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Human T-cell lymphotropic/leukemia virus type 1 (HTLV-1) transforms human T cells in vitro, and Tax, a
potent transactivator of viral and cellular genes, plays a key role in cell immortalization. Tax activity is
mediated by interaction with cellular transcription factors including members of the CREB/ATF family, the
NF-kB/c-Rel family, serum response factor, and the coactivators CREB binding protein-p300. Although p53 is
usually not mutated in HTLV-1-infected T cells, its half-life is increased and its function is impaired. Here we
report that transient coexpression of p53 and Tax results in the suppression of p53 transcriptional activity.
Expression of Tax abrogates p53-induced G, arrest in the Calu-6 cell line and prevents the apoptosis induced
by overexpressing p53 in the HeLa/Tat cell line. The Tax mutants M22 and G148V, which selectively activate
the CREB/ATF pathway, exert these same biological effects on p53 function. In contrast, the NF-kB-active Tax
mutant M47 has no effect on p53 activity in any of these systems. Consistent with the negative effect of Tax on
P53, no activity on a pS3-responsive promoter was observed upon transfection of HTLV-1-infected T-cell lines.
The p53 protein is expressed at high levels in the nucleus, and nuclear extracts of HTLV-1-infected T cells bind
constitutively to a DNA oligonucleotide containing the p53 response element, indicating that Tax does not
interfere with p53 binding to DNA. Tax is able to suppress the transactivation function of p53 in three different
cell lines, and this suppression required Tax-mediated activation of the CREB/ATF, but not the NF-kB/c-Rel,
pathway. Tax and the active Tax mutants were able to abrogate the G, arrest and apoptosis induced by p53,
and this effect does not correlate with an altered localization of nuclear p53 or with the disruption of pS3-DNA
complexes. The suppression of p53 activity by Tax could be important in T-cell immortalization induced by

HTLV-1.

Human T-cell lymphotropic/leukemia virus type 1 (HTLV-1)
causes adult T-cell leukemia/lymphoma (ATLL), usually after
long latency (14). The understanding of ATLL pathogenesis
remains incomplete, and one leading hypothesis is that virus-
induced chronic T-cell proliferation results in the accumula-
tion of genetic defects in a single T-cell clone, which culmi-
nates in overt leukemia.

The HTLV-1 Tax protein plays a pivotal role in the life cycle
of the virus and in immortalization of T cells in vitro (13). Tax
interacts with transcription factors to activate several major
cellular transcription factor pathways, including CREB/ATF,
NF-kB/c-Rel, and serum response factor, and binds directly to
components of the basal transcriptional complex such as
TATA-binding protein and the transcriptional coactivators
CREB-binding protein (CBP) and p300 (7, 26). Tax expression
in human peripheral blood mononuclear cells is sufficient to
induce immortalization of CD4™" T cells (18), which, however,
remain interleukin-2 (IL-2) dependent, even after extended
culture in vitro. This suggests the involvement of other viral or
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cellular factors in ligand-independent transformation. Indeed,
full T-cell transformation induced by HTLV-1 appears to be
associated with the constitutive activation of the JAK/STAT
pathway in vitro (33, 55). Tax has also recently been shown to
be involved in perturbation of cell cycle regulation, by binding
and inactivating the cyclin-dependent kinase (cdk) inhibitor
pl6™%#4 (31, 49) and by transactivating the promoter of an-
other cdk inhibitor, p21"“?/*¥!  which is overexpressed in
HTLV-1-infected T cells (8). Although p21*“"*! induces G,
arrest in certain cell types, increased expression of this protein
correlates with activation and proliferation in normal T cells
(37). Thus Tax deregulates the normal cell cycle control in T
cells by targeting different regulators of cell cycle progression.

