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The human T-cell leukemia/lymphotropic virus type 1 (HTLV-1) induces a malignant lymphocytic disease.
The HTLV-1 transactivator protein, Tax, is believed to be crucial for the development of the disease since it is
transforming in vitro and induces tumors in transgenic animals. Although the transcriptional modulation of
viral and cellular gene expression by Tax has been analyzed thoroughly, it has remained unclear how the Tax
functions act on the cell cycle of primary T cells. To investigate the mechanism of Tax-mediated T-cell
stimulation, we transduced primary human cord blood T cells with a conditional, tetracycline repressor-based
tax expression system. Permanent Tax expression results in an abnormal proliferation of T cells which closely
resemble HTLV-1-infected lymphocytes. Suppression of Tax synthesis stopped lymphocyte growth and caused
cell cycle arrest in the G1 phase. Upon reinduction of tax expression, the arrested cells entered the S phase. This
showed that Tax has mitogenic activity, which is required for stimulating the G1- to S-phase transition of
immortalized lymphocytes. In mammalian cells, the G1-phase progression is controlled by the serial activation
of several cyclin-dependent kinases (Cdks), starting with Cdk4 and Cdk6. In the presence of Tax, both Cdk4
and Cdk6 were activated. The suppression of Tax synthesis, however, resulted in a significant reduction of the
Cdk4 and Cdk6 activities but did not influence the expression of Cdk4, Cdk6, or cognate D-type cyclin proteins.
These data suggest that Tax induces Cdk4 and Cdk6 activity in primary human T lymphocytes; this Cdk
activation is likely to account for the mitogenic Tax effect and for the abnormal T-cell proliferation of
HTLV-1-infected lymphocytes.

The human T-cell leukemia/lymphotropic virus type 1
(HTLV-1) induces adult T-cell leukemia (50, 66), a unique
clinical disorder of mature CD41 lymphocytes. The leukemo-
genic properties of the virus are accompanied by its capacity to
change the growth properties of T cells from patients, asymp-
tomatic carriers, and in vitro-infected peripheral blood cell
cultures. In contrast to normal T cells, these cells proliferate
permanently without antigen stimulation (reviewed in refer-
ence 25). The HTLV-induced growth transformation results
primarily in interleukin-2 (IL-2)-dependent cell lines, which
closely resemble activated and functional T lymphocytes. After
prolonged in vitro culture, sequential changes in the expression
of proliferation-related functions are observed. These include
the eventual conversion to IL-2-independent growth caused by
a constitutive stimulation of the IL-2 receptor-associated Jak-
STAT pathway (11, 44). This additional change is found asso-
ciated with the loss of T-cell receptor and T-cell functions and
a lack of Lck tyrosine kinase expression (29, 38). Observations
made with HTLV-1-transformed cells indicate an abnormal
regulation of the cell cycle. These cells contained inactive hy-
perphosphorylated retinoblastoma (Rb) protein and were re-
sistant to cell cycle arrest induced by transforming growth
factor b (28). Additionally, the tumor suppressor p53, although
unmutated, showed increased stability (53).

The HTLV-1 genome encodes a regulatory protein, p40tax,
that resembles a viral oncogene and thus is believed to be
responsible for the transforming features of the virus. Tax
induces multiple mesenchymal tumors and leukemia in trans-
genic mice (26, 47), and it can alter the growth properties of
rodent fibroblast cell lines (51, 62) and human T cells (4, 6). In
the context of a transformation-defective rhadinovirus vector,
Tax can immortalize primary human lymphocytes. Cells im-
mortalized by tax-expressing rhadinoviruses closely resemble
HTLV-infected lymphocytes in phenotype and growth behav-
ior (22, 23). Biochemically, p40tax functions as a transcriptional
transactivator protein; it stimulates viral transcription and
modulates an array of cellular genes by acting on transcription
factors CREB (1, 2, 10), NF-kB (33, 58, 59), and p67SRF (17,
18). It enhances the transcription of proto-oncogenes like c-fos
and c-jun (17, 18), the genes for the a chain of the IL-2
receptor (IL-2Ra) (12, 30), and several cytokines (27, 37, 46).
However, it suppresses the synthesis of the human DNA poly-
merase b, an enzyme important for DNA repair (31). Re-
cently, Tax was shown to bind to p16INK-4A (61), an inhibitor of
cyclin-dependent kinases Cdk4 and Cdk6. These Cdks are es-
sential for the control of the G1-phase progression (8, 52, 54,
56, 63), and they are the first to be activated after cells are
stimulated from a quiescent state (40, 41, 43). The kinases are
assembled with D-type cyclins in holoenzyme complexes that
phosphorylate Rb proteins (14, 34, 43). Interestingly, the neg-
ative control of the Cdk4-Cdk6 signalling pathway is frequently
impaired or bypassed in transformed and tumor cells (35, 48),
implicating that a malfunction in these kinases could result in
deregulation of cellular growth.
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The mechanism by which Tax influences the growth of trans-
formed primary human T cells is not well understood; it is not
even known whether the growth of these cells depends on the
presence of Tax. One attractive speculation is that Tax acti-
vates Cdks by pulling off INK-4 inhibitors like p16INK-4A and
thus acts as a growth factor for the HTLV-infected lympho-
cytes. To address the growth dysregulation of immortalized
primary T cells, which are not accessible by standard DNA
transfer techniques, we constructed rhadinovirus recombinants
containing a tetracycline-repressible tax gene and immortal-
ized primary human lymphocytes. The proliferation of the im-
mortalized cells was reversibly arrested in the G1 phase of the
cell cycle by suppression of tax transcription, thus demonstrat-
ing that Tax stimulates the G1- to S-phase transition in immor-
talized T lymphocytes. We also could show that the activation
of cyclin-dependent kinases Cdk4 and Cdk6 was dependent on
the presence of Tax. This Cdk activation provides a direct
linkage of Tax to the control of the G1 phase of T cells and may
account for the mitogenic and immortalizing Tax effect.

