccagGAAATC
6944 cttttcccgcagGCGCTC
7214 gtctcctctcagCCCATT

BLV 5' 305 CAGCGGTCAGgtaaggca
4871 CATCAGATGGgtaagtct

3' 4649 ctgtcatttcagAGGGCG
6824 caccctttctagAGATAC
7247 ttgtcttttaagCAAGTG

cloned, and sequence analysis of several clones resulted in
the identification of three novel 3' splice sites (3' SS) in the
X region (Table 1). These splice sites agree with the consen-

sus for 3' SS, since they contain pyrimidine-rich regions
upstream of the conserved AG dinucleotide at the splicing
site. Primer pair 4771 and 5466 specifically amplified cDNA
fragments from mRNAs in which exon 2 was spliced to
either of two 3' SS located at nt 6383 or nt 6478. Primer pair
4771 and 4768 specifically amplified cDNA fragments from
mRNAs containing exon 2 spliced to a 3' SS at nt 6875.
These splicing events generate mRNAs that produce new

proteins. Splicing to nt 6383 generates an ORF starting at the
Rex AUG and continuing in the x-I ORF. This ORF consists
of 152 amino acids and was named Rex-xI ORF, or Rof.
Splicing to nt 6478 generates an ORF consisting of the first
exon of Tax linked to the x-II ORF. This ORF was named
Tax-xII ORF, or Tof, and consists of 241 amino acids.
Splicing to the 3' SS at nt 6875 generates an mRNA, which
may encode a smaller protein of 87 amino acids starting at an
internal AUG in x-II ORF at nt 6936. RNAs containing the
first exon of HTLV-I spliced directly to these novel 3' SS
were not detected by amplification with primer pair 5091 and
5466 or 5091 and 4768. To determine whether any further
splicing occurred in these mRNAs 3' to the x-I or x-II region,
cDNAs were PCR amplified by using primer 6123 located in
the x-I/x-II region and primer 4299 located in the last exon.

Only the expected band of 538 nt corresponding to the
unspliced mRNA was detected (data not shown), suggesting
that these mRNAs do not undergo further splicing.
To verify the presence of these mRNAs in HTLV-I-

infected cell lines, cytoplasmic RNA was prepared from cell
lines chronically infected with HTLV-I (MT-2 and C91-PL),
reverse transcribed, and PCR amplified as described above.
The same bands were detected in these experiments (data
not shown), demonstrating that the three novel 3' SS in the

x-I and x-II regions are utilized in both HTLV-I-transfected
and -infected cells.
Northern blot analysis of poly(A)+-selected mRNA from

HeLa cells transfected with CS-HTLV-I revealed the pres-
ence of additional mRNAs when probed with an x-I- and
x-II-specific probe (Fig. 2B). These mRNAs were of the
expected size predicted for rof and tof mRNAs. To detect
the low levels of the rof and tofmRNAs, approximately 4 ,ug
of poly(A)+ mRNA selected by being passed twice through
an oligo(dT) column (Pharmacia) was loaded on the lane.
This indicated that these mRNAs are expressed at low levels
in transiently transfected cells. On the basis of these exper-
iments, we estimated that rof and tof mRNAs are approxi-
mately 20-fold less abundant than the env mRNA. It is
possible that tof and rof mRNAs are expressed at higher
levels at certain times after infection or in different cell
types. It has been shown previously that the levels of
expression of different mRNAs produced by HIV-1 vary
greatly during the viral life cycle (1, 12, 14, 23). In conclu-
sion, the combination of PCR amplification and Northern
blot analysis demonstrated the presence of additional
HTLV-I mRNAs.

Additional alternative splice acceptors found for exon 2. To
identify additional splice sites between exons 1 and 2 in
HTLV-I, two primer pairs (5091 and 5665 and 5662 and 5665)
were chosen for amplification of the CS-HTLV-I cDNAs.
Sequence analysis of the cloned cDNAs revealed the pres-
ence of two novel alternative 3' SS for exon 2 (Table 1 and
Fig. 1B). These 3' SS are located 140 nt 5' and 17 nt 3' to the
previously described 3' SS at nt 4641, which generates the
known singly and doubly spliced mRNAs. Splicing to these
sites generates alternative exons to the known exon 2. These
alternative exons do not affect the coding capacity of the
mRNAs, since the same proteins are predicted to be pro-
duced by the different mRNAs. The same three alternative 3'
SS were detected by using a primer pair (5091 and 4772)
specific for singly spliced mRNAs. These data reveal these
three alternative splice sites can be used to generate the env
and all the doubly-spliced mRNAs.

