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JÜRGEN DITTMER,1‡ SEONG-JIN KIM,2 AND JOHN N. BRADY1*
Laboratory of Receptor Biology and Gene Expression1 and Laboratory of Chemoprevention,2
Division of Basic Sciences, National Cancer Institute, Bethesda, Maryland 20892
Received 10 June 1997/Accepted 22 October 1997

also regulate coordination of the S and M phases of the cell
cycle (56). In contrast, induction of the Bax gene stimulates the
cell to enter the programmed cell death apoptosis pathway (34,
35). p53 further stimulates apoptosis by repressing transcription of the bcl-2 gene (33, 34, 61).
In an effort to understand the leukemogenic mechanism in
adult T-cell leukemia (ATL), p53 status in ATL patients and
HTLV-1-infected cells has been analyzed by several groups
(37, 38, 47, 58). These studies show that the p53 gene was mutated only in about 30% of the cases studied. Interestingly, the
steady-state level of p53 protein expression was reported to be
elevated in human T lymphocytes transformed by HTLV-1
(46). Further, it could be shown that the p53 gene was wild type
and that expression was correlated with a significant increase in
protein half-life. The present studies were initiated to analyze
whether the stabilized wild-type p53 in HTLV-1-transformed
cell lines was transcriptionally active. Data obtained from transfection experiments using a p53-responsive reporter plasmid
and from g-irradiation studies demonstrate that the wild-type
p53 in these cell lines is not fully active. Further, we demonstrate that Tax alone in cotransfection studies is capable of inactivating p53 by inhibiting the N-terminal p53 activation domain.

Human T-cell leukemia virus type 1 (HTLV-1) is the etiologic agent of adult T-cell lymphoma/leukemia (44, 59) and the
demyelinating syndrome tropical spastic paraparesis (21, 41).
HTLV-1 transformation is not well understood. The HTLV
genome does not encode an oncogene, nor is it integrated in
the proximity of a cellular oncogene (48). The HTLV regulatory protein Tax, a potent transcriptional activator of the
HTLV long terminal repeat (LTR) and several cellular genes,
contributes to transformation of T cells (1, 19). Tax has been
shown to immortalize T lymphocytes and, in conjunction with
ras, transform rodent cells (22, 52). Transgenic mice that express Tax in mature T lymphocytes developed large granular
lymphocytic leukemia, demonstrating that Tax is sufficient to
induce leukemia (23).
The highly conserved p53 gene (51) encodes a tumor suppressor protein important for control of cellular growth. Inhibition of p53 transactivation function, through either mutation
or interaction with viral transforming proteins, correlates
strongly with the oncogenic potential of the protein. As a
normal cellular response, DNA-damaging agents lead to stabilization of the p53 protein, resulting in the transactivation of
several important cellular control genes, including those encoding MDM2 (2, 43, 57), Gadd45 (26, 32, 61), p21 (15, 16, 18),
and Bax (34, 35, 60), which are essential to correct genomic
alterations or induce apoptosis. For example, induction of
p21waf1/cip1 results in arrest of the cell cycle at the G1/S border
(15, 16), allowing the cell time to correct DNA damage before
DNA replication. Recent studies further suggest that p21 may