p53 is one of the most frequently mutated genes in human
cancers (27). In cell transformation by DNA oncoviruses, p53
appears to be a primary target for inactivation and often more
than one viral protein interferes with p53 function (35). For
example, the human adenovirus E1B 55-kDa protein binds to
and inactivates p53, presumably in a trivalent complex that
includes the viral protein product of E4orf6, which also binds
directly to pS3 (41). Another adenovirus protein, E1A, stabi-
lizes p53 by an unknown mechanism and is able to interfere
with p53 transactivation (12, 19, 29). Similarly, the E6 and E7
proteins of human papillomavirus cooperate in p53 inactiva-
tion, the former by targeting p53 for rapid proteolytic degra-
dation and the latter by interfering with signaling downstream
of p53 (23, 45). In the case of HTLV-1, p53 is stabilized in the
absence of genetic mutation, and p53 stabilization correlates
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with its functional inactivation (8, 15, 42). In addition, immor-
talized T cells expressing Tax also express a stabilized, inacti-
vated p53 protein (2, 8). In this study, we examined whether
Tax represses p53 transactivation and also interferes with
known biological functions of p53, namely G, arrest and apo-
ptosis. In addition, we investigated the status of p53 in HTLV-
1-infected T-cell lines in terms of its transcriptional activity,
nuclear localization, and ability to bind to its target DNA. We
demonstrate that Tax is capable of inactivating p53 function
and that the CREB/ATF functional domain of Tax is necessary
and sufficient for this activity. Tax suppression of p53 function
seems to be through a novel mechanism, since Tax does not
bind p53 and does not interfere with the nuclear localization or
DNA-binding ability of p53.

MATERIALS AND METHODS

Cells and cell culture. Seven HTLV-1-infected T-cell lines were used. They
included four IL-2-independent T-cell lines (MT-2 [34], C91/PL [3], MJ [40], and
C8166-45 [44]) and three IL-2-dependent T-cell lines (ES5/PL [3], N-1186 [5],
and LAF [16]). The uninfected human T-cell line Jurkat and the human myeloid
cell line ML-1 were also used. ML-1 and the T-cell lines were grown in RPMI
1640 containing 10% heat-inactivated fetal bovine serum (FBS), L-glutamine (0.3
ng/ml), penicillin (100 U/ml), streptomycin (100 wg/ml), and 20 U of IL-2
(Boehringer Mannheim, Indianapolis, Ind.)/ml when required. The human ad-
enocarcinoma cell line Calu-6, the human osteosarcoma cell line U20S, and the
simian versus 40-transformed African green monkey kidney cell line Cos-7 were
obtained from the American Type Culture Collection (Rockville, Md.), and
HeLa/Tat was from the AIDS Research and Reference Reagent Program, Di-
vision of AIDS, National Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH), from Barbara Felber. Cells were maintained
in Dulbecco’s modified Eagle medium containing 10% FBS, L-glutamine (2
mM), penicillin (100 U/ml), and streptomycin (100 pg/ml).

Plasmid constructs and antibodies. The pCMV4/Tax, pcTaxM22, and pcTaxM47
plasmids were obtained from W. C. Greene (Gladstone Institute of Virology and
Immunology, San Francisco, Calif.) (47). The p53-expressing vector pC53-CIN
was obtained from A. J. Levine (Princeton University, Princeton, N.J.). PG13-
Luc contains 13 repeats of the consensus p53-responsive enhancer element (25)
linked to a firefly luciferase reporter gene. The TK-Luc plasmid (pRL-TK)
expresses the Renilla luciferase protein from the thymidine kinase promoter
(Promega, Madison Wis.). The NF-kB-Luc reporter construct was synthesized
with an oligonucleotide adaptor with three tandemly positioned NF-«B response
elements [GCTAGC(TGGGGATTCCCCA);AGATCT] and inserted into the
Nhel and BglII sites of a promoterless reporter vector, pGL-2 (Promega), with a
fos minimal promoter and the downstream reporter gene, firefly luciferase (28).
The anti-Tax antiserum 656 was obtained through the AIDS Research and
Reference Reagent Program, from Kuan-The Jeang (Laboratory of Molecular
Biology, NIAID, NIH, Bethesda, Md.), as were the hybridoma cell lines which
secrete monoclonal antibody (MAb) specific for Tax. The anti-p53 Ab used for
immunoblotting was Ab7 (Oncogene Science, Cambridge, Mass.), the 421 Ab
was used to enhance p53 binding to the oligonucleotide in gel shift assays, and
the DO-1 Ab specific for p53 was used for immunofluorescent staining (Onco-
gene Science).