MATERIALS AND METHODS

Construction of recombinant rhadinovirus. The tax sequences were obtained
as a BamHI/XhoI fragment from pHIXSLdsph (22) and fused with the tetracy-
cline-regulatable promoter present in pUHG10-3 (21). A SalI/XhoI fragment
containing the promoter-tax fusion was subsequently inserted into the SalI site of
the recombination vector pRÜneo15-N (22), resulting in pRÜtosG. The se-
quences for the modified tetracycline repressor (tTA) were derived from the
plasmid pUHD15-1 (21) as a XhoI fragment and inserted into the SalI site of
pRÜtosG, resulting in the plasmid ptTAX. This recombination plasmid contains
the modified tetracycline repressor, the tax gene, a NeoR selection marker, and
flanking rhadinoviral sequences. These sequences allowed homologous recom-
bination with the genome of the rhadinovirus herpesvirus saimiri strain 11S4 and
directed the tax expression cassettes into the right junction of unique and repet-
itive sequences.

The generation and purification of the recombinant rhadinovirus herpesvirus
saimiri were performed as described previously (7, 24). Briefly, the linearized
plasmid ptTAX (2 to 4 mg) and genomic DNA of herpesvirus saimiri strain 11S4
(0.2 to 0.4 mg) were cotransfected into OMK-637 cells, where homologous
recombination took place. This cell line is lytically infectable with herpesvirus
saimiri. Recombinant viruses were selected by use of the antibiotic G418 and
purified by five subsequent plaque isolations. The purity and correct structure of
the recombinants were verified by Southern blot analyses as described previously
(22). The hybridization probes used were tax cDNA, herpesvirus saimiri se-
quences derived from the KpnI-D fragment, and the XhoI/BamHI fragment of
pUHD15-1. The viral stocks (Hs86-S) obtained were found to contain more than
95% recombinant genomes.

Cell culture and immortalization of primary human T cells. The T cell line
Jurkat (HTLV-1 negative) and the HTLV-1-infected cell line HuT102 were
cultured in RPMI 1640 containing 10 to 20% fetal calf serum (FCS), glutamine,
and the antibiotics streptomycin and penicillin. The same medium supplemented
with IL-2 (20 to 40 U) was used for the propagation of Tesi, NATI-2, and TRI-1
cells (22). The immortalized T cell lines TRI-1 and NATI-2 are derived from
cord blood by use of a permanently transcribed tax gene. The viral vector used for
the transduction of the constitutive tax gene was the same as the vector used for
the insertion of the repressible tax gene. According to growth characteristics and
phenotype (CD25 CD45 CD2), TRI-1 and NATI-2 cells closely resemble Tesi
cells, which contain recombinant virus Hs86-S. The human CD41 T cell line
SS8BPT (65) and its derivative SS8tetTax were maintained in a mixture (1:1) of
RPMI 1640/CG (Vitromex, Vilshofen, Germany) and 20% FCS plus 50 U of IL-2
per ml. Human peripheral blood mononuclear cells were prepared from heparin-
treated cord blood by Ficoll-Hypaque (Sigma) density gradient centrifugation,
stimulated for 48 h with 5 mg of phytohemagglutinin per ml, and infected with
recombinant virus Hs86-S as described previously. Infected peripheral blood
mononuclear cells were propagated in RPMI 1640 supplemented with 20% FCS,
glutamine, antibiotics, and 20 to 40 U of IL-2 (Boehringer, Mannheim, Ger-
many) per ml.

