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The mechanism of human T-cell leukemia virus (HTLV)-mediated transformation and induction of malig-
nancy is unknown; however, several studies have implicated the viral gene product, Tax. Conclusive evidence
for the role of Tax in the HTLV malignant process has been impeded by the inability to mutate tax in the
context of an infectious virus and dissociate viral replication from cellular transformation. To circumvent this
problem we constructed a mutant of HTLV type 2 (HTLV-2) that replicates by a Tax-independent mechanism.
For these studies, the Tax response element in the viral long terminal repeat was replaced with the cytomeg-
alovirus immediate-early promoter enhancer (C-enh). Transcription of the chimeric HTLV-2 (HTLVC-enh) was
efficiently directed by this heterologous promoter. Also, the chimeric virus transformed primary human T
lymphocytes with an efficiency similar to that of wild-type HTLV-2. A tax-knockout virus, termed HTLVC-enhDTax,
was constructed to directly assess the importance of Tax in cellular transformation. Transfection and infection
studies indicated that HTLVC-enhDTax was replication competent; however, HTLVC-enhDTax failed to trans-
form primary human T lymphocytes. We conclude that Tax is essential for HTLV-mediated transformation of
human T lymphocytes. Furthermore, this chimeric HTLV, that replicates in the absence of Tax, should
facilitate studies to determine the precise mechanism of T-lymphocyte transformation by HTLV.

Human T-cell leukemia virus type 1 (HTLV-1) and type 2
(HTLV-2) are oncogenic retroviruses associated with human
T-cell malignancies and degenerative neurological disorders.
In addition to the essential retroviral genes gag, pol, and env,
HTLV contains at least two trans-regulatory genes, tax and rex.
Both Tax and Rex modulate viral gene expression and play
important roles in viral pathogenesis (12, 14, 54). Tax is a
trans-acting transcriptional activator of viral transcription and
is essential for efficient viral replication (12, 23, 56). Tax func-
tion depends on cis-acting sequences, termed the Tax response
element (TRE), located within the U3 region of the viral long
terminal repeat (LTR) (9, 19, 34, 52, 53, 60). Tax does not bind
DNA directly, but Tax trans activation of the LTR is mediated
by cellular proteins, which include cyclic AMP response ele-
ment (CRE)- and activating transcription factor (ATF)-bind-
ing proteins (CREB/ATF) (34, 36, 67–69). These proteins bind
to three copies of conserved 21-bp repeat within the TRE
facilitating transcription initiation (34, 36, 68, 69).
In addition to regulating HTLV gene expression, Tax also

activates the expression of cellular genes involved in T-cell
growth and differentiation. Similar to its action on the HTLV
promoter, Tax stimulates expression of c-fos, c-jun, and gran-
ulocyte colony-stimulating factor genes through CRE se-
quences (21, 35, 50, 51, 66). In addition, Tax activates members
of the NF-kB/Rel family of transcription factors, which leads to
the deregulated expression of many NF-kB-responsive genes.
These genes include those encoding interleukin-2 (IL-2), IL-2
receptor a, IL-3, and granulocyte-macrophage colony-stimu-
lating factor, as well as human immunodeficiency virus type 1
(4, 7, 17, 33, 36, 40, 42, 44, 50, 51, 58, 63). Also, Tax increases
the expression of c-fos, erg-1, erg-2, and parathyroid hormone-

related protein through binding sites for serum response factor
(2, 3, 20, 22, 47, 62, 63), and Tax represses gene expression
from the DNA-polymerase b promoter (37). Therefore, these
observations indicate that HTLV Tax is an important modu-
lator of both viral and cellular gene expression and profoundly
influences the expression of genes governing cell growth and
activation.
The precise mechanism by which HTLV transforms T lym-

phocytes and induces malignancy in humans is unclear. Several
observations indicate that Tax has oncogenic potential. First,
Tax transforms rodent fibroblasts, resulting in the ability of
these cells to form colonies in soft agar and to induce tumors
in nude mice (27, 64). Second, studies with recombinant her-
pesvirus samiri/tax expression vectors indicate that Tax immor-
talizes T cells derived from mitogen-activated human cord
blood lymphocytes (25, 26). Third, tax is oncogenic when ex-
pressed as a transgene in mice (5, 31, 48, 49). Taken together,
these observations support the hypothesis that Tax plays a
central role in HTLV-induced neoplastic transformation.
However, all of these studies failed to directly assess the role of
Tax in HTLV-mediated transformation of primary human T
lymphocytes, the natural target for HTLV-associated malig-
nancy.
Tax is critical for viral replication, which in turn is a prereq-

uisite for transformation of human T lymphocytes. Therefore,
it has not been possible to mutate tax in the context of an
infectious virus and dissociate viral replication from cellular
transformation. In this report, we describe the construction
and characterization of a chimeric HTLV-2 that contains a
substitution of the cis-acting TRE in the U3 region of the viral
LTR with the cytomegalovirus immediate-early promoter en-
hancer (C-enh). This recombinant virus, HTLVC-enh, repli-
cates by a Tax-independent mechanism and transforms pri-
mary human T lymphocytes with an efficiency similar to that of
wild-type HTLV-2 (wtHTLV-2). More importantly, a chimeric
virus deficient for Tax expression (HTLVC-enhDTax) failed to
transform primary human T lymphocytes. Our results indicate
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that Tax is essential for HTLV-mediated transformation of
human T lymphocytes.