MATERIALS AND METHODS
Cell lines, irradiation, and RNA isolation. HTLV-1-transformed cell lines
(C81, MT-2, MT-4, and HUT102) (24, 44, 49), T-lymphoblastoid cell line Jurkat
(9, 50), and myeloid leukemia cell line ML-1 (27) were grown in RPMI 1640
medium supplemented with 10% fetal calf serum. Cell lines NIH 3T3 (3),
OsA-Cl (39), and Saos-2 (5) were maintained in Dulbecco modified Eagle medium and 10% fetal calf serum. Exponentially growing cells were g-irradiated
with 20 Gy and incubated for 4 h. Cells were lysed in RNAzol B solution
(Tel-Test, Inc.), and total cellular RNA was isolated according to the manufacturer’s instructions. Poly(A) mRNA was prepared, electrophoresed, and blotted
to a Nytran membrane (Schleicher & Schuell). The blots were then sequentially
probed with the following cDNA probes: MDM2, Gadd45, Waf1, Bax, and bcl-2.
Probes were labeled by the random primer-labeling method (Amersham). Signals were quantitated by using a PhosphorImager and ImageQuant program
(Molecular Dynamics). Northern hybridization against GAPDH was used as a
control RNA.
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Human T-cell lymphotropic virus type 1 (HTLV-1) is the etiologic agent for adult T-cell leukemia. HTLV-1
transforms lymphocytes, and there is increasing evidence that the virus-encoded protein, Tax, plays a primary
role in viral transformation. We have shown that wild-type p53 in HTLV-1-transformed cells is stabilized. This
study was initiated to directly analyze whether the p53 in HTLV-1-transformed cell lines was transcriptionally
active and to identify the viral gene product responsible for stabilization and inactivation. Transfection experiments using a p53-responsive reporter plasmid and g-irradiation studies demonstrate that the wild-type p53
in HTLV-1-transformed cell lines is not fully active. Further, we demonstrate that the HTLV-1-transforming
protein, Tax, stabilizes and inactivates p53 function. Cotransfection of Tax with p53 results in a greater than 10-fold
reduction in p53 transcription activity. Using Gal4-p53 fusion proteins, we demonstrate that Tax inhibition of
p53 transactivation function is independent of sequence-specific DNA binding. Moreover, Tax inhibits p53
function by interfering with the activity of the N-terminal activation domain (amino acids 1 to 52). We conclude
that Tax is involved in the inactivation of p53 function and stabilization of p53 in HTLV-1-infected cells. The
functional interference of p53 function by Tax may be important for transformation and leukemogenesis.
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Transfections, CAT, and Luc assays. Transient transfection experiments with
human T lymphocytes were performed by using the electroporation method as
described previously (25) or Lipofectamine reagent (GIBCO-BRL) as described
by the manufacturer. Adherent cells were transfected by using Lipofectamine
reagent. The amount of DNA transfected was equalized by addition of a control
vector. Cotransfection of a human growth hormone (hGH) reporter construct
(Nichols Institute) was done to normalize for transfection efficiency. hGH expression, given as 125I counts per minute obtained in a GH ELISA (enzymelinked immunosorbent assay), is presented in the legend to Fig. 1. Chloramphenicol acetyltransferase (CAT) activity was assayed 24 h posttransfection. Results
were quantitated by using a PhosphorImager and the ImageQuant program.
p53-responsive reporter plasmid p53G5BCAT contains six p53 consensus binding sites, 59-CTAGAGGCATGTCT-39 (17, 35), at the XbaI site positioned
upstream of the E1B TATA sequence in plasmid pG5BCAT. Luciferase (Luc)
activity was assayed 24 h posttransfection. Luc assays were performed with a
Berthold LB9500C luminometer as described elsewhere (13). PG13pyLuc, which
contains 13 p53 consensus binding sites, and its corresponding mutant
MG13pyLuc were kindly provided by Bert Vogelstein (Johns Hopkins Oncology
Center, Baltimore, Md.). Gal4(DBD [DNA binding domain])-p53 fusion plasmids were kindly provided by Thomas Shenk (Princeton University, Princeton,
N.J.). The wild-type p53 expression plasmid used was either pCEP4-53 or
pCMV-53. p53 or Tax protein was assayed directly from transfected lysates by
Western blot analysis as described below.

Western blotting. Cells were washed in phosphate-buffered saline and then
lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris [pH 8.0],
150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate [SDS]) containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mg of
aprotinin per ml, 1 mg of leupeptin per ml, and 5 mM sodium fluoride at 0°C for
30 min. Lysates were cleared by centrifugation in a microcentrifuge at 14,000 rpm
for 15 min. From each cell lysate, a total of 25 to 100 mg of protein, as determined
by the Bio-Rad protein assay, was separated on an SDS-acrylamide denaturing
gel, transferred to an Immobilon membrane (Millipore, Bedford, Mass.), and
probed with antibodies against Tax and p53 (DO-1 and PAb421 [Oncogene]).
Detection was performed with the Amersham Corp. (Arlington Heights, Ill.)
enhanced chemiluminescence system.

