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The Tax oncoprotein of human T-cell leukemia virus type 1 (HTLV-1) induces leukemia in transgenic mice
and permanent T-cell growth in vitro. In transformed lymphocytes, it acts as an essential growth factor. Tax
stimulates the cell cycle in the G1 phase by activating the cyclin-dependent kinase (CDK) CDK4 and CDK6
holoenzyme complexes. Here we show that Tax directly interacts with CDK4. This binding to CDK4 was
specific, since Tax did not bind to either CDK2 or CDK1. The interaction with CDK4/cyclin D complexes was
observed in vitro, in transfected fibroblasts, in HTLV-1-infected T cells, and in adult T-cell leukemia-derived
cultures. Binding studies with several point and deletion mutants indicated that the N terminus of Tax
mediates the interaction with CDK4. The Tax/CDK complex represented an active holoenzyme which capably
phosphorylates the Rb protein in vitro and is resistant to repression by the inhibitor p21CIP. Binding-deficient
Tax mutants failed to activate CDK4, indicating that direct association with Tax is required for enhanced
kinase activity. Tax also increased the association of CDK4 with its positive cyclin regulatory subunit. Thus,
protein-protein contact between Tax and the components of the cyclin D/CDK complexes provides a further
mechanistic explanation for the mitogenic and immortalizing effects of this HTLV-1 oncoprotein.

The deregulation of the enzymatic machinery that controls
the G1- to S-phase transition is causatively linked with viral
transformation and tumorigenesis. Many viral oncoproteins
from herpesviruses (vCyc and kCyc), adenoviruses (E1A), and
papovaviruses (simian virus 40 [SV40] large T antigen and
human papillomavirus E7) affect G1-specific cyclin-dependent
kinases (CDKs) and/or their cognate substrate, retinoblastoma
(Rb) protein (pRb) (22, 25, 50). CDK4 and its close relative
CDK6 bind to cyclin D isotypes and, together with CDK2
complexes, integrate mitogenic and growth-inhibitory signals.
These cyclin/CDK complexes are the first to be activated.
CDK4/CDK6 activities allow the cell cycle to pass the restric-
tion point within the mid-G1 phase, thus committing it to enter
the S phase. By pRb hyperphosphorylation they mediate the
release of E2F transcription factors that stimulate the expres-
sion of S-phase-specific genes (45, 46).

Human T-cell leukemia virus type 1 (HTLV-1) causes an
aggressive and fatal disease of CD4� T lymphocytes termed
adult T-cell leukemia (ATL) and a neurodegenerative disease
called HTLV-1-associated myelopathy or tropical spastic para-
paresis. The leukemogenic properties of the virus are accom-
panied by its capacity to stimulate the growth of normal human
lymphocytes in nonleukemogenic patients as well as in vitro (7,
12, 16, 19, 20). Observations made with HTLV-1-transformed
cells indicate an abnormal regulation of the cell cycle. Com-
pared to HTLV-1-negative CD4� T cells, HTLV-1-trans-
formed cells express decreased amounts of cyclin D3 and in-

creased levels of the cyclin kinase inhibitor p21CIP (2, 8);
interleukin 2 (IL-2)-independent HTLV-1-transformed cells
display constitutive cyclinE/CDK2 activity accompanied by the
depletion of the cyclin kinase inhibitor p27KIP from these ki-
nase complexes (9).

Several lines of evidence indicate that the HTLV-1 regula-
tory protein p40tax is responsible for the leukocyte-transform-
ing and oncogenic features of the virus (1, 15, 17). The growth
of primary human lymphocytes conditionally immortalized by
Tax depends on tax expression, demonstrating that this protein
is necessary and sufficient for transformed cell growth. More-
over, the proliferation of these cells is reversibly arrested in the
G1 phase when tax transcription is suppressed, thus verifying
the role of Tax in the G1- to S-phase transition of immortalized
T lymphocytes (42). Finally, singular expression of Tax can
induce various tumors (including leukemia) in transgenic mice
(17).

The mechanism by which Tax influences the growth and G1-
to S-phase transition of transformed primary human T cells is
not fully understood. Different Tax functions may cooperate to
influence cellular growth. In addition to its function as a mod-
ulator of cellular transcription, Tax may play a role in the
stimulation of host cell proliferation, since this protein affects
the expression of several genes relevant to growth. It activates
genes encoding proto-oncogenes, the � chain of the IL-2 re-
ceptor, cytokines (52), cyclin D2 (21, 41), and the CDK inhib-
itor p21CIP (8, 11). The Tax protein also represses the expres-
sion of DNA polymerase �, an enzyme important for DNA
repair (23), p18INK-4C (49), and Bax (5).

Tax directly interferes with the functions of cell cycle regu-
latory proteins (24). It inhibits the transactivating function of
the tumor suppressor p53 (33, 36), and it binds to p16INK-4A
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(28, 48) as well as to cyclin D1/cyclin D3 (34). In the presence
of Tax, the CDKs CDK4 and CDK6 are activated (35, 42),
suggesting that this viral protein is involved in CDK4/CDK6
stimulation. Since CDK4 activity is required to respond to IL-2
(30), it could be crucial for the IL-2 responsiveness of Tax-
transformed T cells. Therefore, this CDK4 stimulation may
essentially contribute to mitogenic and immortalizing Tax ef-
fects. CDK activation may be explained in part by the direct
binding of Tax to p16INK-4A (28, 48), an inhibitor of the CDKs
CDK4 and CDK6. However, this cannot be the sole mecha-
nism by which Tax activates CDKs, since this protein also
enhances kinase activity in cells null for p16INK-4A expression
(27, 34).

Many viral proteins can directly activate cellular kinases. We
thus investigated whether Tax might activate CDKs through a
direct physical interaction. Here we show that Tax, through its
N-terminal sequences, specifically binds CDK4 in vitro and in
HTLV-1-infected cells. Furthermore, we found that the asso-
ciation of Tax with the CDK4 holoenzyme resulted in en-
hanced kinase activity. Because binding-deficient Tax mutants
failed to enhance CDK4 activity, we concluded that the stim-
ulation of kinase function requires direct physical contact.