It is noteworthy that all mRNAs for Tax, Tof, and Env
contain Rex as the first ORF. Using the primer pair 5091 and
4767, we investigated whether additional mRNAs were
generated by splicing downstream of the Rex AUG in exon
2 (data not shown). Such mRNAs would contain the Tax/
Env AUG as the first AUG. These experiments failed to
detect any such mRNAs. Therefore, proteins beginning with
the Tax/Env AUG are exclusively produced from bicistronic
mRNAs (31).

Expression of rof and tof cDNAs in vitro. To identify the
protein products generated by the rof and tof cDNAs, these
cDNAs were cloned into the Bluescript KS- vector (Strat-
agene) and transcribed in vitro using the T3 RNA polymer-
ase promoter. The produced mRNAs were translated by
using the rabbit reticulocyte lysate, and the resulting pro-
teins were analyzed on SDS-polyacrylamide gels (Fig. 3).
The rofcDNA was predicted to produce a protein of 17 kDa,
which migrated at 27 kDa on 15% denaturing polyacrylamide
gels (Fig. 3B, lane 1). It is noteworthy that Tat, Rex, and
Rev, which contain charged regions with high arginine and
lysine content, also migrate slower than expected in poly-
acrylamide gels. Tof, a protein of a predicted size of 26.5
kDa, migrated at 30 kDa (Fig. 3C).
We generated rabbit antisera against peptides correspond-

ing to different portions of Rof and Tof proteins. The
antiserum generated against the carboxy terminus of Tof
(amino acids 225 to 241) was able to specifically immunopre-
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cipitate the in vitro-produced Tof protein (Fig. 3C, lane 3). In
contrast, the antiserum generated against a carboxy-terminal
Rof peptide (amino acids 138 to 152) did not recognize in
vitro-synthesized Rof. The failure to generate Rof-reactive
antiserum might be caused by the hydrophobic character of
this protein.
Tof is a nuclear protein. To examine the properties of Tof

and Rof in vivo, the cDNAs were cloned into a eukaryotic
expression vector (Fig. 4A). This vector contains the HIV-1
LTR promoter, the Rev-responsive element, and the poly-
adenylation site and offers two advantages: a high level of
expression in the presence of Tat in human cells and the
possibility to stimulate expression of defective mRNAs in
the presence of Rev or Rex, as previously described (13, 15,
19). Rex is necessary for the expression of HTLV-I gag and
env mRNAs, and it could also be needed for the expression
of rof and tof mRNAs.
A HeLa cell line (HLtat) (36) that constitutively expresses

the HIV-1 Tat protein was transfected with the tof expres-
sion plasmid. One day later, the cells were fixed and ana-

lyzed by indirect immunofluorescence. Figure 4B demon-
strates that Tof accumulates in the nucleoli of transfected
cells. No difference in Tof expression was detected in the
presence or absence of the Rev protein, indicating that
expression of Tof was independent of Rev and Rex (data not
shown).
Rof and Tof do not affect the function of Tax and Rex. The

FIG. 3. In vitro expression of tofand rofcDNAs. (A) Amino acid
sequences of Rof and Tof of HTLV-I and comparison of HTLV-I
Rof (Rof-1) to HTLV-II Rof (Rof-2). The predicted sequences of
Rof-1 and Tof-1 are according to reference 39. The differences with
our clone (CS-HTLV-I) are indicated at the top. The Rof-2 sequence
has been corrected to reflect the identified differences (see Materials
and Methods). (B and C) In vitro translation of rof (B) and tof (C)
mRNAs. Lanes (panel B): 1, in vitro translation of rof mRNA; 2,
molecular weight markers. Lanes (panel C): M, molecular weight
markers; 1, immunoprecipitation of in vitro synthesized Tof with
preimmune rabbit serum; 2, in vitro translation of tof mRNA; 3,
immunoprecipitation of in vitro-synthesized Tof protein with anti-
serum generated against the carboxy terminus of Tof.

