single action potential, but also makes it
possible to separate and measure the
contributions of various Ca?* transport
systems to generation of muscle tension.
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Expression of the 3’ Terminal Region of Human

T-Cell Leukemia Viruses

Abstract. Human T-cell leukemia viruses (HTLV) are closely associated with some
human T-cell leukemias and lymphomas. A unique 3' region of the HTLV genome is
believed to be involved in HTLV-induced cellular transformation, although the
function of this region has yet to be determined. A subgenomic messenger RNA
transcribed from this region of HTLV has now been characterized. These results
provide direct evidence for the expression of a novel gene in HTLV.

The human T-cell leukemia viruses
(HTLV) types I and II are lymphotropic
retroviruses that have been isolated from
patients with specific T-cell malignancies
(I14). Infection of normal leukocytes by
HTLV-I or HTLV-II in vitro results in
the transformation of mature T cells, as
shown by their continued proliferation
(5-8). The mechanism of HTL V-induced
leukemogenesis remains obscure. No
known viral oncogene has been identi-
fied in HTLV. However, analyses of
HTLV-1I and HTLV-II nucleic acid se-
quences have identified a region, termed
X, whose function is, as yet, unknown
(9-11). The X region is bounded by env
and the 3' terminal repeat (LTR), is
approximately 1.6 kilobase pairs long,
and contains several open reading
frames. The conservation of the X se-
quence in both HTLV-1 and HTLV-1I
suggests that it encodes a protein that
may play a critical role in HTLYV replica-
tion or HTLV-induced cellular transfor-
mation, or both.

The HTLV-II-infected Mo-T cell line
was established by primary culture of
splenic tissue from a patient with a T-cell
variant hairy cell leukemia (/2, 13). Mo-
T cell RNA was assayed for the presence
of X-specific sequences by the hybrid-
ization-S; nuclease technique. Nucleic
acid sequence analyses of the HTLV X
region revealed three open reading
frames in HTLV-II (X-a to X-c) and four
open feading frames in HTLV-I (X-I to
X-1V) (9-11). Three of the open reading
frames in HTLV-I are homologous with
those in HTLV-II, namely, X-II with X-
a, X-III with X-b, and X-IV with X-c.
Comparison of nucleic acid sequences in
the X region of HTLV-I and HTLV-II
reveals only 33 percent homology in the
first third of the sequences and an abrupt
shift to 75 percent homology in the 3’
two-thirds, where the homologous open
reading frames are located (10, 11). The
Hha I-Cla I probe prepared from cloned
HTLV-II DNA (see Fig. 1B) is a 431-
base-pair fragment that spans the junc-
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Fig. 1. Detection of X mRNA expression. (A) Hybrid-
ization-S, nuclease analysis of HTLV-infected cell lines
was performed by standard methods (23, 24). RNA was
extracted from the HTLV-II-infected Mo-T and JLB-II
cell lines and the HTLV-I-infected SLB-I and SLB-1V

cell lines. Cytoplasmic RNA (30 pg) was hybridized to

the 5’ *?P-labeled probe (see B) at 53° to 54°C for 12 to 14

- 105

hours. S, nuclease (BRL) (150 units) was used for a 1-

hour digestion at room temperature. Electrophoresis
was performed on an 8 percent acrylamide-8M urea sequencing gel. The size of the marker
DNA fragments is shown in nucleotides. The 174-base fragment is indicated by the arrow.
Control S, nuclease studies with RNA from uninfected cells and either HTLV probe reveal no
protected DNA fragment (data not shown). (B) Partial restriction enzyme map of the pHT-1
HTLV-I and pH-6 HTLV-1I DNA clones. The 3’ long terminal repeat is shown by an open box.
The division between X and env sequences is indicated. The 5’ ends of the open reading frames
are shown for HTLV-I X-II, X-III, and X-IV and for HTLV-1I X-a, X-b, and X-c. The Hha I-
Cla I hybridization probe utilized for S, nuclease analysis is shown as a thin line below the map
with an asterisk denoting the site of 5’ **P-labeling. The sizes of the HTLV-1 pHT-1 and HTLV-
I1 pH-6 probes are 396 and 431 nucleotides, respectively.
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tion between the high- and low-homolo-
gy X sequences. Figure 1A shows the
DNA fragments protected by hybridiza-
tion to Mo-T cell RNA. A band indica-
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tive of a 174-nucleotide protected frag-
ment is observed. This fragment termi-
nates close to the 5’ end of the X-c open
reading frame near the junction between

