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ABSTRACT The nucleotide sequence of the human T-cell
leukemia virus type II (HTLV-II) long terminal repeat (LTR)
and its surrounding regions were determined. Our results
show the following structural features: (0) the LTR is 763 base
pairs (bp) in length and consists of 314 + 1 bp of region U3,
248 ± 1 bp of region R, and 201 bp of region U5; (ii) the termi-
nal nucleotides in the LTR form an inverted repeat of T-
G. C-A; (iii) 6-bp direct repeats of cellular sequences
flanking the provirus were present; and (iv) the putative func-
tional signals for initiation or termination of viral RNA synthe-
sis were identified. Comparison of the HTLV-I LTR sequence
with that previously published for adult T-cell leukemia virus
(ATLV; HTLV-I) shows that the LTRs are distinct. Some
small regions are conserved between HTLV-II and ATLV, in-
volving sequences important for transcription and a sequence
of 21 nucleotides repeated three times in U3. This 21-bp repeat
may be important in regulating viral transcription in lymphoid
cells.

Human T-cell leukemia virus type II (HTLV-II) is associated
with a patient (Mo) with a T-cell variant of hairy-cell leuke-
mia (1-3). This virus is distinct from the more common iso-
lates of human T-cell leukemia virus, designated human T-
cell leukemia virus type I (HTLV-I) or adult T-cell leukemia
virus (ATLV). The gag protein, p24, of HTLV-I and HTLV-
II is only partially related immunologically (3). The viral ge-
nomes are also distinct as demonstrated by nucleic acid hy-
bridization with molecular clones of HTLV-II (4).
HTLV-I or ATLV-associated malignancies are generally

highly malignant and have a poor prognosis (5-7). By con-
trast, the T-cell variant of hairy-cell leukemia associated
with HTLV-II is a relatively benign disease, and the patient
is currently asymptomatic 8 yr after treatment by splenecto-
my, although he still has characteristic circulating hairy
cells. As with HTLV-I (ATLV), HTLV-II is capable of
transforming normal human peripheral blood lymphocytes in
vitro, resulting in transformed cells of T-cell phenotype (8-
11).
The mechanism of HTLV-associated leukemogenesis is

unknown. Molecular cloning of the novel type II of HTLV
(4), associated with a distinct disease, provides a unique op-
portunity to analyze and compare the molecular features that
characterize this class of human virus and the associated leu-
kemias. The sequences of the retrovirus long terminal repeat
(LTR) are necessary for viral RNA transcription, reverse
transcription, and integration (12, 13).

Also, the LTR has been directly implicated in the leuke-
mogenic properties of some avian and mammalian retrovi-
ruses (14-18). We have determined the complete sequence

of the HTLV-II LTR and flanking sequences. Most regions
of the LTR show considerable differences in sequence from
the published sequence of the ATLV LTR (19, 20), consist-
ent with previous nucleic acid hybridization studies (4).
Small stretches of sequence that include regions important
for transcription and viral replication are highly conserved.
Other short stretches of nucleotides of unknown function are
conserved, in particular, a sequence of 21 nucleotides re-
peated three times in region U3.

MATERIALS AND METHODS
Materials. Restriction enzymes were purchased from Ta-

kara Shuzo (Kyoto, Japan), Bethesda Research Labora-
tories, or New England BioLabs. The large fragment of
DNA polymerase I was from Bethesda Research Labora-
tories, and S1 nuclease and polynucleotide kinase were from
Boehringer Mannheim. Radiolabeled nucleotides were from
Amersham.
DNAs. Molecular cloning of a HTLV-II provirus has been

described (4). The structures of a clone of XH6 carrying the
provirus and cellular flanking sequences and of pH6-RO.8, a
subclone of the 5' LTR region of the provirus, are shown in
Fig. 1.

Nucleotide Sequence Analysis. DNA fragments from these
cloned DNAs digested with BamHI, Ava I, Taq I, or HinfI
were labeled either at the 5' ends or at the 3' ends by poly-
nucleotide kinase in the presence of [y-32P]ATP (3000
Ci/mmol; 1 Ci = 37 GBq) or DNA polymerase I in the pres-
ence of [a-32P]dCTP or [a-32P]dTTP (3000 Ci/mmol), respec-
tively. Labeled fragments were further digested with an ap-
propriate restriction enzyme to isolate fragments that were
labeled at only one end. Nucleotide sequence determination
was carried out by the method of Maxam and Gilbert (21).
Analysis of the sequence homologies with the published se-
quence of ATLV was by the computer program of Korn et
al. (22).