Transfection and luciferase assay. Calu-6 cells were transfected with Lipo-
fectamine (GIBCO-BRL, Gaithersburg, Md.) according to the manufacturer’s
specifications, U20S cells were transfected by the calcium phosphate method
(17), and Jurkat cells were transfected with Superfect (Qiagen, Santa Clarita,
Calif.), as recommended by the manufacturer. For Calu-6 and U20S, cells were
plated in six-well plates at 4 X 10° and 2 X 10° cells per well, respectively, and
transfected the next day with 1.0 pg of reporter plasmid, 1.0 ug of pC53-CIN,
and 1.0 pg of Tax or a Tax mutant. The amount of DNA transfected was
normalized to 3.0 pg with pBC SK(—) (Stratagene, La Jolla, Calif.). In the
apoptosis induction experiments, HeLa/Tat cells were plated at 2 X 10° cells per
chamber slide (Nunc) and transfected the next day with 3 g of pC53-CIN and
2 pg of pCTax or 3 pg each of the different Tax mutants. Twenty-four hours later,
cells were washed twice with phosphate-buffered saline (PBS), fixed with 2%
paraformaldehyde in PBS for 10 min at room temperature, and subsequently
permeabilized with a solution of 0.1% saponin and 10% FBS in PBS for 1 h at
room temperature. Slides were then stained as detailed below. For luciferase
assays, cells were washed with PBS 5 h after transfection, and 24 h later cells were
solubilized in 100 pl of reporter lysis buffer (Promega). In transfections of Tax
and the Tax mutants with NF-kB-Luc and HTLV-1-LTR-Luc, 1 pg of each
reporter was used with 4 pug of Tax or the Tax mutants. For transfection of the
Jurkat T-cell line, 5 X 10° cells were washed with PBS and resuspended in 5 ml
of fresh complete medium. Three micrograms of plasmid DNA, as described
above, was mixed with 12 pl of Superfect, and this mixture was applied to the
cells. Twenty-four hours later, cells were collected, washed with PBS, and solu-
bilized in 100 pl of reporter lysis buffer. Twenty microliters of cell extract was
added to 100 pl of luciferase substrate (Promega), and luciferase activity was
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measured with a Bertholdt luminometer. The data were normalized for the
amount of protein by using the Bradford assay (Bio-Rad, Hercules, Calif.). The
HTLV-1-infected cells were transfected by the DEAE-Dextran method accord-
ing to the manufacturer’s specifications (Promega). Briefly, 107 cells were washed
once in PBS and resuspended in 1 ml of PBS in an Eppendorf tube. One
microgram of TK-Luc and 1 g of the appropriate reporter construct were added
to the cells, and 240 pg of DEAE-Dextran was used for each transfection. Cells
were incubated at room temperature for 20 min, washed twice with Hanks
balanced salt solution, and resuspended in 5 ml of complete medium. Twenty-
four hours later, cells were lysed in passive lysis buffer for the dual luciferase
assay (Promega), and emitted light was measured as previously described.

Immunoblot analysis. A total of 20 to 50 pg of protein from lysates used in the
luciferase assay was resolved on a sodium dodecyl sulfate-10% polyacrylamide
gel electrophoresis (SDS-10% PAGE) gel (Novex, San Diego, Calif.) and trans-
ferred to nitrocellulose membranes (Bio-Rad). Membranes were blocked in 3%
bovine serum albumin in PBS containing 0.2% Tween-20 (Sigma Chemical Co.,
St Louis, Mo.). Primary Ab was added and the mixture was incubated overnight
at 4°C. After washing, a biotin-conjugated anti-immunoglobulin Ab (Jackson
ImmunoResearch, West Grove, Pa.) was incubated with the membrane for 1 h at
room temperature, and a streptavidin-horseradish peroxidase conjugate (Jack-
son ImmunoResearch) was used for a final 1-h incubation. Chemiluminescent
detection of blotted proteins was performed with an enhanced chemilumines-
cence kit (ECL; Amersham, Arlington Heights, IlL.).

Immunofluorescent staining. For HTLV-1-infected T-cell staining, 4 X 10*
cells were mounted on slides by using cytospin funnels (Shandon, Pittsburgh, Pa.)
and fixed for 10 min in 2% paraformaldehyde. The anti-p53 Ab DO-1 (4 pg/ml)
was added overnight at room temperature, a biotin-conjugated anti-mouse im-
munoglobulin Ab (Jackson ImmunoResearch) was added at a 1:2,000 dilution
for 1 h, and a streptavidin-Cy3 conjugate (Jackson ImmunoResearch) at a
1:2,000 dilution was incubated with the cells for 1 h. Slides were visualized with
a Nikon Optiphot microscope, and pictures were taken with an FX-35A camera
(Nikon, Tokyo, Japan). For staining slides in the apoptosis induction experi-
ments, the anti-Tax MADb at a 1:50 dilution was applied overnight at 4°C, slides
were washed 4X with PBS, the anti-mouse Cy3 conjugate was added for 1 h at
room temperature, the slides were washed, the rabbit anti-p53 Ab (Santa Cruz)
was incubated with the mixture at room temperature for 1 h, the slides were
again washed, and then an anti-rabbit Cy2 conjugate was added for 1 h. After an
extensive washing, slides were incubated with 4’,6-diamidino-2-phenylindole
(DAPI) for 1 min, rewashed, and visualized as described above.