Fraction number

sequences of low and high homology.
The large protected fragment of 431 nu-
cleotides corresponds to hybridization of
full-length probe with either genomic

Fig. 2. Determination of X
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mRNA size. Poly(A)* cyto-
plasmic RNA from Mo-T
cells (150 pg) was sediment-
ed on a 15 to 30 percent
sucrose density gradient
in a Beckman SW41 rotor.
Twenty-three fractions were
collected. (A) Northern hy-
bridization of 10-pl portions
of selected gradient RNA
fractions was performed on a
formaldehyde gel by stan-
dard methods (25). The nick-
translated hybridization
probe was prepared from the
HTLV-II pH-3 subclone,
which is shown diagramati-
cally below the HTLV-II
genome. The molecular size
markers are indicated in ki-
lobase pairs. (B) S, nuclease
analysis of 30-pl portions of
selected gradient RNA frac-
tions. The methods are as
described in Fig. 1A with the
following modifications: 18
pg of L-cell RNA was added
to each S, assay before the

8T dres]

hybridization step and the amount of S, nuclease was reduced to 100 units. Control S, nuclease assay of uninfected Mo-T RNA is shown in
parallel. The molecular size markers are shown in nucleotides. The protected fragment of 174 nucleotides is indicated.
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Fig. 3. Localization of the splice acceptor
sequence. (A) The HTLV-II and HTLV-I
Hha 1-Cla 1 probe (see Fig. 1B) was se-
quenced by the method of Maxam-Gilbert
(26). Electrophoresis was performed on an 8
percent acrylamide—8M urea sequencing gel
in parallel with the respective S, analysis of
HTLV-II (Mo-T) or HTLV-I (SLB-I) RNA
(see Fig. 1A for details). The sequence of the
DNA probe near the terminus of the 174-
nucleotide protected fragment is shown. The
sequence shown is complementary to the viral
RNA. The position of the splice acceptor site
(SA) is indicated. (B) Nucleic acid sequence
of a portion of the X region showing the
position of the X splice acceptor site (SA) at
base 655 in HTLV-1 and base 580 in HTLV-II,
the nucleic acid sequence being numbered
from the 5' end of the respective X regions
(11). Asterisks denote HTLV-I and HTLV-II
nucleic acid sequence homology. The start of
the predicted amino acid sequence for the
HTLV-1 X-1V and the HTLV-II X-c open
reading frames is shown.
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HTLV-II RNA or a subgenomic messen-
ger RNA (mRNA) species, such as env,
that would encompass the entire probe.
Control S; nuclease studies with RNA
from uninfected cell lines did not reveal
any protected fragments (data not
shown).

JLB-II is an HTLV-II-transformed T-
cell line, derived by cocultivation of le-
thally irradiated Mo-T cells with normal
human leukocytes (8, 14, 15). In contrast
to Mo-T, which harbors multiple provir-
uses that differ in nucleic acid sequence
(11, 14), JLB-II contains only the wild-
type, replication-competent HTLV-II
genome (data not shown). The protected
fragments at 174 and 431 nucleotides are
again observed in the S| nuclease assay
with JLB-II RNA. These data suggest
that a potential splice acceptor site is
located at approximately 174 nucleotides
upstream of the Cla I site. The other
minor bands in Mo-T cells may be due
to variant proviruses or to nonspecific
cleavage of the hybrid.

Because of the high homology be-
tween the nucleic acid sequences of
HTLV-I and HTLV-II in the distal two-
thirds of the X region, an X splice accep-
tor site should also be present in an
analogous position of the HTLV-I
genome. The Cla I restriction enzyme
site is conserved in homologous se-
quences of HTLV-I and HTLV-II (Fig.
1B). Thus, we prepared a 396-nucleotide
probe utilizing the Cla I site in HTLV-I,
allowing a direct comparison of the S;
mapping data.