RESULTS
p53 activity is suppressed in HTLV-1-transformed cell lines.
To investigate whether the p53 protein in HTLV-1-transformed cell lines is functional, we performed transfection analyses with the p53-responsive reporter plasmid p53G5BCAT,
which contains multiple p53 consensus binding sites upstream
of the TATA sequence (17) (Fig. 1A). We compared the ac-
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FIG. 1. Transcriptional stimulation activity mediated by endogenous p53 protein in HTLV-1 transformed cell lines. (A) Diagrammatic representation of CAT
reporter plasmids. The reporter plasmid pG5BCAT contains CAT coding sequences with five Gal4 DNA binding sites upstream of the E1B TATA box. Reporter
p53G5BCAT contains six p53 consensus binding sites between the five Gal4 DNA binding sites and the E1B TATA sequence of pG5BCAT. (B) Transcriptional
stimulation activity of p53 in different cell lines. pG5CAT or p53G5BCAT (8 mg) was transfected into different cell lines together with 8 mg of GH cDNA (pXGH5).
The amounts of protein extract for CAT assays were adjusted to have the same GH activity. In Jurkat and C81 cells, the effect of exogenously introduced wild-type
(WT) p53 was assayed by cotransfection of p53G5BCAT DNA (2 mg) with increasing amounts (0.1 and 0.5 mg) of the p53 expression vector. Numbers in the CAT
activity column represent percent CAT conversion. (C) p53 transactivation in Jurkat and HTLV-1-transformed cells. p53G5BCAT (2 mg) was transfected into different
cell lines together with 8 mg of GH cDNA (pXGH5). The effect of exogenously introduced wild-type p53 was assayed by cotransfection of p53G5BCAT DNA (2 mg)
with increasing amounts (0.1 to 2.0 mg) of the p53 expression vector. All transfections were equalized for total DNA by addition of carrier DNA. CAT activity is
presented as percent CAT conversion. Level of hGH expression, given as 125I counts per minute obtained in a GH ELISA, were as follows: lane 2, 630; lane 3, 540;
lane 4, 423; lane 5, 500; lane 6, 657; lane 7, 558; lane 8, 705; and lane 9, 778. (D and E) Western blot analysis of HTLV-1 Tax and p53 following exposure of normal
and HTLV-1-transformed cells to g irradiation. Cells were lysed in RIPA buffer containing 1 mM PMSF, 1 mg of aprotinin per ml, 1 mg of leupeptin per ml, and 5
mM sodium fluoride at 0°C for 30 min. From each cell lysate, a total of 100 mg of protein was separated on an SDS–10% acrylamide denaturing gel, transferred to an
Immobilon membrane (Millipore), and probed with antibodies against Tax (Tab 172) (D) and p53 (PAb421) (E).
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TABLE 1. Effect of g irradiation on the expression of various DNA
damage-inducible genes
Cell line

HTLV-I

ML-1
C81
Hut102
MT-2

2
1
1
1

Fold increase in relative mRNAa
MDM2

Gadd45

p21waf1/cip1

Bax

4.8
1.2
1.1
2.1

5.2
1.5
1.0
1.7

7.7
1.9
1.0
2.2

6.7
1.7
0.4
1.0

tivities of the p53 reporter plasmid in control Jurkat and
HTLV-1-transformed lymphocyte cells (C81, MT-2, MT-4, and
HUT102). When the p53 reporter construct was cotransfected
with a p53-negative Jurkat T cells, low transcription activity
(,2%) was observed (Fig. 1B and C). When the p53 reporter
construct was cotransfected with a p53 expression vector, a 40to 50-fold increase in CAT activity was observed in the Jurkat
lymphocytes (Fig. 1B and C). The level of CAT activity in
p53-positive HTLV-1-transformed cells lines was similar to the
activity seen in the p53-negative Jurkat cells (,2%). Moreover, in contrast to the results obtained in the Jurkat cells,
cotransfection of the p53 expression vector into HTLV-1transformed C81 cells failed to induce transcription (Fig. 1B
and C). Cotransfection of a plasmid expressing hGH was used
to control for transfection efficiency of the different cell lines
(Fig. 1C, see legend). The addition of this internal control
eliminates the possibility that the differences in CAT activities
are due to differences in transfection efficiency of the different
cell lines.
Saos-2, OsA-Cl, and NIH 3T3 cells were included as controls. In NIH 3T3 cells, the endogenous p53 is wild type and
functional (Fig. 1B). Saos-2 cells contain mutant p53, which is
not transcriptionally active. OsA-Cl cells contain wild-type p53