MATERIALS AND METHODS

Cells, plasmids, and antibodies. HuT-102, C91PL, and MT-2 are human T-cell
lines infected with HTLV-1. Jurkat is a T-cell line derived from CD4� acute
lymphoblastic T-cell leukemia. All cells were cultivated in RPMI 1640 supple-
mented with 10% fetal calf serum (FCS), glutamine, and the antibiotics strep-
tomycin and penicillin. Taxi-1 and Tesi are both derived from primary lympho-
cytes transduced with Tax-expressing recombinant rhadinovirus vectors (3, 13,
14, 42). They were maintained in RPMI 1640 supplemented with 20% FCS,
glutamine, antibiotics, and interleukin 2 (IL-2) (20 to 40 U/ml). The HTLV-1-
positive ATL-derived cell lines JuanaW and StEd were cultured as previously
described (40). 293T, an adenovirus-transformed human embryonic kidney cell
line carrying the SV40 large T antigen, was cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% FCS, glutamine, and antibiotics.

Human cyclin D3 cDNA was donated by A. Arnold, Boston, Mass. (4). A
fragment containing the entire coding sequence of human cyclin D3 was isolated
by PCR and cloned into the BamHI site of the pcDNA3 vector (Invitrogen,
Groningen, The Netherlands). The cDNAs for CDK4, cyclin D2, and the ex-
pression construct for p21CIP were obtained from J. O. Funk, Erlangen, Ger-
many, and P. Jansen-Dürr, Heidelberg, Germany, and inserted into pcDNA3.
The CDK6 expression vector was donated by J. U. Jung, Southborough, Mass.,
and the CDK2 and CDK1 expression vectors were donated by H. Stöppler,
National Institutes of Health. For the production of glutathione S-transferase
(GST) fused to pRb, we used an expression vector that contains the Rb coding
region from codons 379 to 928 and that was supplied by J. U. Jung (24). The Tax
mutants were previously described (44, 47). GST-Tax mutants were constructed
with pGEX vectors. The purification of proteins from Escherichia coli, including
GST column chromatography, was performed according to the column manu-
facturer’s instructions (Pharmacia, Uppsala, Sweden).

Rabbit antibodies to Tax were prepared against full-length recombinant Tax
protein. Rabbit antibodies to CDK4, CDK6, CDK2, cyclin D2, and p21CIP were
obtained from Santa Cruz Biotechnology Inc., Santa Cruz, Calif.; the mouse
antibody to cyclin D3 was obtained from Transduction Laboratories, San Diego,
Calif.; and mouse antibodies to Tax were derived from the hybridoma cell lines
168B17-46-34 and 168B17-46-50 (provided by B. Langton through the AIDS
Research and Reference Reagent Program, Division of AIDS, National Institute
of Allergy and Infectious Diseases).

Protein binding assays. To produce an S tag-Tax-His tag fusion protein, Tax
cDNA was cloned via PCR into the pET29b vector (Novagen, Darmstadt, Ger-
many). An E. coli BL21 culture containing pET29b Tax was grown to an A600 of
0.5, and protein expression was induced for 3 h with 0.5 mM isopropyl-1-thio-
�-D-galactopyranoside. Cells were harvested by centrifugation and resuspended
in 10 ml of lysis puffer (6 M guanidinium hydrochloride, 10 mM Tris [pH 8.0])
overnight at 4°C. The insoluble fraction was removed by centrifugation. The
supernatant was loaded into a nickel-nitrilotriacetic acid-agarose-column (Qia-

gen, Hilden, Germany), which subsequently was washed twice with buffer con-
taining 8 M urea and 10 mM Tris (pH 6.0). The bound protein was removed from
the agarose with elution buffer (8 M urea, 10 mM Tris [pH 8.0]), which contained
increasing amounts of imidazole (50 mM to 1 M), and was collected in fractions.
The fractions containing the highest Tax concentrations were incubated with S
protein-agarose (Novagen) for 2 h at 4°C. Following binding, elution buffer was
exchanged with radioimmunoprecipitation (RIPA) buffer (10 mM Tris [pH 7.4],
150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 0.5% desoxycholate, 0.1%
sodium dodecyl sulfate [SDS]).

35S-methionine-labeled proteins were generated by in vitro translation with
rabbit reticulocyte lysates (TnT transcription and translation kit; Promega). For
affinity chromatography, comparable amounts of the in vitro translated proteins
were added to 700 �l of RIPA buffer supplemented with 3% bovine serum
albumin and 5 �l of S protein-agarose-bound Tax protein. The reaction mixtures
were incubated at 4°C for 1 h. Bound proteins were precipitated by centrifuga-
tion, washed four times with RIPA buffer at 4°C, and recovered by boiling the
beads in 25 �l of 2� loading buffer (20 mM Tris [pH 6.8], 2% SDS, 10%
�-mercaptoethanol, 20% glycerol, 0.2% bromophenol blue). Proteins were sized
on an SDS–15% polyacrylamide gel, quantitated by using a phosphorimager, and
visualized by autoradiography.