S1 Nuclease Mapping. The procedure followed was the
method of Berk and Sharp (23). pH6-RO.8 DNA was digested
with BamHI followed by bacterial alkaline phosphatase; 5'
ends of the DNA fragments were labeled with [y-32P]ATP
(3000 Ci/mmol) by polynucleotide kinase. The DNAs were
further digested with Taq I. A DNA fragment corresponding
to the region from nucleotide 48 to 363 in the LTR was isolat-
ed by acrylamide gel electrophoresis. The 5'-end-labeled
DNA (105 cpm) was mixed with about 10 jig of total RNA
from patient-derived Mo cells, which produce HTLV-II (2),
and hybridized at 50°C overnight. Then the incubation mix-
ture was digested with different amounts of S1 nuclease (50-
500 units) and electrophoresed through a 10% acrylamide

Abbreviations: HTLV-II, human T-cell leukemia virus type II;
ATLV, adult T-cell leukemia virus (HTLV-I); kbp, kilobase pair(s);
LTR, long terminal repeat.
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FIG. 1. Structure of the cloned HTLV-I1 provirus and sequence strategies. The HTLV-II provirus and its flanking cellular sequence in XH6
is shown. Wavy lines indicate the cellular sequence, boxes indicate the LTRs. pH6-RO.8 is the sublcone of the 5' LTR region and some cellular
flanking sequences. The nucleotide sequence was determined by using end-labeled DNA fragments as indicated: *, 3'-end-labeled; ), 5'-end-
labeled. Arrows and their length indicate the direction and size of regions whose sequence was determined. E, EcoRI; B, BamHI; A, Ava I; T,
Taq I; H, Hinfl; S, Sac I.

gel. Separately, the 5'-end-labeled DNA fragment was chem-
ically treated for sequence assay and loaded onto the same
gel to determine the size of the nuclease Si-resistant DNA
fragments.

RESULTS
Nucleotide Sequence of LTR. XH6 represents a HTLV-II

provirus that was molecularly cloned from DNA of a cell line
(Mo) derived from the patient with a T-cell variant of hairy-
cell leukemia (1, 4). The LTRs were identified by hybridiza-
tion with a HTLV-II cDNA clone that represents the 3' end
of HTLV-II mRNA. The proviral DNA fragments used for

sequence analysis are shown in Fig. 1. Restriction enzyme
analysis demonstrated that the EcoRI fragment at the 5' end
of XH6 contains the entire 5' LTR. The nucleic acid se-
quence surrounding restriction enzyme sites shown in Fig. 1
was determined.
The junction between the 5' end of the LTR and flanking

cellular sequences was ascertained by partial sequence de-
termination of the 3' LTR using the 3.5-kilobase pair (kbp)
BamHI fragment. The first nucleotide at which the 5' LTR
and 3' LTR are identical was designated nucleotide 1. The 3'
end of the LTR was identified similarly by comparison with
sequences of a 3.0-kbp BamHI fragment that includes part of

-l
-AAAGAAAGGA CATGTGTTAAGGTAGATAAT

Cellular DNAI1 ~~~~~~~~~~~~~~~~~~~75
TGACAATGGCGACTAGCCTCCCGAGCCAGCCACCCAGGGCGAGTCATCGACCCAAAAGGTCAGACCGTCTCACAC
|5'end of LTR