MATERIALS AND METHODS

Cells. B-cell line 729-6 and the human leukemic T-cell lines Jurkat and JM4
(55) were maintained in Iscove’s medium supplemented to contain 10% fetal calf
serum (FCS), penicillin (100 U/ml), streptomycin (100 mg/ml), and 2 mM glu-
tamine. BJAB cells, a Burkitt’s lymphoma human B-cell line, were maintained in
RPMI 1640 medium containing the same supplements. Peripheral blood lym-
phocytes (PBL) were isolated from blood of normal donors by centrifugation
over Ficoll-Paque (Pharmacia). Cells were maintained in culture in RPMI 1640
medium supplemented with 20% FCS and antibiotics.
Plasmids. LTR-II-CAT (wild-type LTR [wtLTR]-chloramphenicol acetyl-

transferase [CAT]) reporter construct, BC20.2 tax/rex cDNA expression vector,
and control vectors SV2neo and BC12 were previously described (15, 57). The
HTLV-2 proviral clone pH6neo was used to create three infectious proviral
clones used in this study (15). The wtHTLV-2 proviral clone is identical to
pH6neo except for the deletion of 59 and 39 cellular DNA flanking the provirus.
The HTLV-2 chimeric LTR (LTRC-enh) was constructed by inserting the C-enh
in place of the TRE. Briefly, an XbaI site was created 59 to the TATA and CAAT
boxes in the HTLV-2 promoter by site-directed mutagenesis (253 relative to the
transcription initiation site). The HTLV fragment containing the three 21-bp
repeats was removed by digestion with AatII and XbaI (2215 to 253 relative to
the transcription initiation site) and replaced with the HincII-NcoI fragment
containing the C-enh (2598 to 2218 relative to the transcription initiation site).
Subsequently, LTRC-enh was cloned 59 to the CAT gene (LTRC-enh-CAT) or
inserted into the wtHTLV-2 backbone replacing the 39 LTR (HTLV39C-enh) or
both the 59 and the 39 LTRs (HTLVC-enh).
The wtHTLVDTax proviral clone and the chimeric HTLVC-enhDTax proviral

clone each contain TC-to-AG point mutations in the HTLV-2 coding sequence
(nucleotides [nt] 7220 and 7221) introduced by site-directed mutagenesis per-
formed with a Sculptor in vitro mutagenesis kit (Amersham) and the oligonu-
cleotide primer 59-TCGGGTAATCGGTCCTAAACC-39. This mutation intro-
duces a termination codon at amino acid 4 of Tax while leaving the overlapping
Rex amino acid sequence unchanged. BC20.2DTax contains the identical TC-
to-AG point mutations in the tax/rex cDNA expression vector BC20.2
Transfections and CAT assay. Plasmid DNA was introduced into cells by

electroporation as previously described (11). Briefly, cells were washed with
phosphate-buffered saline (PBS) and resuspended (2 3 107 cells per ml) in
RPMI 1640 medium supplemented with 20% FCS, penicillin (100 U/ml), strep-
tomycin (100 mg/ml), and 2 mM glutamine. A total of 5 3 106 cells were
electroporated with 25 mg of DNA (900-mF charge, 250-V potential). Cells were
transferred to 3 ml of medium and grown at 378C for 48 h. Stable transfectants
containing the wild-type or C-enh-containing proviral clones were isolated fol-
lowing incubation in 24-well culture dishes (5 3 105 cell per ml) in medium
supplemented with 10% FCS, penicillin (100 U/ml), streptomycin (100 mg/ml), 2
mM glutamine, and geneticin (1.0 mg/ml). Following a 4- to 5-week selection
period, viable cells were expanded in culture for further analysis. Stable trans-
fectants are designated “729” followed by the clone with which they were trans-
fected.
Cell extracts for CAT assays were harvested 48 h posttransfection as described

previously (24). Three independent CAT assays were performed, and the mean
for each sample was calculated. All CAT reactions were standardized for equiv-
alent levels of protein, and incubation for a period of 1 h resulted in an enzymatic
activity that was in the linear range. Percentages of [14C]chloramphenicol acet-
ylation were quantified by a Fuji Imaging System.
Metabolic labeling and immunoprecipitation. Stably transfected 729 cell lines,

virally infected BJAB cells, or HTLV-2-transformed PBL were metabolically
labeled with [35S]methionine-cysteine (Trans-35S-label; 100 mCi/ml; ICN Bio-
chemicals, Inc.) in methionine-cysteine-free RPMI 1640 medium supplemented
with 10% dialyzed FCS. Cells were lysed in radioimmunoprecipitation assay
buffer (0.05 M Tris-HCl [pH 8.0], 0.1% sodium dodecyl sulfate [SDS], 1.0%
Triton X-100, 0.15 M NaCl, 2.0 mM phenylmethylsulfonyl fluoride), and lysates
were clarified by centrifugation at 100,000 3 g (1 h, 48C). Clarified extracts were
immunoprecipitated with antisera specific for HTLV-2 p24Gag in the presence of
protein A-Sepharose (Pharmacia). Immunoreactive proteins were fractionated
by SDS-polyacrylamide gel electrophoresis (PAGE) and visualized by autora-
diography.
DNA transfer and hybridization. High-molecular-weight DNA was extracted