RNA was extracted from the SLB-I
cell line, which was derived by infection
of normal human leukocytes with
HTLV-I in vitro (15, 16). As in the S,
nuclease assay of HTLV-II RNA, a frag-
ment that is virtually coincident with the
174-nucleotide HTLV-II fragment is pro-
tected in the HTLV-I system (Fig. 1A).
Analysis of RNA from the HTLV-I-
infected SLB-IV cell line resulted in a
similar pattern of hybridization.

Taken together, the identity of the S,
nuclease-resistant fragment seen with
HTLV-I and HTLV-II RNA suggests
that the X sequences are transcribed into
a processed mRNA species. To confirm
the presence and determine the size of
the subgenomic mRNA predicted from
the S; nuclease analysis, we performed
further studies with size-fractionated po-
lyadenylated [poly(A)*] Mo-T cell RNA
(Fig. 2). Northern hybridization data re-
veal three major species of RNA (Fig.
2A). The 9-kb band in fractions 8 and 9 is
the size expected for genomic HTLV-II
RNA. The 4.5-kb band in fractions 11 to
13 has been observed with probes specif-
ic for the env region of HTLV-II (data
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not shown). The third band, most promi-
nent in fraction 15, is 2.0 to 2.3 kb in
size. S; nuclease analysis of the fractions
used for Northern hybridization demon-
strate that the 2.0- to 2.3-kb species
corresponds to the fractions containing
the protected 174-nucleotide fragment
(Fig. 2B).

Analysis of the HTLV-I and HTLV-II
nucleic acid sequences in the vicinity of
the splice acceptor site identified above
reveals two potential consensus splice
acceptor sites (10, 11). Each probe was
sequenced by the method of Maxam-
Gilbert and subjected to electrophoresis
in parallel with the respective S; nucle-
ase-resistant fragments. The data (Fig.
3) reveal the splice acceptor site in
HTLV-I to be ACTCAG/CCCA at base
pair 655 and in HTLV-II to be CTCAG/
CCCA at base pair 580, consistent with
consensus sequences for mRNA splice
acceptor sites (17).

These results are direct evidence for
expression of the X region in HTLV.
The high homology of HTLV-I and
HTLV-II distal to the splice acceptor
site (Fig. 3) makes it likely that these
sequences encode an X-derived protein.
On the basis of the position of the splice
site, we predict that these X-encoded
products will be from the longest open
reading frame, X-IV and X-c in HTLV-I
and HTLV-II, respectively. Although
other reading frames cannot be exclud-
ed, the identification of 40- and 37-kilo-
dalton proteins encoded by X-IV and X-
¢, respectively, are consistent with this
interpretation (/8).

The location of the first methionine
start codons in the X-IV and X-c open
reading frames are more than 300 nucleo-
tides downstream from the splice accep-
tor site (9-11), which would be expected
to occur nearly midway in the 2- to 2.3-
kb X mRNA. Consequently, we believe
that the true methionine start codon for
both the HTLV-I and HTLV-II X
mRNA will be derived from the up-
stream donor sequencs. Primer exten-
sion analyses can be used to determine
these leader sequences and identify the
methionine start codon for the X mes-
sage.

HTLV-I and HTLV-II are atypical
among replication-competent retrovir-
uses in both their functional and struc-
tural features. These viruses have a lim-
ited host range (8, 19, 20) and exclusively
transform T cells. They do not contain
known viral oncogenes, nor are they
found to be specifically integrated near
cellular oncogenes in tumors or trans-
formed cells (21, 22). The HTLV-I and
HTLV-II genomes are distinguished by
the presence of the X sequences. It is

likely that the protein encoded by these
sequences is related to the unusual biolo-
gy of HTLV. The expression of these
sequences as a unique subgenomic
mRNA species supports the classifica-
tion of these sequences as a new gene
distinct from other genes of naturally
occurring retroviruses.
WILLIAM WACHSMAN
Division of Hematology-Oncology,
Department of Medicine,
UCLA School of Medicine,
Los Angeles, California 90024
KUNITADA SHIMOTOHNO
National Cancer Center
Research Institute, Chuo-ku,
Tokyo 104 Japan
STEVEN C. CLARK
The Genetics Institute,
Boston, Massachusetts
DaviD W. GOLDE
IrvIN S. Y. CHEN
Division of Hematology-Oncology,
Department of Medicine,
UCLA School of Medicine