150
AAACAATCCCAAGTAAAGGCTCTGACGTCTCCCCCTTTTTTTAGGAACTGAAACCACGGCCCTGACGTCCCTCCC

225
CCCTAGGAAtAGGAAGAOCTCTCCAGAAAAAAATAGACCTCACCCTTACCCACTTCCCCTAGCGCTGAAAAACAA

300
GGCTCTGACGATTACCCCCIGCCCATAAAATTTGCCTAGTCAA ~ GATGCCGAGTC gTATAAAAGICGCAAG

cap >
iMT 375

GACAGTTCAGGAGGTGGCTCGCTCCCTCACCGACCCTCTGGTCACGGAGACTCACCTTGGGGATCCATCCTCTCC
U31 R 450

AAGCGGCCTCGGTTGAGACGCCTTCCGTGGGACCGTCTCCCGGCCTCGGCACCTCCTGAACTGCTCCTCCCAAGG

525
TAAGTCTCCTCTCAGGTCGAGCTCGGCTGCCCCTTAGGTAGTCGCTCCCCGAGGGTCTTTAGAGACACCCGGGTT

poly A
4, 600

TCCGCCTGCGCTCGGCTAGACTCTGCCTTAAACTTCACTTCCGCGTTCTTGTCTCGTTCTTTCCTCTTCGCCGTC
*= _ _ _ <e _ O- - - R|US 675

ACTGAAAACGAAACCTCAACGCCGCCCTCTTGGCAGGCGTCCCGGGGCCAACATACGCCGTGGAGCGCAGCAAGG

750
GCTAGGGCTTCCTGAACCTCTCCGGGAGAGGTCTATTGCTATAGGCAGGCCCGCCCTAGGAGCATTGTCTTCCCG

763 825
GGGAAGACAAACAATTGGGGGCTCGTCCGGGATCT--
3' end of LTRI pbs I

1 763
--TTTAATAAAGAAGAGGCGGATGACAATGGC - -CGGGAAGACAAACAGATAATGACCTTA

|5'end of LTR 3' end of LTRj cellular DNA

FIG. 2. Nucleotide sequence of HTLV-II LTR. --, Direct repeats; - - ->, inverted repeats. The numbers underneath the dashed arrows
indicate related inverted sequences. The putative polyadenylylation signal and promoter sequence are boxed. The cap site and polyadenylyla-
tion site are indicated with vertical arrows.
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FIG. 3. Identification of the cap site of viral RNA. The 5'-end-
labeled DNA fragment that remained after digestion with various
amounts of S1 nuclease (500, 200, 100, or 50 units) was hybridized
with Mo RNA and then subjected to 10% acrylamide gel electropho-
resis. The chemically treated DNA fragment for nucleotide se-
quence analysis was also electrophoresed (left 4 lanes). The nucleo-
tide sequence is shown. The 5' ends of viral RNA determined by this
procedure are shown.

the 3' LTR and some cellular flanking sequences. The LTR
of HTLV-II is 763 nucleotides in size. The complete nucleo-
tide sequence is shown in Fig. 2.

-Structural Features of the HTLV-II LTR and Flanking Se-
quences. As with all of the other retroviruses, the proviral
DNA is terminated by the sequence T-G... . C-A (12). The
unintegrated viral DNA of retroviruses differs from proviral
DNA by the presence of two additional terminal nucleotides
at either end that are lost upon integration (12). These nucle-
otides usually form part of an inverted repeat offrom 5 to 14
bp at the ends of unintegrated linear viral DNA. In HTLV-II

purine rich region | 5 end of LTR

these nucleotides are deduced to be G-A.....A-T, but are
not part of an inverted repeat. The only terminal nucleotides
in HTLV-II proviral DNA that form an inverted repeat are
the T-G... C-A nucleotides.
The R-U5 boundary (or polyadenylylation site of HTLV-

II mRNA) was established by the sequence previously deter-
mined for the polyadenylylated 3' end of HTLV-II mRNA
(4). By analogy with other retroviruses, the R region ends
with C-A. The junction of R-U5 was determined at nucleo-
tide 562. The U3-R boundary (or cap site of HTLV-II
mRNA) was established by determining the 5' end ofHTLV-
II mRNA by the S1 nuclease mapping technique as shown in
Fig. 3. For HTLV-II, U3 is 314 + 1 bp, R is 248 + 1 bp, and
U5 is 201 bp. These sizes are similar to the sizes of the re-
spective regions of the ATLV LTR.
A sequence of 18 nucleotides homologous to the 3' end of

tRNAIro is present 2 nucleotides downstream from the 3' end
of the 5' LTR. Therefore, tRNAPro is probably used as a
primer for the (-)-strand DNA synthesis by HTLV-II.
tRNAI'10 also is used for DNA synthesis by ATLV and by
some murine and avian retroviruses (24).
The primer for synthesis of (+)-strand viral DNA is char-

acterized by a purine-rich sequence located just upstream of
the 3' LTR. Although there is not a complete stretch of pu-
nne residues as found in avian or murine retroviruses, 15 out
of 17 nucleotides are purines. Two pyrimidine bases in the
17-purine-rich sequences are located 4 and 15 nucleotides
upstream from the 5' end of the LTR. ATLV has a similar
purine-rich sequence, and the pyrimidines are present at
identical positions. Four of the 17 bases are different be-
tween HTLV-II and ATLV as shown in Fig. 4.