from stably transfected 729 cells or from HTLV-2-infected BJAB cells and
subjected to Southern blot analysis (61) as described elsewhere (28). The probe
consisted of HTLV-2-specific 32P-labeled oligonucleotide fragments. A 613-bp
fragment (nt 7588 to 8200, based on the pH6neo HTLV-2 sequence) which
hybridizes to the 39 portion of the HTLV-2 genome was generated by PCR
amplification (25 cycles) using HTLV-2-specific oligonucleotides and BC20.2
plasmid template. The 1,670-bp KpnI fragment (nt 1702 to 3372, based on the
pH6neo HTLV-2 sequence) hybridized to the 59 portion of the HTLV-2 genome.
Syncytium and transformation assays. Syncytium and transformation assays

were performed as previously described (29). Briefly, stable HTLV-2 producer
cells (5 3 105) were irradiated with 10,000 rad and then cocultivated with either
5 3 105 BJAB cells or 106 PBL (isolated from blood of normal donors by

centrifugation over Ficoll-Paque) in 24-well culture plates. Syncytia were scored
in BJAB cocultures 5 to 7 days postplating. Long-term BJAB cocultures resulted
in chronically infected BJAB producer cell lines, which were essentially syncy-
tium free. Transformed T cells, defined as cells exhibiting continuous growth in
the absence of IL-2, grew out of PBL cocultures 5 to 6 weeks postplating. In both
cases, the presence of HTLV-2 was confirmed by detection of p24Gag capsid by
radioimmunoprecipitation and SDS-PAGE analysis.
Prolonged proliferation of transformed cells was measured by [3H]thymidine

incorporation assays. Briefly, cells were incubated for 12 h with [3H]thymidine
(10 mCi/ml) and harvested onto glass fiber filters, and incorporated radioactivity
was determined by liquid scintillation counting.

RESULTS

Construction and characterization of a chimeric LTR. The
HTLV promoter region, which contains the TRE, directs tran-
scription with high efficiency only in the presence of Tax.
Within the TRE are three imperfectly conserved 21-bp repeat
elements that are essential for Tax trans activation of the viral
promoter (36, 69). Efficient HTLV gene expression in the
absence of Tax required the construction of a chimeric LTR
which maintained high transcriptional activity in human T lym-
phocytes, the target for HTLV cellular transformation. We
replaced the cis-acting TRE of the wtLTR with the enhancer
from the C-enh (8), creating LTRC-enh (Fig. 1A).
The transcriptional efficiency and Tax responsiveness of

LTRC-enh was tested in a CAT transient assay. The initial LTR
transcriptional analysis was performed in 729 B cells because
of their high transfection efficiency by electroporation (11) and
because established HTLV-2 replication and T-lymphocyte
transformation assays use 729/HTLV-2 stable producer cells
(13, 16). wtLTR-CAT or LTRC-enh-CAT was cotransfected
with a wtHTLV-2 tax/rex expression vector or parental vector
alone into 729 B cells. As shown in Fig. 2A, the CAT reporter
gene was transcribed very efficiently from LTRC-enh in the
absence of Tax. In contrast, and as previously reported, CAT
was not transcribed from the wtLTR over background levels in
the absence of Tax (30, 54). Coexpression of Tax and Rex
failed to affect the transcription efficiency of LTRC-enh; how-
ever, coexpression of Tax and Rex significantly upregulated
transcription from the wtLTR (Fig. 2A). These results with 729
B cells demonstrate that CAT gene transcriptional efficiency
from LTRC-enh in the absence of Tax is similar to its transcrip-
tional efficiency from the wtLTR in the presence of Tax.
Since the actual targets for HTLV transformation are T

lymphocytes, the transcriptional efficiency and Tax responsive-
ness of LTRC-enh-CAT was further tested in two human T-cell
lines, JM4 and Jurkat. LTRC-enh-CAT was cotransfected with
a tax/rex expression vector or parental vector alone into JM4 T
cells, and CAT activity was measured. Similar to the results in
729 B cells, the LTRC-enh was active in JM4 cells in the absence
of Tax; however, LTRC-enh was activated three- to fourfold in
the presence of Tax (Fig. 2B). The wtLTR was active only in
the presence of Tax. A similar result was found with Jurkat T
cells (data not shown). This increase in transcriptional activity
of LTRC-enh in the presence of Tax is attributed to the activa-
tion state of NFkB. Although the cytomegalovirus immediate-
early promoter is not dependent on NFkB for efficient tran-
scription, it is NFkB responsive as a result of two NFkB motifs
within the enhancer element. Therefore, in contrast to 729
cells, in which NF-kB is constitutively active (data not shown),
NFkB is expressed as an inactive transcription factor in the
cytoplasm of resting T cells, such as JM4 or Jurkat. In these
cells, Tax activates the NFkB signaling pathway in a concen-
tration-dependent manner, resulting in activation of NFkB-
responsive genes (4, 6, 10, 17, 34, 40, 42, 45, 50, 59). Hence, in
T cells, LTRC-enh is activated three- to fourfold in the presence
of Tax, whereas LTRC-enh is maximally activated in 729 cells
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and is not significantly modulated by Tax (Fig. 2A). These
results indicate that in both T cells and B cells, LTRC-enh
efficiently initiates transcription of the CAT reporter gene. It
should be noted that in T cells, the relative levels of CAT
activity of the wtLTR-CAT in the presence of Tax (29%) are
similar to the levels of CAT activity of LTRC-enh-CAT without
Tax (25%). This finding suggests that gene expression from an
HTLV-2 provirus containing LTRC-enh in the absence of Tax is
similar to gene expression from a wtHTLV-2 provirus in the
presence of Tax.
HTLVC-enh genome construction and transcriptional analy-