Characterization of cell lines. For the detection of high-molecular-weight
superhelical DNA in transformed lymphocytes (24), cells were carefully lysed on
top of vertical slab gels; cellular DNA was separated electrophoretically into
chromosomal, episomal, and linear or degraded fractions. To visualize the re-
combinant viral sequences, the gels were blotted and hybridized to X-region
DNA. Surface markers were detected by monoclonal antibodies binding to
human CD4 (Leu-3a), CD8 (Leu-2a), CD45 (anti-HLe-1), CD45 RA, CD45 RO,
CD3 (Leu-4), CD25 (anti-Tac), CD28, and CD69 (Leu-23). Tetracycline (1
mg/ml)-treated (7 to 14 days) and untreated cells were stained, washed, and fixed
in 1% formaldehyde. The cells were analyzed by flow cytometry with a

FACStract analyzer with Lysis II software (Becton Dickinson). To determine the
proportions of cells in the G1/G0 (abbreviated G1), S, and G2/M (abbreviated G2)
phases in lymphocyte cultures, the DNA content of individual cells was analyzed.
Cells (0.8 3 106) were washed, fixed in cold 70% ethanol, and stained with
propidium iodide (50 mg of propidium iodide per ml and 100 mg of DNase-free
RNase A per ml in phosphate-buffered saline). Flow cytometric analysis was
performed with a Coulter Epics Elite analyzer with Multicycle software (Phoe-
nix). The DNA synthesis rate was determined as a measure of cell proliferation.
Cells were seeded in triplicate in round-bottom microculture plates at a density
of 40,000 to 50,000 cells/100 ml and labelled with 2 mCi of [3H]thymidine ml21 for
12 to 16 h. Each experiment was repeated a minimum of three times. The cells
were harvested, and the radioactivity incorporated in the DNA was quantitated
by phosphorimaging (BAS2000; FujiX).

Analysis of gene expression. For the demonstration of tetracycline-mediated
tax suppression, OMK-637 cells were infected with virus stocks diluted 1:10 with
minimal essential medium. The permanently growing human T cell line SS8BPT
was infected with the recombinant virus (Hs86-S) like the cord blood cells were,
but without previous stimulation, and selected by the addition of antibiotic G418.
The resulting cell line was designated SS8tetTax. To repress tax expression, the
cells were treated with tetracycline (0.01 to 1 mg/ml). tax RNA was identified by
Northern blotting as previously described (22). Tax protein and cell cycle control
proteins were detected by Western blot analysis. Tetracycline-treated and un-
treated cells were resuspended in a lysis buffer (50 mM Tris [pH 8.0], 150 mM
NaCl, 1% Nonidet P-40, 1 mM sodium vanadate, 10 mg of aprotinin per ml, 10
mg of leupeptin per ml, 5 mM NaF) and incubated for 15 min on ice. Lysates
were cleared by centrifugation, and equal amounts of crude cell lysates (30 mg)
were separated by gels and transferred to nitrocellulose (Amersham) or Immo-
bilon P (Millipore) membranes. The antibodies used to detect Tax were prepared
from hybridoma 168B17-46-34/50 (provided by B. Langton through the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID) or anti-
Tax rabbit serum. For the detection of cyclin-dependent kinases, cyclins, and
retinoblastoma protein, polyclonal rabbit antibodies were purchased from Santa
Cruz Biotechnology (anti-Cdk4, anti-Cdk6, anti-Rb), Dianova (anti-cyclin D3),
or Pharmingen (anti-p16INK-4A). Bound antibodies were visualized by the en-
hanced chemiluminescence detection system (Amersham). To demonstrate the
repression of Tax function, cells (5 3 106) were electroporated (900-mF charge,
250-V potential) with 10 mg of the Tax-inducible reporter plasmid pU3RI-CAT
(23). The cells were harvested 48 h later, and the chloramphenicol acetyltrans-
ferase (CAT) reaction was determined as described previously (22).