predicted amino acid sequences of the Rof and Tof proteins
are shown in Fig. 3A. Rof contains the arginine-rich region
important for the binding of Rex (2) to RXRE. The rest of the
protein is predicted to be highly hydrophobic and has high
proportions of leucine, proline, and phenylalanine. The
leucine-rich regions show homology to hydrophobic do-
mains of several known membrane proteins.
Tof contains regions rich in serine and threonine. Com-

puter searches of the protein data bases revealed similarities
between Tof and serine-rich proteins, including several
transcriptional activators such as oct-1, oct-2, pit-1, en-
grailed, and POU-Mi. The serine/threonine-rich regions
have been shown to be necessary activation domains in
these proteins (20, 45, 46). Since this analysis raises the
possibility that Tof may function as an activator of transcrip-
tion, we investigated whether it could affect expression of
the viral LTR promoter. Plasmid pLlOCAT, which contains
the HTLV-I LTR promoter linked to the chloramphenicol
acetyltransferase indicator gene, was transfected into HLtat
cells together with the tofexpression plasmid in the presence
or absence of pLcXL, which expresses HTLV-I Tax. Two
days later, the cells were harvested and analyzed for chlor-
amphenicol acetyltransferase expression (data not shown).
These experiments showed that Tof was not able to activate
expression from the LTR promoter and it did not affect the
extent of transactivation by Tax protein.
The lack of monospecific antibodies against Rof did not

allow the detection of Rof in human cells. Since Rof contains
the first exon of Rex, which encodes the RNA-binding
domain, we also tested whether Rof has Rex function by
measuring the activation of gag expression in the presence
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of either Rex or Rof. Plasmid pCgag-RXRE containing the
HIV-1 gag gene linked to RXRE was transfected into HLtat
cells in the presence or absence of Rex, Rof, or both
proteins. These experiments revealed that Rof did not dis-
play Rex activity, nor did it interfere with Rex function (data
not shown). Since Tof is specifically targeted to the nucleoli,
we investigated the possibility of whether it may interfere
with Rex function. By using the assay to test for Rex
function (see above), it was shown that Tof did not have any
effect on Rex function (data not shown). Therefore, the role
of Rof and Tof in the virus life cycle remains unclear.
Further experiments are necessary to evaluate the function
of Tof and Rof.

Novel mRNAs containing the proximal portion of the X
region of HTLV-II and BLV. An independent argument for
the importance of the additional ORFs in the X region arises
from comparative studies of other members of the HTLV
family. Both HTLV-II and BLV contain a region larger than
0.5 kb at the proximal part of the X region between the env
translation terminator and the 3' SS for Tax and Rex. This
region contains ORFs but has no known function in the viral
life cycle. To study the possibility that additional mRNAs
expressing this part of the genome were produced by the
different viruses, we followed a strategy similar to the one
outlined above for HTLV-I. We isolated cytoplasmic RNA
from either HTLV-II-infected cells (line MO) (6a) or cells
transfected with a molecular clone of BLV (pBLV913 [13]).
Reverse transcriptase-PCR analysis (primer pair 6004 and
6012 and primer pair 6004 and 6013 for HTLV-II; primer pair
6101 and 6102 for BLV) revealed the presence of novel
cDNAs. Sequence analysis of cloned PCR products revealed
the presence of additional mRNAs containing the proximal
part of X region. HTLV-II possesses three additional 3' SS
at nt 6807, 6827, and 6944, whereas BLV possesses one
additional 3' SS at nt 6824 (Table 1 and Fig. 5). With
HTLV-II, splicing to nt 6807 generates two ORFs of 83
amino acids each, starting at the Rex and the Tax AUGs,
respectively. Splicing to nt 6827 generates similar proteins
containing seven amino acid in-frame deletions. In BLV,
splicing of exon 2 to nt 6824 generates a 94-amino-acid
protein initiating at the Tax AUG and including the x-I
region. Interestingly, the Rof proteins of HTLV-I and
HTLV-II show significant homology (63% similarity, Fig.
3A). Alignment of the x-I region of BLV (Fig. 5) also
indicates some homology (38% similarity), suggesting that
this protein is well conserved among the members of the
HTLV family.

Analysis of sera from HTLV-I-positive individuals. To
study the expression of Rof and Tof proteins in HTLV-I-
infected people, we analyzed 28 serum samples obtained
from different groups of HTLV-I-infected individuals
(asymptomatic individuals, patients with adult T-cell leuke-
mia, or patients with HTLV-associated myelopathy [TSP/
HAM]) through the courtesy of W. Blattner. These sera
were tested by indirect immunofluorescence for Tax, Rex,
Rof, or Tof reactivity. Twenty-one of 28 serum samples were