sis. Having established that the chimeric LTR efficiently di-
rects transcription of the CAT gene in the absence of Tax, we
constructed proviral clones containing the chimeric LTR. The
HTLVC-enh proviral clone contains both a 59 and a 39 chimeric
LTR, whereas the HTLV39C-enh proviral clone, used primarily
as a control throughout these studies, contains a 59 wtLTR and
a 39 chimeric LTR (Fig. 1C and D). Efficient gene expression
from the HTLVC-enh proviral vector as well as viral progeny
will be independent of Tax. In contrast, efficient gene expres-
sion from the HTLV39C-enh proviral vector will initially be
dependent on Tax; however, because of LTR duplication in the
reverse transcription process, all progeny virus will replicate in
a Tax-independent manner. Since transcription directed from
the HTLV-2 wtLTR is responsive to Tax and Rex, previous

studies have used the wtLTR-CAT to assay for Tax and Rex
expression from proviral clones (29). The wtHTLV, HTLVC-enh,
and HTLV39C-enh proviral clones were cotransfected with
wtLTR-CAT into JM4 T cells, and functional levels of Tax
and Rex were assessed by measuring CAT activity. Both
HTLVC-enh and HTLV39C-enh proviral clones produced func-
tional Tax and Rex (Fig. 2C). Tax and Rex are expressed
immediately from HTLVC-enh, but expression is kinetically de-
layed from wtHTLV and HTLV39C-enh because of the require-
ment of Tax to efficiently activate transcription from the
wtLTR. Therefore, similar to the activity of LTRC-enh-CAT,
the HTLVC-enh clone had a transcriptional activity six- to sev-
enfold higher than that of either the wtHTLV-2 or the
HTLV39C-enh proviral clone. We conclude that LTRC-enh in the
context of a complete proviral genome activates viral gene
expression with an efficiency similar to that observed with re-
porter gene constructs.
Isolation of stable transfections. To determine the capacity

of HTLVC-enh to synthesize viral proteins, direct viral replica-
tion, and induce cellular transformation, stable 729 cell trans-
fectants containing the wtHTLV, HTLVC-enh, or HTLV39C-enh
proviral clone were isolated. The presence of integrated
HTLV-2 proviral DNA in the stable transfectants was deter-
mined by Southern blot analysis. Each of the stable transfec-
tants analyzed contained complete copies of the provirus. The

FIG. 1. Schematic representation of the HTLV-2 LTR and genome organization. (A) Diagram of the HTLV-2 LTR showing the locations of the U3, R, and U5
regions, transcription start site, splice donor site, and polyadenylation site. The three hatched boxes in the U3 region represent the three imperfectly conserved 21-bp
repeats contained within the TRE. The location of the AatII and XbaI restriction enzyme recognition sites (2215 and 253 relative to the start of transcription) are
indicated. C-enh contained on a HincII-NcoI fragment (2598 and 2218 relative to the start of transcription) is depicted above (black box). Numbers below the LTR
represent bases (hundreds). (B) Diagram of the complete wild-type HTLV-2 proviral genome. Locations of the gag, pro, pol, env, tax, and rex genes and their
corresponding reading frames are indicated. wtLTRs containing the three 21-bp repeats (hatched boxes), diagnostic restriction sites (BamHI and ClaI), and DTax
mutation (p) are indicated. (C) The proviral clone HTLV39C-enh contains a 59 wtLTR and a 39 LTR with the C-enh heterologous sequences (black box) in place of the
TRE. (D) The proviral clone HTLVC-enh contains both a 59 and a 39 chimeric LTRC-enh.
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larger sizes of the hybridizing bands in both HTLVC-enh and
HTLV39C-enh confirmed the insertion of heterologous en-
hancer in the 39 LTR (Fig. 3). Probes recognizing the 59 end of
the virus hybridize to a larger species in HTLVC-enh, which
allows distinction between cells harboring HTLV39C-enh from
HTLVC-enh genomes (data not shown). These results indicate
that the stable transfectants have integrated proviral DNA with
the heterologous enhancer.
Gag protein expression by HTLVC-enh. To monitor the pro-

duction of proteins in these stable transfectants, cells were
metabolically labeled with radioactive amino acids and immu-
noprecipitations were performed with cell lysates. Immunopre-
cipitation analysis of cell lysates with p24Gag-specific antisera
indicated that stable transfectants containing wtHTLV-2,
HTLV39C-enh, and HTLVC-enh produced significant levels of
p24Gag capsid protein (see Fig. 7A). These results demonstrate
that HTLVC-enh is indistinguishable from wtHTLV-2 in the
synthesis of p24Gag capsid protein.
Production of infectious virus and replication. To demon-

strate the capacity of the chimeric viruses to produce infectious
progeny virions, the stable transfectants were cocultured with
the BJAB cell line. Productive infection of BJAB cells by
HTLV-2 results in a rapid induction of syncytia and some
cytopathicity (29). Syncytium formation is dependent on the
efficient expression of viral Env. Syncytium formation was de-
tected by microscopic evaluation of BJAB cells after coculti-
vation with irradiated stable transfectants. Cocultivation of
729-wtHTLV, 729-HTLV39C-enh, and 729-HTLVC-enh cells
with BJAB cells resulted in syncytium formation (Table 1). We
previously reported that the presence of infectious virus capa-
ble of spreading throughout the culture dramatically reduces
the time required for syncytium induction and cytopathicity
(29). To address the efficiency at which the chimeric virus
replicates and induces syncytia, 10-fold serial dilutions of irra-