References and Notes

B. J. Poiesz, F. W. Ruscetti, A. F. Gazdar, P.
A. Bunn, J. D. Minna, R. C. Gallo, Proc. Natl.
Acad. Sci. U.S.A. 77, 7415 (1980).

. Y. Hinuma et al., ibid. 78, 6476 (1981).

. W. A. Blattner et al., Int. J. Cancer 30, 257

(1982).

. V. S. Kalyanaraman et al., Science 218, 571

(1982).

. I. Miyoshi et al., Nature (London) 294, 770

(1981).

N. Yamamoto, M. Okada, Y. Koyanagi, M.

Kannagi, Y. Hinuma, Science 217, 737 (1982).

. M. Popovic et al., ibid. 219, 856 (1983).

. I.S. Y. Chen, S. G. Quan, D. W. Golde, Proc.

Natl. Acad. Sci. U.S.A. 80, 7006 (1983).

. M. Seiki, S. Hattori, Y. Hirayma, M. Yoshida,

ibid., p. 3618.

10. W. A. Haseltine, J. Sodroski, R. Patarca, D.
Briggs, D. Perkins, F. Wong-Staal, Science 225,
419 (1984).

11. K. Shimotohno et al., Proc. Natl. Acad. Sci.
U.S.A., in press.

12. A. Saxon, R. H. Stevens, D. W. Golde, Ann.
Intern. Med. 88, 323 (1978).

13. A. Saxon, R. H. Stevens, S. G. Q
Golde, J. Immunol. 120, 777 (1978).

14. 1. S. Y. Chen, J. McLaughlin, J. C. Gasson, S.
C. Clark, D. W. Golde, Nature (London) 305,
502 (1983).

15. J. C. Gasson, I. S. Y. Chen, C. A. Westbrook,
D. W. Golde, in Normal and Neoplastic Hema-
topoiesis, D. W. Golde and P. A. Marks, Eds.
(Liss, New York, 1983), p. 129.

16. H. P. Koeffler, I. S. Y. Chen, D. W. Golde,
Blood 64, 482 (1984).

17. S. M. Mount, Nucleic Acids Res. 10, 459 (1982).

18. D. J. Slamon, K. Shimotohno, M. J. Cline, D.
W. Golde, 1. S. Y. Chen, Science 226, 61 (1984).

19. I. S. Y. Chen, J. McLaughlin, D. W. Golde,
Nature (London) 309, 276 (1984).

20. J. G. Sodroski, C. A. Rosen, W. A. Haseltine,
Science 225, 381 (1984).

21. M. Seiki, R. Eddy, T. B. Shows, M. Yoshida,
Nature (London) 309, 640 (1984).

22. J. Gasson, personal communication.

23. A.J. Berk and P. A. Sharp, Cell 12, 721 (1977).

24. R. Weaver and C. Weissman, Nucleic Acids
Res. 7, 1175 (1979).

25. H. Lehrach, D. Diamond, J. M. Wozney, H.
Boedtker, Biochemistry 16, 4743 (1977).

26. A. M. Maxam and W. Gilbert, Proc. Natl.
Acad. Sci. U.S.A. 74, 560 (1977).

27. We thank J. Gasson, R. Gaynor, and D. Slamon

for useful discussions and J. Fujii, J. McLaugh-

lin, C. Nishikubo, and S. Quan for technical

assistance. Supported by NCI grants CA 30388,

CA 32737, CA 09297, and CA 16042 and by

grants PF-2182 and JFRA-99 from the American

Cancer Society. W.W. is a Bank of America-

Giannini Foundation fellow.

4 September 1984; accepted 11 September 1984

o oo~ =)} W L w N

uan, D. W.

179