Transfection, coimmunoprecipitation, and immune complex kinase assay.
Human 293T cells were transfected with plasmids by using Lipofectamine PLUS
reagents (Life Technologies, Bethesda, Md.). For coimmunoprecipitation, the
cells were lysed in buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl,
0.5% Nonidet P-40, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,
and 10 �g of aprotinin ml�1; frozen; thawed; and clarified by centrifugation
(10,000 � g for 15 min at 4°C). The protein supernatant (0.5 to 1 mg) was
immunoprecipitated with 1 �g of the corresponding antibody by incubation for
1 h at 4°C, and the immune complexes were collected by using either protein
A–Sepharose CL-4B (Pharmacia) beads for monoclonal antibodies or Pansorbin
(Calbiochem, San Diego, Calif.) for polyclonal antibodies (1 h at 4°C). Subse-
quently, the beads with the precipitated proteins were washed four times with
lysis buffer. For the detection of protein complexes, the immunoprecipitates were
separated on SDS–12% polyacrylamide gels and transferred to polyvinylidene
difluoride membranes (Immobilon-P; Millipore, Bedford, Mass.) by using 2.5
mM Tris–19.2 mM glycine buffer. To block nonspecific binding, the membranes
were incubated with 5% nonfat dry milk in phosphate-buffered saline containing
0.2% Tween 20 before antibodies were added. After being washed with phos-
phate-buffered saline containing 0.2% Tween 20, the membranes were incubated
with a 1:2,500 dilution of anti-mouse or anti-rabbit immunoglobulin G-horse-
radish peroxidase conjugate (Amersham, Freiburg, Germany). Bound antibodies
were visualized with an enhanced chemiluminescence detection system (Amer-
sham). For the immune complex kinase assay, the cells were lysed in buffer
consisting of 50 mM HEPES (pH 7.5), 150 mM NaCl, 2.5 mM EGTA, 0.1%
Tween 20, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 10 �g of
aprotinin ml�1, 1 mM sodium orthovanadate, and 5 mM NaF. The lysates were
treated as described above. In order to precipitate the kinase complexes, either
the anti-CDK4 antibody or one of the monoclonal anti-Tax antibodies was used
together with protein A-Sepharose. The kinase reaction was performed as pre-
viously described (42).

Generation of Tax deletion mutants. All Tax deletion mutants were generated
via PCR (37). In order to introduce the internal deletion, five different primers
were used, two outside 28-mer oligonucleotides spanning the 5� and 3� ends of
the Tax open reading frame (Taxs and Taxas) and three chimeric oligonucleo-
tides designed to carry the 5� and 3� sequences flanking the deleted regions. After
three rounds of PCR with Pwo polymerase (Roche, Mannheim, Germany),
deletion clones TD99, TD150, and TD254 were created. To engineer the N-
terminal TD1 and C-terminal TD319 deletion clones, one round of PCR was
performed by using an internal 5� primer or 3� primer in combination with the
corresponding outside primer. The resulting PCR products were digested with
BamHI and KpnI and ligated via these sites into the pcDNA3.1.Amyc expression
vector (Invitrogen). The resulting clones were verified by nucleotide sequencing.

Oligonucleotides. The oligonucleotide sequences were as follows: Taxs, 5�-A
TTTAAGGATCCACCATGGCCCACTTC-3� (outer primer); Taxas, 5�-ATTT
AGGGTACCGACTTCTGTTTC-3� (outer primer); TD1s, 5�-ATTTAAGGAT
CCATGGCCCGCCTACATC-3� ; TD99s, 5�-CCATCGGTAAATGTCCAGGC
CCCTGTGGTAAGGG-3� ; TD150s, 5�-CAATCACTCATACAACCCTGTAC
ACCCTCTGGGG-3� ; TD254s, 5�-GGACATTTACCGATGGCCCCTCATTT
TTACTCTC-3� ; and TD319as, 5�-ATTTCGGGTACCAGAAATGGGGATGT
TG-3� .
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RESULTS

Tax stimulates CDK4 activity in fibroblasts. In order to
understand the mechanism of Tax-mediated CDK4 activation,
human 293T fibroblasts were transfected with various combi-
nations of Tax, cyclin D3, and CDK4 expression constructs,
and the effects on CDK4 activity were determined. In vitro
kinase assays were conducted by immunoprecipitating CDK4
and using recombinant pRb as a substrate (Fig. 1). The activity
of the endogenous kinase was very low (pcDNA3) and, in this
setting, could not be detectably stimulated by Tax alone. Co-
expression of either CDK4 or cyclin D3 with Tax also did not
increase Rb kinase activity. Since transfected Tax also failed to
significantly stimulate the activity of CDK4 immunoprecipi-
tates, it seems likely that neither the interaction of Tax with
p16INK-4A nor the stimulation by Tax of cyclin D expression
plays a significant role in CDK4 activation under these circum-
stances. On the other hand, cells triply transfected with Tax,
cyclin D3, and CDK4 revealed kinase activity which was five-
fold enhanced compared to that in cells transfected with cyclin
D3 and CDK4. This augmented kinase activity was not due to
increased cyclin D3 or CDK4 expression, since the amounts of
both proteins were unchanged in cells in the absence or pres-
ence of Tax (Fig. 1A). Therefore, the results obtained with
Tax/cyclin D3/CDK4 suggest a Tax-mediated process which

FIG. 1. Tax stimulates the activity of CDK4. 293T cells were co-
transfected with 500 ng of CDK4, cyclin D3, and Tax expression vec-
tors in different combinations. All transfections were equalized for the
amount of total DNA by addition of the empty vector (pcDNA3).
CDK4 complexes were precipitated by using specific polyclonal anti-
bodies. Kinase activity was assessed in vitro by using recombinant pRb
as the substrate. The radioactivity incorporated into the substrate was
quantified by phosphorimaging. (A) Immunoblots of the lysates used
for immunoprecipitation (IP). (B) Representative autoradiograph of
the phosphorylated Rb substrate. (C) Relative (Rel.) CDK4 activities
in three independent experiments (mean and standard deviation).

FIG. 2. CDK4 and CDK6, but not CDK1 and CDK2, are specifically
bound by Tax. For coimmunoprecipitation experiments, Tax was coex-
pressed with various CDKs in 293T cells. (A, left panel) The cell extracts
were precipitated with a monoclonal anti-Tax antibody and analyzed in
separate immunoblots with antibodies directed individually against
Tax, CDK4, CDK6, CDK2, or hemagglutinin-tagged CDK1. IP, immu-
noprecipitation. (B, left panel) CDK-associated Tax protein was also
detected in the reverse experiment with specific anti-CDK antibodies for
immunoprecipitation. (A and B, right panels) The presence of CDKs and
Tax in the lysates was determined by immunoblot analysis. (C) GST
pull-down assays probing a Jurkat cell lysate (lane 1) with either GST
alone (lane 2) or GST-Tax (lane 3). After equilibration with Jurkat cell
lysate, each column was extensively washed, and bound proteins were
eluted. Eluates were analyzed by Western blotting with anti-CDK4 or
anti-CDK2 antibodies.
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cannot simply be explained by previously reported Tax activi-
ties, such as direct binding to CDK inhibitors (CKIs) or Tax-
enhanced expression of cyclins.