diated producer cells were cocultured with BJAB cells. Syncy-
tia could be induced with as few as 100 irradiated producer
cells, and there was no apparent difference in the time course
of syncytium induction by either wtHTLV, HTLV39C-enh, or
HTLVC-enh. Long-term growth of these infected cultures re-
sulted in syncytium-free BJAB cell lines expressing virus, as
documented by new syncytium formation upon addition of
fresh uninfected BJAB cells as previously reported (29). Nu-
cleic acid hybridization and protein analysis of long-term
BJAB cocultures revealed HTLV-2 proviral DNA with band
sizes diagnostic for wtHTLV, HTLV39C-enh, or HTLVC-enh and
p24Gag capsid protein expression, respectively (data not shown
and Table 1). Taken together these results demonstrate that
HTLV-2 containing this heterologous enhancer is stable and
replicates in BJAB cells.
HTLVC-enh transforms human T lymphocytes.Having estab-

lished that chimeric virus replicates efficiently, we next deter-
mined whether it has the capacity to transform primary T
lymphocytes. Irradiated 729 producer cells were cocultured
with freshly isolated primary PBL. The initiation of HTLV
transformation is apparent within 4 to 5 weeks following co-
culture, as detected by expansion of cells from the PBL mixed
cell population. HTLVC-enh and wtHTLV had the capacity to
transform primary T cells with similar efficiencies under these
experimental conditions (Table 1). Irradiated 729 cells cocul-
tured with PBL or alone were used as controls and yielded no
viable cultures. Flow cytometric analysis determined that cells
transformed in these studies by both wtHTLV and HTLVC-enh
were primarily CD81 T cells (data not shown). Viability and
growth of the transformed cells were not dependent on exog-
enous IL-2. However, the capacity to efficiently establish viable
IL-2-independent T-cell lines was enhanced by providing IL-2
5 to 6 weeks following coculture. Regardless of whether trans-
formed cells arose following coculture of PBL with 729-wtHTLV,

FIG. 2. Transcriptional efficiency of LTRC-enh. (A) 729 B cells were cotransfected with LTRC-enh-CAT or wtLTR-CAT and a wtHTLV-2 tax/rex expression vector,
BC20.2 (1 Tax), or vector, BC12, alone (2Tax). Lysates were harvested 48 h posttransfection and subjected to CAT assay. Numbers above the bars are percent
chloramphenicol acetylation values averaged over three experiments and normalized to the value for LTRC-enh-CAT in the presence of Tax (100%). (B) JM4 T cells
were cotransfected with LTRC-enh-CAT or wtLTR-CAT and a wtHTLV-2 tax/rex expression vector (1 Tax) or vector alone (2 Tax). Number above the bars are percent
chloramphenicol acetylation values averaged over three experiments and normalized to the value for LTRC-enh-CAT in the presence of Tax (100%). (C) JM4 T cells
were cotransfected with wtLTR-CAT and either the wtHTLV-2 proviral clone, HTLV39C-enh proviral clone, HTLVC-enh proviral clone, or vector (SV2neo) alone.
Numbers above the bars are percent chloramphenicol acetylation values averaged over three experiments and normalized to the value for HTLVC-enh (100%).
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729-HTLV39C-enh, or 729-HTLVC-enh cells, the expression of
HTLV-2 was confirmed by the detection of p24Gag capsid pro-
tein in transformed cells (Fig. 4). These results indicate that
the chimeric virus, HTLVC-enh, replicates efficiently and main-
tains the capacity to productively infect and transform primary
T lymphocytes.
Construction and characterization of HTLVC-enh tax-knock-

out mutation. To assess whether functional Tax is required for
HTLV-mediated transformation of human T lymphocytes, a
tax mutation eliminating Tax production was constructed. Tax
and Rex are expressed from separate but overlapping reading
frames, and the Tax initiator methionine codon is also the
initiator methionine codon for the Env protein (15). There-
fore, mutations introduced in the tax gene must maintain the
rex reading frame and the Tax initiator ATG cannot be mu-

tated. A mutation in the tax reading frame, termed Dtax, which
introduces a termination codon at position four (Phe to ter-
mination) was constructed and then cloned into the tax/rex
cDNA expression vector, the wtHTLV-2 proviral clone, and
the HTLVC-enh proviral clone. Tax functional analysis was
performed with the wtLTR-CAT trans-activation assay in JM4
T cells. Irrespective of the expression vector, the Dtaxmutation
ablated transcription of the CAT reporter gene (Fig. 5). In
addition, Western blot (immunoblot) analysis failed to detect
wild-type Tax (wtTax) in cells transfected with the Dtax/rex
cDNA expression vector; however, wild-type Rex (wtRex) pro-
tein expression and function were not affected (data not
shown). Therefore, these results demonstrate that the Dtax
mutation completely eliminates Tax protein expression and
Tax trans-activation function without affecting Rex expression
and function.
Characterization of HTLVC-enh DTax proviral stable trans-