FIG. 4. Tof is a nucleolar protein. (A) Eukaryotic expression
vectors for rof and tof cDNAs. The HTLV-I tof- and rof-coding
regions were cloned after the HIV-1 LTR promoter in the expres-

sion plasmid, which also provides the HIV-1 Rev-responsive

element (RRE) and polyadenylation signal. (B) Indirect immunoflu-
orescence of Tof. The tof expression plasmid was transfected into
HLtat cells, which were fixed 1 day later. Indirect immunofluores-
cence was performed by using the Tof antiserum generated against
a carboxy-terminal peptide of Tof. Mock-transfected cells (not
shown) were scored negative in this assay. Results of phase-contrast
microscopy (bottom) and immunofluorescence (top) are shown.
Arrows indicate some of the positive cells.
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FIG. 5. Comparison of the X regions of different viruses. The
organization of ORFs and identified splice sites of HTLV-I, HTLV-
II, and BLV is shown. Solid vertical arrows indicate splice sites.
Stippled arrows indicate the splice sites identified in this work.
Numbers indicate the exact positions of the splice sites. (Numbering
of HTLV-I starts at the beginning of transcription, while numbering
of HTLV-II and BLV starts at the beginning of the U3 region of the
5' LTR.) Regions of homology are indicated by the different types of
shading.

positive for Tax. In contrast, none of the sera was positive
for Rex, Rof, or Tof. This striking difference in reactivities
suggests that Rex, Tof and Rof might be much less immu-
nogenic than Tax. The reasons for this difference are not
clear. Rex and Tof, as nucleolar proteins, may not be easily
accessible to the immune system. Interestingly, antibodies
against Rev of HIV-1, another nucleolar protein, have not
been detected in the majority of HIV-1-infected individuals.
Analysis of additional serum samples, especially those indi-
cating reactivity to Rex, is necessary to verify the expression
of Rof and Tof proteins in infected individuals.

proteins Tax and Rex. The proximal portion of the X region
contains ORFs of unknown importance and function. It is
interesting that despite the compact arrangement of the
genome, these retroviruses contain a long region (more than
500 nt) with no identified function. This is a unique case,
with no precedence among the known retroviruses. A hy-
pothesis explaining the conservation of the proximal part of
the X region in these viruses is that the detected ORFs in this
region express additional protein products.

Conventional cDNA cloning did not reveal the presence of
RNAs expressing the proximal portion of the X region. The
detailed study of HTLV RNAs by using the reverse tran-
scriptase-PCR technique described in this work demon-
strated the presence of additional 3' SS in this region. The
produced doubly-spliced mRNAs can express proteins uti-
lizing either the Rex or the Tax AUG, named Rof and Tof,
respectively. On the basis of Northern blot experiments, we
estimated that rof and tofmRNAs are approximately 20-fold
less abundant than the env mRNA. It is possible that tof and
rof mRNAs are expressed at higher levels at certain times
after infection or in different cell types. It has been shown
previously that the levels of expression of different mRNAs
produced by HIV-1 vary greatly during the viral life cycle (1,
12, 14, 23).
With HTLV-I, one of these proteins, named Tof, is

selectively targeted to the nucleolus. Therefore, HTLV-I
produces two proteins that are targeted to the nucleolus, Rex
and Tof. Tof contains regions rich in serine and threonine.
Computer searches of the protein data bases revealed simi-
larities between Tof and serine-rich proteins, including sev-
eral transcriptional activators such as oct-1, oct-2, pit-1,
engrailed, and POU-Mi. The serine/threonine-rich regions
have been shown to be necessary activation domains in
these proteins (20, 45, 46). This analysis suggested that Tof
may function as an activator of transcription. Our experi-
ments indicated that Tof was not able to activate expression
from the HTLV-I LTR promoter and that it did not affect the
extent of transactivation by the Tax protein. It remains to be
determined whether Tof can activate transcription from
cellular promoters.
Rof contains the arginine-rich region important for the

binding of Rex to RXRE. The rest of the protein is predicted
to be highly hydrophobic and shows homology to hydropho-
bic domains of several known membrane proteins. It is not
known whether Rof binds to RXRE or whether it is localized
in the nucleolus. Our experiments indicate that Rof does not
interfere with Rex function.

It has been shown that the regulatory and accessory
proteins of HIV-1 and the other lentiviruses are produced by
additional alternatively spliced mRNAs (3, 4, 7, 28, 36-38,
47). Complex splicing results in the ability to express many
proteins from one promoter. Our results indicate that the
HTLV family also makes extensive use of this strategy to
express additional proteins, which may play a role in the
viral life cycle or interact with and modify cellular functions.
The role of these new protein products in the viral life cycle
and in the pathogenesis of disease needs to be examined in
more detail. The availability of a full-length HTLV-I molec-
ular clone described here, which is able to express all viral
proteins and generates viral particles, will be helpful for
future experiments.

DISCUSSION
All members of the HTLV family of retroviruses contain

the X region located between the env terminator and the 3'
LTR. The distal portion of the X region encodes the essential
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