Tax interacts specifically and directly with CDK4 and CDK6
in fibroblasts and lymphocytes. Viral regulatory proteins fre-
quently activate cellular kinases by direct binding. We thus
considered the possibility that Tax could bind CDKs directly.
Consequently, human fibroblasts (293T) were transfected in
various combinations with expression vectors for Tax and for
various CDKs, either CDK4, CDK6, CDK2, or CDK1 (Fig. 2).
Tax was immunoprecipitated, and potential binding partners
were examined by Western blotting (Fig. 2A). Although all
CDKs were expressed in comparable amounts in the lysate
controls, CDK4 and CDK6, but not CDK2 and CDK1, were
found to coprecipitate with Tax. Complementary experiments
in which a CDK was precipitated first and potentially bound
Tax protein was then assayed confirmed the specific associa-
tion of Tax with CDK4 and CDK6 and the lack of binding to
CDK2 and CDK1 (Fig. 2B).

The association of Tax with CDK4 was further tested in
pull-down assays. Here, lysates prepared from Jurkat T cells
(Fig. 2C) were chromatographed over columns individually
saturated with either GST alone (Fig. 2C, lane 2) or GST-Tax
(Fig. 2C, lane 3). After equilibration with lysate, the columns
were extensively washed with buffer and then eluted for bound
proteins. We assayed the eluates with an antiserum specific to
either CDK4 (Fig. 2C, top) or CDK2 (Fig. 2C, bottom). In
Western blotting analysis, CDK4, but not CDK2, was found to
bind GST-Tax but not GST alone. These pull-down results are
in good agreement with the above coimmunoprecipitation
findings (Fig. 2A and B).

Next, the Tax/CDK interaction in HTLV-1-transformed
cells (HuT-102) and Tax-transformed T cells (Taxi-1 and Tesi)
was investigated. As a control, we used Tax-negative Jurkat
cells. HuT-102, Tesi, and Taxi-1 cells express physiological
amounts of Tax and CDKs. Coimmunoprecipitation results

obtained with these cells reaffirmed the specific CDK4/Tax
interaction documented above in cotransfection experiments
(Fig. 3). In these T-lymphocytic backgrounds, CDK6 rather
than CDK1 was also observed to bind Tax (data not shown).

To analyze whether the interaction between the proteins is
direct, we performed binding assays in vitro (Fig. 4A and B).
The tax cDNA was attached to sequences encoding an S tag,
and fusion proteins were purified from recombinant E. coli.
Radioactively labeled binding partners (CDK4 and cyclin D2)
and controls (CDK1, CDK2, cyclin E, and p21CIP1) were ob-
tained as in vitro translation products and incubated with Tax
fixed to S protein-agarose (Fig. 4A). The amounts of in vitro
translated proteins were checked prior to the binding reactions
and found to be comparable (Fig. 4C). In the binding assays,
only CDK4 and cyclin D2 were capable of interacting with Tax.
Quantification of protein binding in three independent exper-
iments revealed that CDK4 was bound with a 14-fold higher

FIG. 3. Tax binds CDK4 in Tax-transformed HTLV-1-infected hu-
man T cells. For coimmunoprecipitations, Tax-immortalized cells
(Tesi and Taxi-1), the HTLV-1-infected cell line HuT-102, and a
negative control (Jurkat cells) were used. Immunoprecipitation (IP)
was performed with anti-CDK4 antibodies and 1 mg of protein from
the whole-cell lysate. The upper panels show the precipitated Tax and
CDK4 proteins detected by Western blot analysis. The lower panels
show the endogenous expression levels of these proteins in the differ-
ent cell lines used for immunoprecipitation.

FIG. 4. Tax directly interacts with CDK4 and cyclin D2. For these
affinity chromatography experiments, equal amounts of recombinant
Tax protein bound to S protein-agarose were incubated with the fol-
lowing in vitro translated 35S-labeled proteins: CDK4 (lane 1), CDK2
(lane 2), CDK1 (lane 3), cyclin D2 (lane 4), cyclin E (lane 5), and
p21CIP1 (lane 6). (A) Tax-bound proteins were sized on an SDS-
polyacrylamide gel and visualized by autoradiography. (B) Quantita-
tive evaluations of three independent experiments. Error bars show
standard deviations. (C) Autoradiogram showing 5% of the in vitro
translated proteins used for one of the binding experiments. The quan-
titative evaluation of these proteins served to even out slight differ-
ences in the amounts of labeled proteins used in the in vitro interaction
assays.
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efficiency than CDK1 or CDK2; the binding of cyclin D2 was
11-fold higher than that of cyclin E (Fig. 4B). In confirmation
of previous observations (28), no detectable direct interaction
of Tax with p21CIP1 could be observed. Thus, the p21CIP pro-
tein coprecipitating with Tax from HTLV-1-infected cells is
indirectly linked to Tax, probably by binding to cyclin-CDK. In
contrast, the in vitro binding assays clearly indicated that the
interactions of Tax with both CDK4 and cyclin D are direct.
Hence, as the results obtained with independent methods (i.e.,
coimmunoprecipitations, pull-down assays, and in vitro bind-
ing assays) and different cells (i.e., fibroblastic and lymphocytic
cells) all supported a specific and direct CDK4/Tax interaction,
we concluded that this association could be physiologically
important.