Integration of retroviruses results in a duplication of cellu-
lar sequences on either side of the provirus. The provirus of
XH6 is characterized by a duplication of six bases of cellular
DNA on either side.
Other important structural features of the LTR are indicat-

ed. The sequence T-A-T-A-A-A-A-G is present just up-
stream of the cap site (at 287-294) and is likely to be the
"TATAA" box important for the initiation of transcription
(25). The sequence A-A-T-A-A-A is present just upstream of
the TATAA box (nucleotides 269-274) and is likely to be
important in polyadenylylation of HTLV-II mRNA (26) (see
below).
Comparison of the LTRs of HTLV-II and ALTV. The se-

quence of the HTLV-II LTR shows that the LTR of HTLV-
II is quite different from that previously published for ATLV
(19), consistent with the lack of detectable nucleic acid hy-
bridization between the virus types in standard conditions
(4). However, some important features of the LTRs are iden-

-20 1 8 91 111 131 1548 ~~ ~ ~ ~ ~~~ ~ ~ ~ ~~~ ~~~~~~~~~~~r
HTLV-II: ..TTTAATAAAGAAGAGGCGGATGACAATG ... (83 bp) ...AAGGCTCTGACGTCTCCCCCT..(19 bp). .ACGGCCCTGACGTCCTCCCCCCTi..
ATLV : ..TTTAACGAAAAACAGGCAGATGACAATG ... (93 bp) ...AAGGCTCTGACGTCTCCCCCC. .(27 bp)..TAGGCCCTGACGTG T CCCCCT..

-20 1 8 102 122 150 170

224 245 269 274
HTLV-II : ..(69 bp)...AAGGCTCTGACGATTACCCCCT..(23 bp)...A TAAA ...(7
ATLV : .(79 bp) ... CAGGCGTTGACGACAA CCCCT..(36 bp)...AATAAA ... (7

250 270 307 312

282 296 301
bp) ... GAGTCTATAAAAGCG ... (4 bp)..GACAGTTCAG
bp)...GAGTCTATAAAAGCG...(4 bp)..GACAGTTCAG

320 334 339

322 427 439 763 766 783
HITLV-II : GAGGTGGCTCGC..(104 bp). .CCTCCTGAACTGC..(322 bp)..CA..(2 bp)..TGGGGGCTCGTCCGGGAT ....
ATLV : GAGGGGGCTCGC..( 85 bp)..CCTCCTGAACTGC..(294 bp)..CA..(2 bp)..TGGGGGCTCGTCCGGGAT....

360 446 458 754 757 774
3end of LTR I primer binding site

FIG. 4. Nucleotide sequence homology between HLTV-II and ATLV in the LTR and its surrounding regions. The numbers indicate the
position from the 5' end of the LTR.
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tical between HTLV-II and ATLV (Fig. 4). Twenty-one of
22 contiguous bases surrounding the cap site are identical in
HTLV-II and ATLV. Fifteen contiguous nucleotides are
identical around the TATAA box and A-A-T-A-A-A is pres-
ent in the identical position of the ATLV LTR.
Most other sequences in region U3 were unrelated be-

tween HTLV-II and ATLV with a few notable exceptions.
Other retroviruses have sequences in the U3 portion of the
LTR, often present in more than one copy, which are neces-
sary for efficient transcription. We identified a sequence of
21 nucleotides beginning at position 91. These nucleotides
are repeated at position 131 with two mismatches and an in-
sertion of three bases. A third repeat is present at position
224 with two mismatches and an insertion of one base.
Twenty of 21 contiguous nucleotides of the upstream repeat
are identical to a sequence at position 102 of the ATLV LTR.
Although the authors did not mention this sequence in the
discussion of the sequence of ATLV, by examining their
published sequence we noted that this sequence is also re-
peated in the ATLV genome at position 150 with three mis-
matched nucleotides and at position 250 with six mismatched
nucleotides. All three repeats of this sequence are present in
comparable positions in both HTLV-II and ATLV. This 21-
bp repeat is likely to be important for the control of HTLV-TI
and HTLV-I (ATLV) transcription.
A short sequence, A-G-G-A-A-C, is repeated in tandem

between the second and third 21-bp repeat at position 155.
The sequence G-A-A-G-C-C-A is repeated in a comparable
position of the ATLV LTR (19). Eight nucleotides are identi-
cal between HTLV-II and ATLV at the exact 5' end of the
LTR including the dinucleotide T-G. Thirteen nucleotides
are identical at position 427 in region R.