fectants. To directly assess the role of Tax in cellular replica-
tion and HTLV-mediated transformation of primary T lym-
phocytes, 729 stable transfectants harboring wtHTLVDTax or
HTLVC-enhDTax proviral DNA were isolated. As demon-
strated by Southern blot analysis, each stable transfectant con-
tained complete copies of the HTLV-2 provirus with hybrid-
ization bands of the predicted sizes (Fig. 6 and data not shown).
The larger size of the hybridizing band in HTLVC-enhDTax
stable transfectant cell DNA confirm the insertion of the het-
erologous enhancer. The maintenance of the DTax mutation in
the stable transfectants was confirmed by determining the nu-
cleotide sequences of the PCR products of stable transfectant
cell DNA (data not shown). We next determined whether viral
proteins were produced by stable transfectants harboring Tax-
deficient proviral genomes. Cells were metabolically labeled
with radioactive amino acids, and immunoprecipitation analy-
sis of cell lysates with p24Gag-specific antisera was performed.
Stable transfectants containing HTLVC-enhDTax produced lev-
els of p24Gag capsid protein similar to those produced by
wtHTLV and HTLVC-enh transfectants (Fig. 7A). However,
none of the 10 wtHTLVDTax stable transfectants produced
p24Gag protein (data not shown). These results indicate that
Tax is dispensable for the efficient production of viral proteins
from HTLVC-enhDTax, since transcription is stimulated exclu-

FIG. 3. Southern hybridization analysis of stable transfectant 729 B-cell
DNA. Ten micrograms of high-molecular-weight cellular DNA was digested with
ClaI and BamHI (see Fig. 1 for locations), electrophoresed through a 0.7%
agarose gel, blotted onto nitrocellulose paper, and hybridized with a 32P-labeled
HTLV-2-specific PCR-generated 613-bp fragment (nt 7588 to 8200). A 1.166-kb
fragment is expected to be detected in 729-wtHTLV digested cell DNA, whereas
a 1.376-kb fragment is expected in 729-HTLVC-enh digested cell DNA. The sizes
(in kilobases, indicated on the left) were determined by comparison with
HindIII-digested lambda DNA and HaeIII-digested fX174 DNA.

FIG. 4. Immunoprecipitation of [35S]methionine-cysteine-labeled primary T-
cell transformants. The indicated 729 viral producer cells were irradiated with
10,000 rad and cocultured with human primary PBL. Six to seven weeks post-
coculture, at which time transformed T cells were present, 5 3 106 cells were
metabolically labeled and cell lysates were prepared. Cell lysates normalized by
scintillation counting of trichloroacetic acid precipitates were immunoprecipi-
tated with human antisera directed against the HTLV-2 p24Gag capsid protein.
729 cells (uninfected B-cell line) and 729-wtHTLV cells (chronically infected
HTLV-2 producer cell line of 729 cell origin) are positive and negative controls,
respectively. The sizes (in kilodaltons [K], indicated on the left) were determined
by comparison with protein markers (Amersham) (lane M).

TABLE 1. Infection and transformation of cellsa

Stable transfectant
Syncytium
induction in
BJAB cellsb

Primary T-cell
transformationc

p24 production,d

BJAB cells/PBL

729 2 2 2/2
729-wtHTLV 1(100) 1 1/1
729-HTLV39C-enh 1(100) 1 1/1
729-HTLVC-enh 1(100) 1 1/1
729-HTLVC-enhDTax 1(100) 2 1/NDe

a Stably transfected 729 cells were irradiated with 10,000 rad, and 5 3 105 cells
were cocultivated with 106 PBL or serial 10-fold dilutions of irradiated cells were
incubated with 5 3 105 BJAB cells in 24-well culture plates. Cells were fed twice
a week with RPMI 1640 supplemented with 20% FCS and antibiotics.
b Syncytia were scored 3 to 7 days postplating. Numbers in parentheses indi-

cate the minimum number of 729 producer cells required for syncytium induction
following coculture with 5 3 105 BJAB cells.
c Transformation was scored as positive or negative 6 to 7 weeks following

coculture of 729 producer cells with PBL.
d The presence of HTLV was confirmed by detection of HTLV p24 capsid by

radioimmunoprecipitation and SDS-PAGE analysis using both types of cells.
e ND, not determined since there were no transformed primary cells to ana-

lyze.
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sively by cellular transcription factors. In contrast, Tax is re-
quired for trans activation of the wtHTLV LTR, and therefore
wtHTLVDTax does not produce detectable HTLV proteins.
To demonstrate the capacity of HTLVC-enhDTax to produce

infectious progeny virions, the 729 stable transfectants were
cocultured with the BJAB cell line. Cocultivation of 729-
HTLVC-enhDTax cells with BJAB cells resulted in syncytium
formation, whereas no syncytia were detected in 729-
wtHTLVDTax/BJAB cocultures (Table 1). Syncytia could be
induced with as few as 100 irradiated producer cells, and there
was no apparent difference in the time course of syncytium
induction by wtHTLV, HTLVC-enh, or HTLVC-enhDTax.
Long-term syncytium-free BJAB cultures were expressing
HTLVC-enhDTax, as determined by p24