Association of Tax with active cyclin D/CDK complexes. The
findings above are compatible with Tax requiring both the
cyclin and the CDK components to promote kinase function.
We next examined whether Tax interacted with the holoen-
zyme cyclin D/CDK4 complex. Immunoprecipitations were
performed with Tax-, cyclin D3-, cyclin D2-, or CDK4-trans-
fected 293T cells (data not shown) as well as Tax-expressing
HuT-102, MT-2, StEd, and JuanaW cells (Fig. 5). StEd and
JuanaW are lymphocyte cultures that were recently established
from ATL patients (40); the HTLV-1-negative T-cell line Jur-

kat served as a negative control. Tax protein was precipitated
with specific antiserum, and associated proteins were then an-
alyzed by immunoblotting. We found Tax-associated proteins
to include cyclin D3, as reported previously (34), as well as
cyclin D2 and CDK4. Of note, Tax simultaneously coprecipi-
tated CDK4, cyclin D, and p21CIP1, suggesting that this onco-
protein associates with a holoenzyme complex inside cells.
Moreover, immunohistochemical analysis demonstrated that
Tax colocalizes with cyclin D2, CDK4, and p21 in nuclear
speckles in Tax-expressing T cells (Tesi). From these experi-
ments, we deduce that in transfected fibroblasts and HTLV-1-
infected ATL-derived cultures, Tax most likely binds to CDK4
holoenzyme complexes by direct contact with CDK4 and cyclin
D.

To determine whether the Tax/cyclin D/CDK complex rep-
resents an active kinase, anti-Tax antibodies were used to im-
munoprecipitate protein complexes from various Tax-trans-
formed cells (Taxi-1) and HTLV-1-infected cells (HuT-102,
C91PL, and MT-2). The Tax-containing complexes were as-
sayed for in vitro kinase activity on GST-Rb (Fig. 6). The
degree of Rb phosphorylation for Tax-expressing cells was 8-
to 16-fold higher (Fig. 6, lanes 2 to 5) than that for control
Jurkat cells (Fig. 6, lane 1). The increase in kinase activity
correlated well with the degree of Tax expression in the various

FIG. 5. Tax binds to the holoenzyme cyclin D/CDK4 complex in HTLV-1-infected T cells derived from ATL patients. Precipitations with the
Tax protein were performed with long-term-cultured IL-2-independent HTLV-1-infected cell lines (HuT-102 and MT-2), IL-2-dependent cultures
derived from ATL patients (StEd and JuanaW) (40), and the T-cell line Jurkat as a negative control. For the immunoprecipitation (IP)
experiments, a monoclonal anti-Tax antibody was used to bind Tax from 1 mg of protein from the whole-cell lysate. Precipitated Tax and associated
cyclin D2, cyclin D3, CDK4, and the inhibitor p21CIP1 were detected by Western blot analysis. The panels on the right show the endogenous
expression levels of the Tax-bound proteins in the cell lines used for coimmunoprecipitation experiments.
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cells. In parallel, similar experiments were performed with the
Tesi cell line (Fig. 6, lanes 6 and 7), whose expression of Tax is
suppressed in the presence of tetracycline (42). Tetracycline-
positive and tetracycline-negative Tesi cell samples were then
compared for the amounts of Tax-associated active Rb kinase.
We found that treatment with tetracycline (which suppressed
Tax expression) reproducibly reduced Rb phosphorylation by
at least fourfold. The minor increase in background activity
present in tetracycline-positive Tesi cells (Fig. 6, lane 7) is due
to some leakage of the tetracycline repressor system that con-
trols Tax expression. These results corroborate the findings for
cells which constitutively express Tax (Fig. 6, lanes 2 to 5). In
all, the findings indicate strongly that in cells, Tax associates
with an active Rb kinase and upregulates its enzymatic activity.

The N terminus of Tax interacts with CDK4/cyclin D com-
plexes. To better understand how Tax associates with CDK4,
five Tax mutants containing deletions linearly spanning the
whole reading frame of the protein were generated (Fig. 7A).
These mutants were individually coexpressed in 293T cells with
cyclin D2 and CDK4 (Fig. 7B). Transfected cells were sepa-
rately precipitated with anti-CDK4 antibodies, which revealed
that except for the N-terminal deletion mutant TD1, all other
Tax mutants associated with a cyclin/CDK4 complex. The cor-
responding lysate control verified that all Tax deletion mutants
were comparably synthesized, suggesting that the failure of
mutant TD1 to form a complex is not trivially explained by
failed or unstable expression. Similar results were observed in
interaction experiments with cyclin D2 and Tax mutants alone.
The results accrued with the deletion mutants were confirmed
in similar coimmunoprecipitation experiments with well-de-
fined point mutants (Fig. 7C). In this regard, mutant M7,
bearing a mutation in the postulated N-terminal zinc finger

domain (mutated at amino acids 29 and 30), exhibited signif-
icantly reduced binding to CDK4 and relatively reduced asso-
ciation with cyclin D3 compared to either wild-type Tax or
mutant M47 (mutated at amino acids 319 and 320).

As further verification, pull-down assays were applied for the
definition of the CDK4-binding Tax domain (Fig. 8). GST-Tax
(Fig. 8A, lane 4) and five different GST-Tax mutants (Fig. 8A,
lanes 5 to 9) were used separately to probe Jurkat T-cell lysates
containing physiological amounts of cell cycle regulatory pro-
teins, including CDK4 and cyclin. In parallel, GST alone (Fig.
8A, lane 2) and GST-Rb (Fig. 8A, lane 3) served as negative
and positive controls. After equilibration with lysates, each
column was extensively washed and bound proteins were
eluted. Column-bound CDK4 was assayed by Western blotting
of eluates with anti-CDK4 antibodies. Interestingly, CDK4
failed to bind to three Tax variants with mutations in the N
terminus (Tax�3-6, TaxC23S, and Tax�41-43) but bound well
to the two Tax mutants with changes in the C terminus
(TaxS274A and TaxL320G). The minor differences in the
amounts of proteins detected with Coomassie blue-stained
protein electrophoresis gels (Fig. 8B) cannot explain the phe-
notypic differences between wild-type Tax and N-terminal and
C-terminal mutants. For instance, although wild-type Tax was
used at the lowest abundance, it resulted in a high yield of
CDK4 binding. In contrast, mutant Tax�3-6, which was ex-
pressed at a relatively high level, did not bind any CDK4. No
differences in amounts of proteins were detectable between the
binding-deficient N-terminal mutant C23S and the binding-
competent C-terminal mutant L320G. This result does fully
agree with a requirement for an intact Tax N terminus for
binding to CDK4, even in the presence of competing T-cell
proteins at physiological concentrations.