Determination of cyclin-dependent kinase activity. Cells were lysed in buffer
containing 50 mM Tris-HCl (pH 7.4), 250 mM NaCl, 0.5% Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 5 mM NaF, 10 mg
of aprotinin ml21, and 10 mg of leupeptin ml21 (all protease inhibitors from
Sigma). Lysates were frozen, thawed, and clarified. From these extracts, Cdk4
and Cdk6 were detected by immunoblot analysis (30 mg of protein) or immuno-
precipitated (300 mg of protein) with anti-Cdk6 and anti-Cdk4 rabbit serum
(Santa Cruz Biotechnology). Immune complexes were collected with protein
A-agarose (Santa Cruz Biotechnology) and washed four times with a lysis buffer
and twice with a kinase buffer (20 mM Tris [pH 7.4], 7.5 mM MgCl2, 1 mM
dithiothreitol). For kinase assays, the beads were resuspended in 40 ml of kinase
buffer and incubated at 37°C for 30 min in the presence of 30 mM ATP, 5 mCi of
[g-32P]ATP, and 4 mg of glutathione S-transferase–Rb fusion protein. Products
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
followed by autoradiography, and quantitated by phosphorimaging. The Rb
substrate was prepared in Escherichia coli from an expression vector that was
kindly supplied by Jae U. Jung (32). The glutathione S-transferase fusion protein
contains the Rb-coding region from codons 379 to 928.

RESULTS

Construction of recombinant rhadinovirus for tetracycline-
repressible tax expression. To investigate whether HTLV
genes are required not only for inducing immortalization but
also for maintaining T-cell proliferation, a recombinant rhadi-
novirus with repressible tax expression was constructed. This
vector efficiently infects primary T lymphocytes, and recombi-
nant vectors persist in T cells as episomes without expressing
rhadinoviral genes. To achieve repressible gene expression, we
adapted the tetracycline system to an application in the rhadi-
novirus vector. The tax sequences were cloned under the con-
trol of the tTA promoter, combined with the gene encoding the
transcriptional activator (tTA), and introduced into a recom-
bination plasmid. The plasmid was cotransfected with infec-
tious virion DNA into permissive tissue cultures, where homol-
ogous recombination took place. The vector strain used is a
nontransforming, apathogenic deletion variant of the subgroup
A herpesvirus saimiri. The wild-type strain from which the
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vector strain is derived, like all wild-type strains of subgroup A,
does not immortalize human cells. The deletion variant has
lost some 3.5-kb sequences coding for a protein (STP-A) which
transforms rat fibroblasts and induces tumors in nude mice (13,
42). Recombinant viruses were isolated and characterized.
Southern blot analysis showed that the viruses contained the
expected insert of about 10 kb (Fig. 1A). Subsequently, the
recombinant viruses were tested for repressible tax expression.
Infected permissive monkey kidney cells (OMK-637) and a
human T lymphocyte cell line (SS8tetTax), which is persis-
tently infected with the recombinant virus, were maintained in
both the presence and absence of tetracycline. Immunoblot
analyses revealed high levels of tax expression in the absence of
tetracycline. No detectable Tax protein was present in cells
which had been exposed to tetracycline (Fig. 1B). As expected,
these differences in Tax protein expression correlate with dif-
ferent amounts of tax RNA detectable in untreated and tetra-
cycline-treated cells (data not shown). These data show that
the tTA system is functional within rhadinovirus vectors and
that tax expression in this context is efficiently repressible by
tetracycline both in permissive and nonpermissive cells.

Generation of immortalized human T lymphocytes. To de-
termine the impact of Tax on T-cell proliferation, it was nec-
essary to introduce the repressible transactivator gene into
primary human T cells. To this end, lymphocytes from cord
blood were infected with the tax-expressing recombinant virus.

As expected from earlier work (22), permanently growing cells
could be established only from cells infected with the tax-
expressing recombinants and not by infection with the vector
strain. These cells (Tesi cells) were in a permanent culture for
more than 1 year and thus were considered immortalized. In
the presence of exogenous IL-2, the cultures grew with a dou-
bling time of about 1 week. Phenotypically, they resemble
activated T-helper lymphocytes since they express CD4, CD25,
CD3, CD45, CD69, and FAS (CD95) but no CD8. According
to these data, they are very similar to T cells immortalized with
other tax-expressing rhadinovirus recombinants or HTLV-1
(22, 56a). The cells immortalized by the repressible tax contain
persisting episomal DNA of the recombinant rhadinovirus
(data not shown). As expected from earlier experiments, the
cultures did not produce infectious recombinant viruses. This
was verified by cocultivation with permissive OMK-637 cells.
Regulated tax expression was demonstrated by immunoblot
analyses (Fig. 2A). In the presence of tetracycline, no Tax
expression was detectable. The Tax protein was biologically
active since it transactivated the HTLV-1 promoter (Fig. 2B).
In accordance with the expectation that Tax stimulates the
IL-2Ra promoter, the repression of Tax synthesis was found to
correlate strongly with reduced IL-2Ra surface expression on
the immortalized T cells (Fig. 2C). These findings show that in
the immortalized T cells (Tesi cells), the tax gene is controlled
efficiently by tetracycline and that the expressed Tax protein is
a functional transactivator of viral and cellular gene expres-
sion.