which is not functional because of overexpression of the p53
suppressor protein, MDM2. Only basal levels of p53-dependent CAT activity (,2%) were observed in the Saos-2 and
OsA-Cl cells (Fig. 1B). Thus, the p53 activity in the HTLV-1transformed cell lines resembled that observed in p53-defective cell lines.
Transfection of the reporter construct HTLV-1 LTR CAT
into the same cell lines gave a significantly different result. The
transcriptional activity from this plasmid was 5- to 10-fold
higher in the HTLV-1-transformed cells lines due to the presence of the endogenous Tax protein (data not shown). These
results demonstrate that the inactivity of the p53-responsive
plasmid was not due to inability to transfect the HTLV-1transformed cells.
p53 function in HTLV-1 cell lines is not responsive to gamma-ray irradiation. DNA damage induced by ionizing radiation or UV light has been shown to lead to accumulation of
wild-type p53, resulting in transactivation of cellular genes such
as those encoding MDM2, Gadd45, p21waf1/cip1, and Bax (6, 10,
26, 28, 29, 31). To further test whether the endogenous p53 in
HTLV-1 cells is inactive, cellular responses to DNA damage
were examined. Since the DNA damage pathway induced by
g-irradiation has been well studied in the wild-type p53-containing myeloid cell line ML-1 (27, 35, 56), these cells were
used as controls to compare the levels of induction of MDM2,
Gadd45, p21, and Bax RNAs. Exponentially growing cultures
were exposed to 20 Gy of ionizing radiation and harvested 4 h
later. Downstream target genes were analyzed by Northern
blot analysis, and the level of induction of each transcript was
related to the basal expression of these genes (Table 1). For
comparative purposes, the constitutively expressed housekeeping gene GAPDH was analyzed. Consistent with earlier reports, in ML-1 cells harboring wild-type p53, a five- to eightfold
induction of p53-responsive gene products MDM2, Gadd45,
p21, and Bax was observed following irradiation (Table 1) (27,
35, 56). In contrast, in each of the HTLV-1-transformed cell
lines, the level of cellular gene expression was not significantly
altered (,2-fold) by irradiation, further suggesting that the
p53 protein in HTLV-1-transformed cells is inactive.
We compared the levels of p53 expression in ML-1 and
HTLV-1-transformed cells following exposure to g-irradiation.
Consistent with previous observations, Western blot analysis of
the HTLV-1-transformed cells demonstrated that the constitutive level of p53 protein in C81, HUT102, and MT-2 cells is