FIG. 6. Tax-associated proteins can phosphorylate the CDK4 substrate, Rb. Tax and associated proteins were immunoprecipitated from cell
extracts with a monoclonal anti-Tax antibody and tested for kinase activity with GST-Rb as a substrate. The upper panels show the levels of Tax
present in the investigated cell lines, the middle panels show an immune complex kinase assay (autoradiography), and the lower panels show the
quantified results. The lower panels depict the mean and standard deviation of three independent experiments. IP, immunoprecipitation; Rel.,
relative. Lanes: 1, Jurkat; 2, Taxi-1; 3, HuT-102; 4, C91PL; 5, MT-2; 6 and 7, Tesi cells containing a tetracycline-repressible Tax gene. Tesi cells
were cultured in either the absence (lane 6) or the presence (lane 7) of tetracycline (tet) (1 �g/ml) for 1 week, lysed, and subjected to an immune
complex kinase assay.
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FIG. 7. N-terminal Tax sequences are essential for the interaction with CDK4/cyclin D complexes. (A) Schematic representation of the point
and deletion mutants used in the following experiments; structural features of the Tax protein are indicated. MOD, modulator domain; Acid D.,
acidic domain. (B) Coimmunoprecipitation experiment with the Tax deletion mutants. For the experiments, 293T cells were transfected with 500
ng of wild type Tax or 800 ng of five different Tax deletion mutants and 500 ng of a cyclin D2 expression construct. The blots on the upper left
represent precipitation with polyclonal anti-cyclin D2 antibodies. The same antibodies were used for cyclin D2 Western blot analysis. In order to
detect Tax and the mutant proteins, a rabbit anti-Tax serum was used. The blots on the upper right show a triple transfection with Tax, cyclin D2,
and CDK4 (500 ng) constructs. The precipitation and the subsequent Western blot analysis were done with polyclonal anti-CDK4 antibodies. The
lower panels (lysate control) depict the expression of wild-type Tax and the deletion mutants in the lysates prepared for the coimmunoprecipitation
experiments. IP, immunoprecipitation. (C) Coimmunoprecipitation experiment with the Tax point mutants. Cells were cotransfected with 500 ng
of expression constructs for Tax point mutants, cyclin D3, and CDK4. Tax was immunoprecipitated from whole-cell lysates with a monoclonal
anti-Tax antibody. Coprecipitated proteins were detected with a monoclonal anti-cyclin D3 antibody and a polyclonal anti-CDK4 antibodies.
Precipitated proteins are shown on the left. Corresponding lysate controls are shown on the right.
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Stimulation of CDK4 correlates with direct binding by Tax.
To investigate whether Tax binding was required for the stim-
ulation of CDK4/cyclin D kinase, we tested the ability of bind-
ing-defective Tax mutants to activate CDK4 (Fig. 9). In vitro
kinase assays were performed after transfection of 293T cells
individually with wild-type, point mutant, and deletion mu-
tant Tax expression vectors followed by precipitation of
Tax-associated CDK4 complexes with a monoclonal anti-
Tax antibody (Fig. 9A). High GST-Rb kinase activities were
found associated with wild-type Tax and C-terminal Tax mu-
tants (MycS258A and MycM47), while low kinase activities
were recovered with Tax proteins mutated in the N terminus
(MycM7 and MycM22). Interestingly, the anti-Tax antibody
could precipitate CDK activity even in the absence of trans-
fected expression plasmids for cyclins and/or CDKs. This result
suggests that the interactions are efficient in 293T cells and that
Tax binds well to the relatively low levels of endogenous
CDK4/cyclin complexes. Overall, the amount of phosphory-
lated GST-Rb correlated well with the degree of Tax protein

binding to CDK4 observed in coimmunoprecipitations (Fig.
7C). Similar levels of expression were confirmed for all Tax
mutants by Western blotting analysis of the cell lysates used for
the kinase assays.

In a complementary set of experiments, we transfected cells
with Tax or Tax deletion mutants and then immunoprecipi-
tated proteins by using an excess of anti-CDK4 serum. These
experiments monitored the overall level of CDK4 activity with-
in transfected cells. Here, the induction of kinase activity (Fig.
9B) again correlated with the ability of Tax or Tax mutants to
bind the cyclin D/CDK4 complex (Fig. 7B). In particular, the
binding-deficient N-terminal deletion mutant TD1 did not
stimulate kinase activity compared to the negative control (cy-
clin D3 and CDK4) (Fig. 9B). In contrast, Tax mutants with
internal deletions (TD99, TD150, and TD254), which main-
tain, albeit at reduced affinity, binding to the CDK4/cyclin D
complex, commensurately stimulated kinase activity. The C-
terminal deletion mutant TD319, which strongly binds the cy-
clin D/CDK4 complex, activated this kinase complex nearly as
efficiently as wild-type Tax. In summary, these results correlate
direct protein-protein contact between Tax and the cyclin
D/CDK4 complex with the stimulatory effect of the former on
kinase activity.