Expression of tax is required for the replication of immor-
talized human lymphocytes. To study the influence of tax ex-
pression on T-cell proliferation, tetracycline was added at var-
ious concentrations to the immortalized lymphocytes. As a
parameter of cell proliferation, the DNA synthesis rate was
measured. The addition of tetracycline resulted in a strong,
dose-dependent repression of [3H]thymidine incorporation
(Fig. 3A). As little as 0.01 mg of tetracycline per ml was suffi-
cient to significantly reduce DNA synthesis. Concentrations of
1 mg/ml prevented DNA replication completely. The addition
of 1 mg of tetracycline per ml to the control T cell lines TRI-1,
NATI-2, and SS8tetTax, however, did not result in significant
changes of [3H]thymidine incorporation (Fig. 3A and data not
shown). TRI-1 and NATI-2 cells were immortalized by a con-
stitutively transcribed tax gene transduced by the same virus
vector which was used for the generation of Tesi cells. These
cells phenotypically closely resemble Tesi cells. The effect of
tetracycline on DNA synthesis correlated well with reduced
proliferation rates of tetracycline-treated Tesi cell cultures de-
termined by counting cell numbers (data not shown). The
tetracycline-mediated antiproliferative effect is reversible and
not toxic. Cells suppressed in replication by tetracycline (1
mg/ml) for longer than 3 weeks start to proliferate after re-
moval of this antibiotic (Fig. 3B). In summary, these data
indicate that the immortalized T cells require Tax for perma-
nent proliferation.

To identify the phase at which the mitogenic Tax signal
stimulates the cell cycle, the proportions of cells in the G1, S,
and G2 phases were evaluated in both the presence and ab-
sence of Tax. Flow cytometric analyses revealed that in unsyn-
chronized cultures, one-fifth of the tax-expressing cells were in
the G2 or S phase (Fig. 4). The cultures contained almost the
same numbers of cells in the G1 phase (79.5%) as the HTLV-
1-transformed cell line HuT-102 did (83.6%). In contrast, cul-
tures which were growth arrested by tax suppression consisted
almost completely of cells in the G1 phase (95%). These ob-
servations indicate that the suppression of Tax synthesis arrests
immortalized cells in the G1 phase of the cell cycle. Our ex-

FIG. 1. Tetracycline-repressible tax expression from a recombinant rhadino-
virus. (A) Insertion of the repressible tax expression cassette into the rhadino-
virus vector. The tax expression is controlled by a chimeric promoter containing
binding sites (tetracycline operator, TetO) for the artificial transactivator (tTA).
The genes coding for Tax, the artificial transactivator (tTA), and the neomycin
phosphotransferase (NeoR) were inserted into the right end of the coding se-
quences of the transformation-defective deletion variant S4 of herpesvirus
saimiri strain A11 (A11#S4). (B) Immunoblot analysis of tax expression in
lytically and persistently infected cells. Permissive OMK-637 cells were infected
in the presence or absence of tetracycline (Tet) with the recombinant virus stock
Hs86-S (lanes 1 and 2) or with the vector (S4) alone (lane 3). After the appear-
ance of distinct cytopathic changes, the cells were lysed. Proteins were also
extracted from a persistently infected T cell line (SS8tetTax) which had been
kept in the presence or absence of tetracycline (lanes 5 and 6) and from HuT102,
a cell line infected with HTLV-1 (lane 4). Proteins (20 mg/lane) were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotted, and re-
acted with anti-Tax monoclonal antibodies.

VOL. 72, 1998 STIMULATION OF CYCLIN-DEPENDENT KINASES BY Tax 635



periments did not hint at a Tax effect on apoptotis in these
cultures, since the number of cells with DNA in amounts of
less than one genome copy was not significant (data not
shown).