Gag production (Fig.
7B). These results demonstrate that HTLVC-enhDTax is repli-
cation competent and infectious for BJAB cells.
Tax is necessary for HTLV-2-mediated transformation of T

lymphocytes. Experiments were performed next to determine
whether Tax is required in HTLV-mediated transformation of
human T lymphocytes. Irradiated 729 producer cells harboring
either the wtHTLV, HTLVC-enh, or HTLVC-enhDTax proviral
clone were cocultured with freshly isolated human PBL. A
growth curve of a representative transformation assay indi-
cated a progressive loss of viable cells over time in cocultures
containing PBL and irradiated 729-HTLVC-enhDTax producer
cells (Fig. 8). In contrast, the transformation process was clearly
apparent in PBL/729-wtHTLV and PBL/729-HTLVC-enh co-
cultures. The expression of HTLV-2 in these cells was con-
firmed by the detection of p24Gag capsid protein (Fig. 4). After
45 days of cocultivation, the responsiveness of the viable cell
population to the addition of exogenous IL-2 was tested. After
3 days of IL-2 exposure, cells transformed by wtHTLV or
HTLVC-enh had a rapid expansion in cell number, whereas
there were no viable cells in PBL/729-HTLVC-enhDTax cul-
tures after 2 weeks of incubation with IL-2. Cells transformed
by wtHTLV or HTLVC-enh have been maintained in culture in
the absence of IL-2 for 140 days. Cells tested at 69 and 136 days
still actively incorporate thymidine with a stimulation index 10-
to 15-fold higher than that of matched irradiated controls (data
not shown). We conclude from these results that Tax is essen-
tial for HTLV-mediated transformation of human primary T
lymphocytes.

DISCUSSION

In this study, an infectious molecular clone of HTLV-2 was
used to investigate the role of Tax in HTLV-mediated trans-
formation of primary human T lymphocytes. The tax gene
product clearly has oncogenic potential when tested in several
assay systems. However, evidence that Tax is required for the
transformation of primary human T lymphocytes within the
context of HTLV infection has not been documented. Tax is
critical for viral replication, which in turn is a prerequisite for
the transformation of primary human T lymphocytes. There-
fore, it has not been possible to mutate tax within the virus and
dissociate viral replication from cellular transformation. We
report the construction of a chimeric HTLV-2 that replicates
by a Tax-independent mechanism. This chimeric HTLV-II
(HTLVC-enh) maintains the capacity to transform human T
lymphocytes with an efficiency similar to that of wtHTLV-2.
We constructed within the chimeric virus tax-knockout muta-
tion that truncates the protein at amino acid 4, resulting in
complete ablation of Tax function. Even in the absence of
functional Tax, this tax-knockout virus (HTLVC-enhDTax) re-
mained replication competent and infectious but failed to
transform primary human T lymphocytes. Taken together, the
data lead us to conclude that the viral tax gene plays a neces-
sary functional role in T-cell transformation mediated by
HTLV-2.
Although animal model systems for studying HTLV patho-

FIG. 5. DTax functional activity. (A) JM4 T cells were cotransfected with
wtLTR-CAT and either wttax/wtrex expression vector (BC20.2), Dtax/wtrex ex-
pression vector (BC20.2-DTax), or vector alone. Numbers above the bars are
percent chloramphenicol acetylation values averaged over three experiments and
normalized to the value for wtTax/wtRex plus wtLTR-CAT (100%). (B) JM4 T
cells were cotransfected with wtLTR-CAT and either the wtHTLV proviral
clone, wtHTLVDTax proviral clone, HTLVC-enh proviral clone, HTLVC-enhDTax
proviral clone, or vector (SV2neo) alone. Number shown above the bars are
percent chloramphenicol acetylation values averaged over three experiments and
normalized to the value for HTLVC-enh plus wtLTR-CAT (100%).

FIG. 6. Southern hybridization analysis of stable transfectant 729 B-cell
DNA. Ten micrograms of high-molecular-weight cellular DNA was digested with
ClaI and BamHI (see Fig. 1 for site locations), electrophoresed through a 0.7%
agarose gel, blotted onto nitrocellulose paper, and hybridized with a 32P-labeled
HTLV-2-specific PCR-generated 613-bp fragment (nt 7588 to 8200, based on the
pH6neo HTLV-2 sequence). A 1.166-kb fragment is expected to be detected in
729-wtHTLV digested cell DNA, whereas a 1.376-kb fragment is expected in
729-HTLVC-enh and 729-HTLVC-enhDTax digested cell DNA. Expected frag-
ment sizes (indicated in kilobases on the left) are described in the legend to Fig.
3.
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genesis are lacking, transformation of T lymphocytes in cell
culture is a widely accepted experimental system for exploring
the early events associated with viral pathogenesis (16, 29).
Both HTLV-1 and HTLV-2 productively infect a limited num-
ber of human cell types, including lymphoid, fibroblast, and
some epithelial cells. However, these oncogenic retroviruses
exert their transforming effects exclusively on human T lym-
phocytes. Our transformation assays can be scored positive
approximately 7 weeks following cocultivation of irradiated
HTLV-2 producer cells with freshly isolated human PBL. These

cultures proliferate independently of exogenous IL-2, but they
are still IL-2 responsive, indicating the presence of T lympho-
cytes. wtHTLV and HTLVC-enh have the capacity to transform
T cells with similar efficiencies, whereas HTLVC-enhDTax was
transformation defective. Cocultivation of PBL with
HTLVC-enhDTax producer cells showed a steady decrease in
viable cell number over the cocultivation period. In fact, after
7 weeks of cocultivation, there was no proliferative response to
exogenous IL-2. Although HTLVC-enhDTax failed to transform
T lymphocytes, it is interesting that cell viability decreased