FIG. 2. Stabilization of p53 by Tax. An expression vector for wild-type p53 was cotransfected into Jurkat cells with the expression vector for Tax or the control
expression vector. Cells were lysed in RIPA buffer containing 1 mM PMSF, 1 mg of aprotinin per ml, 1 mg of leupeptin per ml, and 5 mM sodium fluoride at 0°C for
30 min. From each cell lysate, a total of 100 mg of protein was separated on an SDS–10% acrylamide denaturing gel, transferred to an Immobilon membrane (Millipore),
and probed with antibodies against Tax (Tab 172) and p53 (PAb421).
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a
Relative signals for the Northern blot analyses were quantitated by using a
PhosphorImager and the ImageQuant program. Values represent the ratio of the
signal in the g-irradiated samples compared with untreated controls. Briefly,
exponentially growing cells were g-irradiated with 20 Gy and incubated for 4 h,
at which time poly(A) mRNA was prepared, electrophoresed, and blotted to a
Nytran membrane (Schleicher & Schuell). The blots were then sequentially
probed with the following cDNA probes: MDM-FL4, a full-length MDM2 clone
(39); pHulB2, a human Gadd45 clone (42); pZL-Waf1, a full-length Waf1 cDNA
clone (18); and pBAX N7, a full-length human Bax cDNA clone (8). The MDM2
and p21 probes were kindly provided by Bert Vogelstein (Johns Hopkins Oncology Center, Baltimore, Md.). The Gadd45 and Bax probes were a kind gift
from Albert J. Fornace, Jr. (National Institutes of Health, Bethesda, Md.).
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FIG. 3. Dose-dependent repression of p53 transactivation. (A) Diagrammatic representation of Luc reporter constructs. PG13pyLuc contains 13 copies
of a p53 consensus binding site upstream of the polyomavirus promoter. MG13
pyLuc contains 13 mutated p53 binding sites upstream of the polyomavirus
promoter. (B) Repression of p53 activation. By using Lipofectamine reagent,
Jurkat cells were cotransfected with 3 mg of reporter plasmid and 3 mg of
wild-type p53 in the pCEP4 vector (kindly provided by Jennifer Pietenpol,
Vanderbilt Cancer Center, Nashville, Tenn.) along with increasing amounts of
pcTax. DNA concentrations were adjusted with vector control so that equivalent
amounts of DNA were used for all transfections. Cells were harvested 24 h after
transfection and assayed for Luc activity by using a Berthold LB9500C luminometer. (C) Effect of Tax mutations on p53 activity. p53 transcriptional activity was
measured by cotransfection (as described above) of wild-type p53 (3 mg) and
PG13pyLuc (3 mg) in the presence of wild-type (6 mg), M22 (6 mg), and M32 (6
mg) Tax plasmids.

elevated (Fig. 1E), similar to that seen in ML-1 cells in response to g-irradiation. The level of p53 or Tax (Fig. 1D) in
HTLV-1-transformed cells is not significantly increased following irradiation.
The HTLV-1 Tax protein stabilizes p53 and inhibits p53
transactivation function. It was of interest to identify the virusencoded protein which was important for p53 stabilization (46)
and transcriptional inactivation. We first studied the ability of
Tax to stabilize p53. As seen in Fig. 2, cotransfection of
pCMV-53 and pHTLV-Tax into the p53-negative human Jurkat T lymphocytes resulted in a significant accumulation of p53
protein (lanes 11 and 12). In the absence of pHTLV-Tax, no
p53 protein was detected by Western blotting, consistent with
the short half-life of the wild-type protein (Fig. 2, lane 10).
Control studies in which a cytomegalovirus (CMV)-CAT re-