To study the kinetics of Tax induction and cell cycle pro-
gression, tetracycline was removed from Tesi cell cultures ar-
rested in the cell cycle and from SS8tetTax cells. In persistently
infected T cells (SS8tetTax), Tax protein was first detected 12 h
after tetracycline removal and reached maximal levels 8 h later
(Fig. 5A). After 1 day of culture in tetracycline-free medium, a
slight increase in the number of Tesi cells in the S-phase
fraction was observed; after 2 days, about one-fourth of all cells
had entered the S phase (Fig. 5B). This observation is in

accordance with [3H]thymidine incorporation tests, which
demonstrate the onset of DNA replication between 25 and
43 h after tetracycline removal (data not shown). Based on
these observations, the time that Tax required to initiate the S
phase is estimated to be 12 to 23 h. These times are similar to
those which normal human lymphocytes require to proceed
from the early G1 to the S phase (3). After 5 days, the propor-
tions of cells in the G1, S, and G2 phases reached the same
steady-state level as that shown in Fig. 4. In summary, these
data led us to conclude that the mitogenic Tax signal over-
comes a block in the G1 phase of the lymphocytic cell cycle,
thus allowing the cells to enter the S phase.

The activities of cyclin-dependent kinases Cdk4 and Cdk6
are increased in the presence of Tax. To narrow down the
precise events in the G1 phase which are influenced by the Tax
protein, we analyzed the activities of the G1-phase-specific
cyclin-dependent kinases Cdk4 and Cdk6. These kinases and
their cognate cyclins are almost completely absent in quiescent
(G0-phase cells); however, they are the first to be activated
after entering the cell cycle. The cellular contents of Cdks like
Cdk4 and also the levels of the cognate cyclins and the p16
inhibitor are matters of regulation (20, 39, 40, 45). To investi-
gate whether Tax interferes with the control of these proteins,
the levels of Cdk4, Cdk6, cyclin D isotypes, and p16INK-4A were
determined. Cyclin D1 was not analyzed since it is not present
in most T cells (3, 5). The proteins were extracted from Tesi
and SS8tetTax cells which had been kept before in the pres-
ence and absence of tetracycline to repress or induce, respec-
tively, Tax synthesis. Immunoblot analyses did not reveal major
differences in the amounts of cyclins, Cdks, and the Cdk in-
hibitor (Fig. 6). The expression of G1 cyclins and Cdks in the
absence of Tax indicates that growth is arrested in the G1
phase rather than in the G0 phase.

To determine whether the kinase activities of Cdk4 and
Cdk6 were affected by Tax, the complexes were immunopre-
cipitated and in vitro kinase assays were performed with Rb
protein used as a substrate. The Cdk activities in the immor-
talized cord blood (Tesi) cells expressing tax were compared
with that in Tesi cells with a tetracycline-repressed tax gene.
The results of two independent experiments show a clear cor-
relation between Tax expression and the activity of each of
these kinases. In the absence of Tax, the activity of Cdk4 was
close to the background and approximately 10-fold stimulated
if Tax expression was induced (Fig. 7A). Similarly, the activity
of Cdk6 was enhanced in the Tax-immortalized cells. Rb phos-
phorylation in vivo was examined in the presence and absence
of Tax expression. Indeed, the amounts of Cdk4 and Cdk6
activity determined in vitro correlated well with increased
amounts of the hyperphosphorylated substrate (Rb) in the
cells (Fig. 7B). To determine whether the expression of Tax
influences the Cdk activity in T lymphocytes, which proliferate
independently of Tax, SS8tetTax cells were analyzed. In stan-
dard culture medium which includes supplements of IL-2 and
FCS, a minimal reduction in Cdk6 activity was observed if tax
was suppressed. Nevertheless, this correlated with a reduced
cellular content of hyperphosphorylated Rb protein (Fig. 7B).
The Tax effect on Cdk6 was found markedly increased in
SS8tetTax cells which had been deprived of IL-2 and FCS for
24 h (data not shown). Under these conditions, Tax also has a
moderate stimulatory effect on the proliferation of this T-cell
line. These observations suggest that the Tax signal might
compensate for the lack of FCS or IL-2 in the activation of the
Cdks. In summary, the experiments indicate that the mitogenic
signals created by Tax result in activation of both Cdk4 and
Cdk6. These observations are consistent with a Tax-mediated
INK-4 inactivation.