Tax stimulates the association of CDK4 and cyclin D and
counteracts the inhibitory activity of p21CIP1. In HTLV-1-
infected cells, the p21CIP1 repressor of CDK is markedly up-
regulated (2, 8). To address the question of whether Tax can
stimulate CDK4 even in the presence of the inhibitor, we
determined Tax-mediated stimulation in the presence of large
amounts of p21 in transfected 293T cells (Fig. 10). CDK4,
cyclin D2, p21CIP1, Tax or, as negative controls, the binding-
deficient Tax mutants M7 and TD1 were coexpressed in vari-
ous combinations. CDK4 activity was determined. The results
showed that even in the presence of p21CIP1, Tax was able to
stimulate Rb kinase activity (Fig. 10, compare eighth and ninth
lanes). The level of CDK4 activity was the same as the activity
measured without the inhibitor (Fig. 10, compare seventh and
eighth lanes). The CDK4-repressing activity of p21CIP1 could
be demonstrated (Fig. 10, compare second and ninth lanes).
The ability to counteract the p21 repressive activity was de-
pendent on the capacity of Tax to bind CDK4, since the bind-
ing-deficient mutants could not stimulate CDK4 activity (Fig.
10, third and fourth lanes). In summary, this experiment
showed that p21 bound to Tax-associated CDK/cyclin com-
plexes is inefficient in repressing kinase activity. This finding
provides an explanation of how Tax can stimulate CDK acti-
vation in the presence of large amounts of p21CIP1. This find-
ing also explains the Rb kinase activity of CDK4/cyclin D2/
Tax/p21CIP1 complexes isolated from HTLV-1-infected cells.

The capacity of Tax to directly bind both CDK4 and cyclin D
resembles that of p21CIP1. Since the latter protein has been
described to stimulate the association of CDK and cyclin, we
considered the possibility that Tax could do the same. To
investigate this hypothesis, we performed coimmunoprecipita-
tion experiments with cyclin D2 antibodies (Fig. 11). The ex-
periments showed that the presence of Tax drastically in-
creased the amounts of CDK4 molecules coprecipitated with
cyclin D2. The effect was comparable to that of p21CIP1 and
was dependent on the dose of Tax and its capacity to bind
CDK. Binding-deficient mutants (M7 and TD1) were not able

FIG. 8. N-terminal Tax mutants do not bind CDK4 from Jurkat cell
lysates. (A) CDK4 binds to Tax mutated in the C terminus but not to
counterpart proteins mutated in the N terminus. Jurkat cell lysates
were equilibrated with columns saturated with GST alone (negative
control, lane 2), GST-Rb (positive control, lane 3), GST-Tax (lane 4),
or several GST-Tax mutants (lanes 5 to 9). Proteins retained on col-
umns were eluted and analyzed by immunoblotting with anti-CDK4
antibodies. (B) Visualization of Tax mutant and control proteins used
to construct the GST columns. GST alone, GST-Rb, GST-Tax, and
GST-Tax mutant proteins were purified and electrophoresed on a
denaturing SDS gel, followed by Coomassie blue staining.
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to mediate this effect. Since the association of CDK and cyclin
is crucial for kinase activity, the observed Tax-mediated en-
hancement of CDK/cyclin complex formation may explain at
least in part the stimulation of CDK activity.

DISCUSSION

The Tax oncoprotein, an essential growth factor for HTLV-
1-infected lymphocytes, can stimulate the G1- to S-phase pro-
gression through the activation of CDK4 (42). Here, we have
expanded upon that observation by showing that the N termi-
nus of Tax specifically contacts an active cyclin D/CDK4 com-
plex. Using binding-defective mutants, we showed that direct
binding of Tax correlates with the ability of this oncoprotein to
activate cyclin D/CDK4. Furthermore, our experiments dem-
onstrated the resistance of Tax-bound CDK4 complexes to the
inhibitor p21CIP1 and suggested that Tax stimulates, by directly
binding cyclin and CDK, the assembly of active complexes,
thus providing a mechanistic explanation of Tax-mediated
CDK activation.

Tax binds CDK4 and CDK6 (18) but neither CDK2 nor
CDK1, suggesting preferential affinity and specificity for the
former set of cyclin-dependent kinases. The CDK4 and CDK6
kinases are closely related (	70%) (29) and have similar func-
tions in the G1 phase of the cell cycle. Therefore, one might
deduce that Tax binds to a region conserved between CDK4
and CDK6 (although we have yet to directly investigate this

point). Our binding experiments with mutated Tax proteins did
reveal that association with CDK4 is mediated by the N ter-
minus of Tax. The N-terminal domain contains a putative Zn
finger motif (43), which has been suggested to play a role in
protein-protein interactions.

We also found Tax associated with cyclin D3 and cyclin D2.
These findings reaffirm earlier observations that Tax can bind
cyclins D3 and D1 (34). The domain required for cyclin bind-
ing also was located in the N terminus of Tax. This finding
implies that the binding sites within Tax for CDK4, CDK6, and
D cyclins are adjacent. The possibility that binding to one of
them mediates an indirect interaction with the other can be
ruled out, since Tax directly contacts in vitro each of the pro-
teins in the absence of the other. In addition, the following
observations corroborate the idea that the binding of Tax to
CDK4 is not mediated by a bridging function of endogenous
cyclin D: (i) abundant coexpression of transfected Tax and
CDK4 resulted in a high degree of binding, despite a low level
of endogenous cyclin D in the cells, and (ii) the resulting
immunoprecipitated CDK/Tax complexes were inactive, indi-
cating the probable absence of the cyclin component. On the
other hand, in transient overexpression settings and in HTLV-
1-infected cells, Tax could be precipitated simultaneously with
both the kinase and the cyclin. One interpretation of these
findings is that Tax can indeed sufficiently bind CDK4 and
CDK6 kinases; however, such binding in the absence of asso-