DISCUSSION
Two types of human T-cell leukemia virus have been identi-
fied. The viruses were associated with distinct diseases (1, 3,
5-7), and the viral genomes were shown to be distinct by
restriction enzyme mapping and nucleic acid hybridization
of molecular clones (4). Despite these differences, the virus-
es are related by some enzymological, serological, and bio-
logical properties (3, 11). The complete sequence of the
HTLV-II LTR and flanking regions demonstrates that
HTLV-II is related to HTLV-I (ATLV) at the molecular lev-
el.

Features of the LTR that were previously shown to distin-
guish the ATLV LTR from other retrovirus LTRs (19) are
also conserved in HTLV-II. The R region is longer than that
of most other retroviruses and similar in size to that reported
for ATLV. Another unique feature of the HTLV-II and
ATLV is the unusual position of the signal for polyadenylyl-
ation, A-A-U-A-A-A. As with ATLV, this sequence is locat-
ed in the HTLV-II LTR upstream of the TATAA box about
290 nucleotides from the 3' end of the mRNA. Usually this
sequence is located 10-50 nucleotides from the 3' end of a
mRNA. Seiki et al. (20) proposed a secondary structure of
the 3' end of mRNA that would result in a closer proximity
of the A-A-U-A-A-A sequence and the 3' end of the mRNA.
Our results also show a similar potential secondary struc-
ture. Sequences from nucleotide 279 to 288 and nucleotide
551 to 542 and sequences from nucleotide 293 to 300 and
nucleotide 537 to 530 form inverted repeats, respectively
(see Fig. 2).
Apart from those regions of the LTRs thought to be impor-

tant for viral transcription and replication, most other re-
gions of the LTRs of HTLV-IT and ATLV show considerable
differences in sequence consistent with previous nucleic acid
hybridization studies (4). A few exceptions are notable. Re-
cent evidence indicates that the inverted terminal sequences
of viral DNA are recognized as a substrate for retrovirus in-
tegration (27). Among retroviruses, HTLV-II and ATLV

proviral DNA have the smallest inverted terminal repeats.
Only two nucleotides (T-G.....C-A) comprise the inverted
repeat. In addition, the two nucleotides lost from either end
part of a larger inverted repeat in the unintegrated linear
DNA, as they are in all other retroviruses except for mouse
mammary tumor virus (MMTV). Eight nucleotides, includ-
ing the two nucleotides of the inverted repeat (T-G), are con-
served at the 5' end of HTLV-1I and ATLV proviral DNA.
Because of the short inverted repeat, these conserved se-
quences may be important in HTLV-II and ATLV integra-
tion.
A sequence of 21 nucleotides is conserved in the U3 re-

gion of HTLV-II and ATLV. The same sequences are re-
peated three times in the LTRs of both viruses and are pres-
ent in comparable positions of U3. The location of these re-
peated sequences in U3 upstream from the TATAA box
indicates a potential role in the control of transcription simi-
lar to enhancer sequences, repeated sequences that regulate
transcription in other animal viruses and in immunoglobulin
genes (28-33).

Retroviruses that do not carry a cellular oncogene in their
genome can induce specific diseases such as bursal lympho-
mas by avian leukemia viruses (14, 15) or T-cell lymphomas
by murine leukemia viruses (18). Genetic studies have dem-
onstrated that oncogenic and nononcogenic isolates differ as
a result of sequence alterations in the U3 region of the LTR,
which affect viral transcription in a tissue-specific manner
(16, 17). Besides the TATAA box, cap site, and polyadenyl-
ylation signal, only the 21-nucleotide repeat is well con-
served between ATLV and HTLV-II in regions of the LTR
known to be important for transcription regulation. HTLV-II
and HTLV-I (ATLV) appears to replicate only in T and B
lymphocytes (5-11, 34). It is likely that these repeated se-
quences function as enhancer sequences, perhaps by confer-
ring lymphoid specificity to the LTR.
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