FIG. 2. Suppression of Tax function by tetracycline in immortalized human T
cells. Tesi cells were cultivated in the presence or absence of 1 mg of tetracycline
(Tet) per ml. (A) Immunoblot analysis demonstrating suppression of Tax protein
expression in the presence of tetracycline by using anti-Tax rabbit serum. Lanes:
1, HuT102 cells; 2, Jurkat cells; 3, Tesi cells; 4, Tesi cells with tetracycline. (B)
CAT assay demonstrating suppressed Tax activity in immortalized T cells (Tesi
cells). The indicated cells were transfected with 10 mg of the reporter plasmid
pU3R1-CAT containing the HTLV-1 promoter which can be stimulated by Tax.
Lanes: 1, TRI-1 cells; 2, Jurkat cells; 3, Tesi cells without tetracycline; 4, Tesi
cells with 1 mg of tetracycline per ml. The experiment was repeated three times
with the same result. (C) Reduced IL-2Ra (CD25) surface expression of immor-
talized T cells in the presence of tetracycline. Immortalized T cells were stained
with anti-CD25–fluorescein isothiocyanate and analyzed by flow cytometry.
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DISCUSSION

To understand how the HTLV-1 transactivator (Tax) pro-
tein contributes to the growth regulation of HTLV-1-immor-
talized T cells, we transduced a conditional tetracycline-re-
pressible tax gene into primary human lymphocytes. This
resulted in the immortalization of T cells which require Tax for
growth. With Tax present, the T lymphocytes were released
from a reversible G1-phase arrest and the cyclin-dependent
kinases Cdk4 and Cdk6 were activated. This demonstrates that
Tax is required for stimulating the G1-phase progression in
immortalized T cells and suggests that the mitogenic Tax effect
is mediated by Cdk4 and/or Cdk6.

The repressible tax gene was transduced into primary human
lymphocytes by using a rhadinovirus vector, which is appropri-
ate to incorporate three different functional genes (tax, tTA,
and neomycin resistance gene) with a total size of about 10 kb.
This example shows the usefulness of our vector system for
simultaneous transfer of multiple regulated genes into human
primary cells. The integration of large stretches of foreign
DNA into the vector system is facilitated by the unique ge-

nome structure of rhadinoviruses, which have repetitive, po-
tentially replaceable sequences at the ends of their genomes.
The recombinant virus is also an example of a functional tet-
racycline-regulated expression system that can be completely
inserted into DNA viruses. The artificial transactivator neither
influences the cell cycle (54, 55) nor is tumorigenic in trans-
genic mice (19). The growth arrest mediated by the addition of
tetracycline to cells containing the repressible tax gene is not
caused by a toxic effect, since the concentrations applied are
far below the toxicity threshold (21). Growth-arrested cells
survive for more than 3 weeks in the presence of tetracycline.
It is rather improbable that genes of the rhadinovirus contrib-
ute to the immortalized phenotype for the following reasons.
(i) The only transcription found in human T cells originates in
the genomic region, which is deleted in the vector strain used
(16). (ii) No viral transcripts were found in T cells infected and
immortalized by recombinants constitutively expressing tax
(24). (iii) No infectious virus particles are synthesized, as pre-
viously shown with several other human lymphocyte lines in-
fected with herpesvirus saimiri recombinants (22, 57). This

FIG. 3. Tax suppression results in a stop of T-cell replication. (A) The replication of immortalized T cells depends on tax gene expression. Tesi cells and a control
cell line (NATI-2) were cultivated for two doubling times in the absence or presence of tetracycline (0.01, 0.1, and 1 mg/ml). As a measure of cell proliferation,
[3H]thymidine incorporation tests were applied. The radioactivity incorporated into cells was determined as phosphorus-stimulated luminescence per square millimeter
with a phosphor imager. The proliferation of Tesi cells was repressed by tetracycline in a dose-dependent manner, whereas the control cell line with constitutive Tax
expression (NATI-2) was unaffected. TRI-1 and SS8tetTax behaved like NATI-2. (B) Reversion of growth arrest. The medium used for Tesi cells, which had been
growth arrested earlier (t 5 0), was depleted of tetracycline, and replication was analyzed 4 days later (t 5 4d).

FIG. 4. Cell cycle status in proliferating and nonproliferating tetracycline-treated Tesi cells. tax-expressing Tesi cells were cultured in either the presence (1) or
absence (2) of tetracycline (1 mg/ml) for three doubling times, fixed, stained with propidium iodide, and subjected to flow cytometry. Apoptotic and dead cells were
excluded from the analysis. The dots represent the direct results of the measurements. The lines indicate the relative calculated proportions of cells in the G1 (light
grey), S (diagonally hatched), and G2 (dark grey) phases of the cell cycle. The x-axis indicates fluorescence representing the DNA content. Arrows indicate positions
of cells with 2N and 4N DNA content.
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failure to synthesize virions in human lymphocytic cells corre-
lates with the lack of immediate-early gene expression (16, 57).
These genes are essential for the expression of all other classes
of viral mRNA in herpesviruses.