FIG. 9. N-terminal mutations affect the capacity of Tax to enhance kinase activity. 293T cells were cotransfected with expression constructs for
cyclin D3, CDK4, and different Tax mutants as described in the legend to Fig. 7. The CDK/Tax complexes were precipitated and subjected to kinase
assays with GST-Rb as a substrate. (A) Association of CDK activity with Tax point mutants. Tax and associated proteins were precipitated with
monoclonal anti-Tax antibodies. The upper panels show a representative autoradiograph of phosphorylated pRb. The results of three individual
experiments were quantified; the lower panel shows the mean and standard deviation. (B) Stimulation of CDK4 kinase activity by Tax deletion
mutants. Tax/CDK complexes were precipitated with an anti-CDK4 antibody. The upper panels show Rb phosphorylation in a representative
autoradiograph. The lower panel shows the relative (Rel.) kinase activities quantified by phosphorimaging. IP, immunoprecipitation. Error bars
show standard deviations. The upper panels of panels A and B also show Western blot analysis with a rabbit anti-Tax serum verifying that equal
amounts of Tax wild type and point mutants were expressed.
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ciated cyclins results in an ineffective interaction. In contrast,
the binding of Tax to a CDK4/cyclin complex results in acti-
vation of the latter. The in vitro binding assays suggested that
within a complex of Tax, CDK4 or CDK6, and cyclin D, Tax
could provide independent contact sites for both CDK4 or
CDK6 and cyclin D. Furthermore, because the Tax-bound
cyclin D/CDK complex potently activates Rb phosphorylation,
one can conclude that Tax binding does not interfere with the
binding of CDK to cyclin. Moreover, as coimmunoprecipta-
tions have shown, Tax seems to stimulate the association of
CDK with cyclin. Hence, we favor the idea that two closely
proximal binding sites exist within the N terminus of Tax for
cyclin D and CDK4 or CDK6. Such adjacent binding sites are
not without precedent. For instance, separate binding sites for
cyclin and CDK sequences lie in close proximity in p21CIP1 and
p27KIP, wherein a relatively short N-terminal peptide of about
70 amino acids is sufficient to form a stable interaction with
both components of the CDK complex (31, 32). Like Tax,
p21CIP1 has been reported to stimulate the association of CDK
and cyclin (26).

We do not favor the idea that a ternary complex of Tax,
CDK4 or CDK6, and cyclin D might be mediated through

surreptitious Tax binding to p16INK-4A (28, 48) for the follow-
ing reasons. First, since both p16INK-4A and cyclin bind to the
same site within CDK4 (10), p16INK-4A binding to CDK is
known to interfere with CDK binding to cyclin. Second, we
have observed that a CDK mutant that is not repressible by
p16INK-4A can be stimulated by Tax (data not shown). Finally,
the Tax region relevant for binding CDK4/cyclin D tightly
correlates with the same region needed for CDK activation.
This observation is most readily explained by Tax activation of
the kinase through direct contact with the holoenzyme com-
plex. The requirement of the CDK4 interaction for Tax-medi-
ated transformation is suggested by the observation that the
binding-deficient Tax mutant M7 is incapable of transforming
T cells (39). The capacity of mutant M47 to transform corre-
lates well with its potential to bind and activate CDK4 (38).

While it has been reported that Tax stimulates the cyclin D2
promoter (2, 21, 41) when attached to a reporter gene, the
intracellular impact of this observation on cyclin D2 protein
expression is difficult to detect in human lymphocytes condi-
tionally immortalized by Tax (42). It is possible that the up-
regulation may vary from cell type to cell type and that it has
an additional stimulatory effect in some cell lines by increasing
the amounts of CDK4/cyclin D2 complexes which can be acti-
vated by Tax. In Tax-transformed human lymphocytes, the
levels of none of the other major regulatory proteins involved
in G1 control (CDK4, CDK6, cyclin D3, and p16INK-4A) are
strongly affected by the presence or absence of Tax (42). Thus,
in view of our current results and suggestions raised elsewhere
(34), we propose that protein-protein posttranslational effects
rather than transcriptional modulatory roles of Tax in gene
expression play the predominant physiological role in CDK
activation. A mechanism explaining how an association of Tax
with the CDK4 complex could affect kinase function is the
possible stimulation of CDK and cyclin assembly. In addition,
Tax acting as a shuttle protein (6) could bind to cytoplas-
mic CDK/cyclin complexes and mediate their nuclear trans-
port. The presence of Tax in the complexes overcomes the
inhibitory effect of large amounts of the p21CIP protein.

In addition to HTLV-1, other viruses also developed differ-
ent mechanisms to activate cyclin/CDK, for instance, the E1A
protein of adenovirus, the large T antigen of SV40, and the E7
protein of human papillomavirus type 16 (22). Notably, E7 and
E1A interact with cyclin E/CDK2 complexes. Additionally,
some transforming herpesviruses even encode viral homo-
logues of cellular D cyclins which form stable complexes with
CDK4 and CDK6. In contrast to their cellular counterparts,
these viral cyclins are completely resistant to inhibition by
CKIs (25, 50). Interestingly, the capacity of DNA tumor viruses
to stimulate the G1- to S-phase progression is frequently com-
plemented by a p53-inactivating function (22). Similarly,
HTLV-1 Tax was shown here to promote the activation of
CDK/cyclins important for the G1-to-S phase transition and
has been shown elsewhere to inactivate p53 function as well
(36, 51). Together, these independent effects serve to subvert
G1 arrest and the induction of apoptosis as a response to
genotoxic damage. This strategy appears to be shared by many
diverse viruses and potentially contributes to the oncogenic
nature of these viruses.

FIG. 10. Tax counteracts the inhibition of CDK activity by p21CIP1

through binding to the CDK complex. For immune complex kinase
assays, various amounts of Tax and binding-deficient Tax mutants were
coexpressed with cyclin D2, CDK4, and p21CIP1 in 293T cells. CDK4
complexes were precipitated, and kinase activity was assessed in vitro
with pRb as a substrate. The upper panels show the levels of expression
of the relevant proteins in the lysates used for immunoprecipitation
(IP), the GST-Rb panel shows pRb substrate phosphorylation (auto-
radiograph), and the lower panel shows the relative (Rel.) CDK4
activities in three different experiments (mean and standard
deviation).
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