porter construct was cotransfected with the HTLV-I Tax protein demonstrated that the increase in p53 expression was not
due to transactivation of the CMV promoter located upstream
of the p53 coding sequences (data not shown). Further, Tax
expression was equivalent in the presence or absence of p53
protein (Fig. 2, lanes 3 and 6). These results demonstrate that
Tax expression is sufficient for p53 stabilization.
To determine if Tax inhibited p53 transcription function,
transient transfection assays in Jurkat T cells were performed.
Reporter construct PG13pyLuc (Fig. 3A), which contains 13
copies of the p53 binding site upstream of the polyomavirus
promoter, is stimulated by cotransfection of a plasmid expressing p53 (Fig. 3B, bar 4). In contrast, the control promoter
MG13pyLuc, which contains a mutated p53 binding site, was
not activated (Fig. 3B, bar 6). Cotransfection of a plasmid
encoding the Tax protein inhibited the ability of p53 to activate
expression from the promoter in a dose-dependent fashion
(Fig. 3B, bars 1 to 3). A 33-fold reduction in p53-dependent
Luc activity was observed with 6 mg of Tax expression vector.
Transfection of a control plasmid without the Tax insert had no
effect on activation by p53 (Fig. 3B, bar 4), ruling out the
possibility that the inhibition was due to promoter competition.
To convincingly demonstrate that Tax inhibited p53, it was
important to identify Tax mutants which failed to inhibit p53
transactivation. Following an initial screen of multiple Tax
mutants, we obtained data for two Tax mutants, M32, which
contains amino acid substitutions at positions 196 and 197, and
M22, which contains amino acid substitutions at positions 130
and 131 (49). Importantly, these mutants have been shown to
have no effect on nuclear localization of the Tax protein and
were expressed to similar levels as wild-type Tax protein (data
not shown). Consistent with the data presented above, wildtype Tax inhibited p53 transactivation (Fig. 3C). In contrast,
Tax mutants M22 and M32 failed to inhibit p53 function.
These studies provide conclusive evidence that Tax inhibits the
p53 transactivation function. An exhaustive analysis of Tax
mutants is under way to define the domains of Tax involved in
p53 inactivation.
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FIG. 4. Inhibition of p53 transcriptional activation domain. (A) Diagrammatic representation of the Gal4-Luc reporter plasmid. GAL-TK-Luc has five
Gal4 DNA binding sites positioned upstream of the TK promoter. (B) Taxdependent repression of p53 function independent of DNA binding. Jurkat cells
were cotransfected with 3 mg of reporter construct and 3 mg of either pGal53 or
pGalN53 in the presence or absence of Tax (6 mg).
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DISCUSSION
Our studies provide the first experimental evidence that the
HTLV-1-transforming protein, Tax, stabilizes and inactivates
the transactivation function of p53. Moreover, Tax inhibits p53
activity by interfering with the N-terminal activation domain of
p53, independent of p53 DNA binding activity. These important experiments confirm and extend earlier observations from
this and other laboratories on p53 stabilization and lack of p53
transcription activity in HTLV-1-transformed cells. Gartenhaus and Wang (20) reported that wild-type p53 was functionally inactive in HTLV-1-transformed cell lines. Subsequently,
Cereseto et al. (4) demonstrated that p53 regulation of cellular
genes such as p21 and Gadd45 are inactivated in HTLV-1transformed cell lines. Our present studies further demonstrate that p53 transactivation of the MDM2 and Bax promoters is inhibited in HTLV-1-transformed cells.
Several viral proteins interfere with the transcriptional function of the p53 protein (7, 11, 12, 14, 30, 36, 40, 53, 54, 62).
Interestingly, the mode of interference of p53 function is accomplished by targeting different domains of p53. The adenovirus E1B 55-kDa (45) and cellular MDM2 (7, 36, 40) proteins
target the N terminus of p53, interfering with the interaction of
the p53 transcriptional activation domain with TAFII31 and
TATA binding protein. Simian virus 40 T antigen interacts
with p53 through the sequence-specific DBD, inhibiting the
interaction of p53 with DNA (12, 36). The human CMV IE2
(54), adenovirus E4orf6 (14), and Epstein-Barr virus BZLF1
(62) proteins interact with the carboxy terminus of p53. Of
interest, the interaction of the E4orf6 protein with p53 at the
carboxy terminus inhibits the interaction of TAFII31 with the
N terminus of p53 (14). Adenovirus E1A inhibits the transactivation function in an indirect fashion, apparently by increasing homo- or hetero-oligomerization of p53 (27).
Our studies with the Gal4-p53 fusion proteins demonstrate
that Tax is able to interfere with the transactivation domain of
p53 located within amino acids 1 to 52. The ability of Tax to
block the N-terminal p53 transactivation domain is novel, in
that it is unlikely that Tax inhibits transactivation through a
direct physical interaction with p53. Studies by our group, as
well as others (4, 20), fail to find an in vivo association between
Tax and p53. Our most recent results suggest that Tax may
inactivate p53 function through a novel pathway involving
posttranslational modification of p53.
The functional inactivation of p53 by Tax could play an

important role in the development of ATL. It has been postulated by several groups that following viral infection and immortalization, a “second hit” is responsible for transformation
and development of ATL. Certainly, if the p53 protection
pathway is inactivated, the development of chromosomal abnormalities or mutations during the chronic viral infection is
increased. In fact, Tax may combine two pathways, transcriptional repression (55) and protein inactivation, to fully inactivate p53 function. Our results further suggest that p53’s regulatory function of apoptotic genes is impaired in HTLV-1transformed cells. The functional interference of p53 by Tax
may contribute to the resistance of ATL cells to radio- and
chemotherapeutic agents.
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