The cells immortalized by Tax grow in the presence of IL-2.
The moderate reduction of IL-2Ra (CD25) expression on the
surface of growth-arrested immortalized cells, which was ob-
served after Tax withdrawal, cannot explain the stimulatory
effect of Tax. IL-2Ra is only one component of the IL-2 re-
ceptor, and the a chain is not directly involved in signal trans-
duction but rather enhances the affinity of the IL-2 receptor
complex to its ligand (64). The remaining enhancing effect of
the moderate numbers of a chains on the growth-arrested Tesi
cells should be sufficient to mediate the full IL-2 signal. In
addition, the large excess of IL-2 in the medium should com-
pensate for the IL-2Ra reduction. These arguments corrobo-
rate that Tax can stimulate T-cell growth by a mechanism

which is different from the mechanism stimulating IL-2Ra
expression.

In contrast to cells that express inducible Tax in the back-
ground of established leukemia lines, the immortalized T cells
described here are unique since their growth depends on the
presence of Tax and expression of the gene encoding Tax can
be controlled by tetracycline. Therefore, these cells allow us to
correlate the biochemical effects of Tax on cellular gene ex-
pression or signalling with cellular growth. By using this sys-
tem, we found that the activities of the cyclin-dependent ki-
nases Cdk4 and Cdk6 were stimulated in the presence of Tax,
which correlates with cellular proliferation. The expression of
the Cdks and cyclin D isoforms was unaffected, suggesting that
Tax has activated these kinases. Tax can activate Cdk4 by
binding to the Cdk inhibitor p16 in vitro (60). This mechanism
may also account for the Cdk activation in immortalized pri-
mary human T cells. The Cdks binding to D cyclins are rate
limiting for the G1-phase progression; interference with their
function can cause G1-phase arrest (8, 15, 52, 54, 56, 63). The
reduced activity of Cdk4 and Cdk6 thus may explain the growth
arrest in phase G1 in the absence of Tax. These data also
suggest that the growth-stimulating signal produced by Tax
acts on Cdk4 and Cdk6. This conclusion agrees with the ob-
servation that the Rb protein of the immortalized Tesi cells is
hyperphosphorylated in the presence of Tax. This result is
consistent with earlier observations that Rb is continuously
hyperphosphorylated in HTLV-1-infected cells (28).

The mechanism by which Tax acts to stimulate cell cycle
progression, activation of Cdk4 and Cdk6, differs from that of
other tumor virus oncoproteins which bind directly to Rb, such
as the adenovirus E1A, the simian virus 40 T antigen, and the
human papillomavirus type 16 E7. The Rb-binding proteins
have effects similar to those of cellular mutations inactivating
the Rb function: both result in down-regulation of Cdk4-Cdk6
activity in transformed and immortalized cells (9, 36, 49). In
summary, we have demonstrated for the first time that Tax

FIG. 5. S-phase induction by Tax. (A) The kinetics of Tax induction after
withdrawal of tetracycline. The tax expression in T cells that are persistently
infected with the recombinant rhadinovirus Hs86-S (SS8tetTax) was suppressed
by tetracycline. The cells were transferred to normal growth medium. To detect
Tax after the times indicated, aliquots were subjected to immunoblot analysis.
Tax expression could be detected after 12 h at the earliest. (B) Kinetics of
S-phase induction. Tesi cells were treated with tetracycline (1 mg/ml) until DNA
synthesis and transition into the S phase had virtually ceased (0 h). After the
withdrawal of tetracycline, aliquots were subjected to flow cytometric cell cycle
analysis after 24 and 48 h as described in the legend to Fig. 4. The cells in the S
phase are indicated by shading. A slight increase in the number of cells in the S
phase could be observed at 24 h; a strong increase could be observed after 48 h.

FIG. 6. Expression of cyclin-dependent kinases 4 and 6 and regulatory co-
factors in the immortalized T cells. Tesi cells, the SS8tetTax cells, and the
untransduced SS8BPT (control) cells were treated with tetracycline as indicated
in Materials and Methods. Cdk4, Cdk6, cyclin D2, cyclin D3, and p16INK-4A were
determined by immunoblotting. None of these was modulated in the presence of
Tax.
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expression, T-cell growth, and Cdk4 and Cdk6 activities are
linked in immortalized primary human T cells. The data hint at
a novel strategy of viral oncogenes to overcome the cell cycle
control of the Rb tumor suppressor and to induce cell prolif-
eration.
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