FIG. 7. Immunoprecipitation of [35S]methionine-cysteine-labeled 729 producer cells and infected BJAB cells. (A) 729 producer cells (5 3 106) were metabolically
labeled, and cell lysates were prepared. Stable transfectant cell lysates normalized by scintillation counting of trichloroacetic acid precipitates were immunoprecipitated
with human antisera directed against the HTLV-2 p24Gag capsid protein. Uninfected 729 cells and 729-wtHTLV cells are positive and negative controls, respectively.
The sizes (in kilodaltons [K], indicated on the left) were determined by comparison with protein markers (Amersham) (lane M). The indicated 729 viral producer cells
(53 105) were irradiated with 10,000 rad and cocultured with BJAB cells. Long-term chronically infected BJAB cultures (3 to 4 weeks postcoculture) were metabolically
labeled and analyzed as for panel A. The sizes (in kilodaltons [K], indicated on the left) were determined by comparison with protein markers (Amersham) (lane M).

FIG. 8. Growth curve of HTLV-2 T-lymphocyte transformation assay. Human PBL were isolated by Ficoll-Paque and cocultivated with irradiated (10,000 rad) 729
producer cells (729-wtHTLV, 729-HTLVC-enh, and 729-HTLVC-enhDTax) or 729 uninfected control cells. PBL (106) were cocultured with irradiated donor cells (106)
in 24-well plates. Cells were fed once per week with RPMI 1640 supplemented with 20% FCS. Cell viability was determined by trypan blue exclusion staining at 0, 6,
12, 15, 20, 25, 35, and 45 days postcocultivation. The mean and standard deviation of each time point was determined from three independent samples.
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more slowly over time as than in uninfected control cocultures
(Fig. 8). Previous studies have shown that the Env protein of
HTLV, in conjunction with the CD2/LFA3 activation pathway,
is mitogenic for T lymphocytes (18, 39, 43). The most likely
explanation for the shift in the growth curve in this culture is
that HTLV virions from virus producer cells and newly in-
fected PBL are mitogenic for primary T cells. Without T-
lymphocyte transformation, HTLV production declines, as a
result of the death of irradiated 729 producer cells and the
finite life span of infected lymphocytes, resulting in the even-
tual loss of viable cells.
Investigation of the in vivo cellular tropism of HTLV-1 and

HTLV-2 has indicated that HTLV-1 is detected almost exclu-
sively in CD41 T lymphocytes, whereas HTLV-2 has a prefer-
ential tropism for CD81 T lymphocytes (32, 41, 46). Our
results are consistent with this observation, in that flow cyto-
metric analysis determined that both wtHTLV and HTLVC-enh
transformed primarily CD81 T cells. A selective infection of
CD81 T cells by HTLV-2 could be a possible explanation for
the low incidence of leukemia associated with this virus, since
most HTLV-associated malignancies are of the CD41 T-cell
phenotype and are primarily associated with HTLV-1 infec-
tion. HTLV-2-associated CD81 T-cell malignancies may be
rare because of immune system interplay and tight regulation
of CD81 T cells in vivo. It remains unclear which viral gene(s)
is the determinant for differences in HTLV-2 and HTLV-1
tropism and pathogenesis.
The mechanism of HTLV-induced T-cell transformation re-

mains unknown. Patients with HTLV-1 infection who develop
adult T-cell leukemia do so after a 25- to 30-year latent period.
HTLV viral load and Tax expression are low or absent in
leukemic cells, suggesting that Tax is required to initiate trans-
formation, but other secondary events are required to establish
the malignant state. Our results demonstrate that the elimina-
tion of Tax from HTLV-2 results in the loss of transformation,
suggesting that Tax is directly involved in the process. Tax
stimulates the production of several cytokines involved in T-
cell growth and differentiation, which has led to a cytokine/
signal transduction model for HTLV transformation. trans ac-
tivation of cellular genes by Tax is not clearly understood but
appears to involve the CREB/ATF and Rel/NFkB family of
transcription factors (1, 38, 65, 67). Deregulation of genes
under the control of these host signalling pathways, such as
those including IL-2, IL-2 receptor a, and granulocyte-mac-
rophage colony-stimulating factor, may result in a constitutive
autocrine or paracrine model of T-lymphocyte activation. Even
though HTLV Env in conjunction with the CD2/LFA3 activa-
tion pathway is also mitogenic for T cells (18, 39, 43), this
mitogenic property may be more important for retroviral inte-
gration since most retroviruses do not productively infect qui-
escent cells. Tax also represses expression of the polymerase b
gene (37). This gene product is involved in DNA repair, sug-
gesting a potential mechanism of Tax-induced genetic damage.
Each of these different pathways, which is directly affected by
Tax, may possibly converge, creating a unique set of circum-
stances required for T-lymphocyte transformation by HTLV.
The results obtained with the replication-competent

HTLVC-enhDTax do not eliminate the possibility that other
viral gene products assist in the transformation process; rather,
they suggest that without Tax, the initiation of HTLV-medi-
ated transformation does not occur. Other genetic events are
most likely necessary to lead to the full malignant state. Not-
withstanding these uncertainties, the identification of a chi-
meric HTLV that replicates independently of Tax should fa-
cilitate studies addressing the precise mechanism by which Tax
initiates the transformation process.
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