Cell cycle analysis. Calu-6 cells were transfected with 5 pg of p53 plasmid and
5 pg of either Tax or the Tax mutants, 2 pg of the CD20 expression vector, 1 ug
of the PG13-Luc construct, and 1 g of the pRL-TK reporter gene, as described
above. Twenty-four hours after transfection, cells were collected in PBS by cell
scraping, and 1/10 of the suspension was lysed and measured for luciferase
activity as described above. This lysate was also used in immunoblot analysis. The
remaining cells were centrifuged and resuspended in 100 wl of PBS containing
10% FBS, 0.02% sodium azide, and 1 pg of anti-CD20-fluorescein isothiocyanate
Ab (Becton Dickinson, San Jose, Calif.)/ml. After a 60-min incubation at room
temperature, cells were washed once in PBS and fixed for 10 min at room
temperature with 2% paraformaldehyde in PBS. After two washes with PBS,
cells were fixed for 30 min on ice in 80% ethanol, washed once in PBS, suspended
in 0.5 ml of PBS, and DNase-free RNase (7 pg/ml) (Boehringer Mannheim) was
added. The cell suspension was incubated for 25 min at 37°C, washed once in
PBS, and resuspended in propidium iodide (PT) (50 pg/ml; Sigma). Cell fluores-
cence was analyzed on a FACScan Flow Cytometer (Becton Dickinson) using
CellQuest, and cell cycle analysis was performed using Modfit LT 2.0 software.

EMSA. Nuclear extracts were prepared, and electrophoretic mobility shift
assays (EMSAs) were done as previously described (30) with the p53-responsive
element from the ribosomal group cluster (RGC) promoter (5'-TCGAGTTGC
CTGGACTTGCCTGGCCTTGCCTTTC-3"). Briefly, the binding reaction was
performed by preincubating 10 pg of nuclear extract with 1 ug of poly(dI-dC)
(Boehringer Mannheim) in a buffer containing 5.9 mM HEPES (pH 7.9), 30 mM
KCl, 5.9 mM Tris (pH 7.4), 0.7 mM dithiothreitol, 0.6 mM EDTA, 8.9% glycerol,
0.1 mM Na3;VO,, 1 mM AEBSF, 20 ug of aprotinin/ml, and 20 pg of leupep-
tin/ml on ice for 20 min, at a final volume of 20 wl. Two micrograms of the
anti-p53 Ab 421 was added to each reaction. A total of 20,000 cpm of 32p_labeled
probe was added to the reaction mixture and incubated for 20 min on ice.
Complexes were resolved on a 5% polyacrylamide gel. When indicated, cells
were irradiated with 10 Gy by using '¥’Cs as a source at 3.1 Gy/min. After a 3-h
incubation, nuclear extracts were prepared.

RESULTS

Tax suppresses p53 transcriptional activity through its
CREB/ATF functional domain in the U208, Calu-6, and Jur-
kat cell lines. To evaluate the effect of Tax expression on the
transcriptional activity of p53, we used the reporter construct
PG13-Luc, which contains 13 repeats of the p53-responsive
consensus sequence upstream of a basal promoter expressing
the firefly luciferase gene. This reporter gene was cotrans-
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FIG. 1. In the U20S cell line, Tax and the Tax mutant M22 inhibit p53
transactivation but the Tax mutant M47 does not. Cells were transfected by the
calcium phosphate method with 1 pg of pC53-CIN; 1 pg of pCMV4/Tax,
pcTaxM22, or pcTaxM47; and 1 pg of PG13-Luc, and Bluescript (pBC SK—) was
used to normalize the amount of transfected DNA in the different samples. To
ensure that relatively equal levels of transfection occurred in the different sam-
ples, Western blotting was performed for both p53 and Tax. A representative
experiment is shown. The arrowheads indicate endogenous p53.

fected with the expression plasmids encoding p53 and Tax in
the U20S cell line. In the presence of Tax, p53 transcriptional
activity was reproducibly inhibited by 70% (Fig. 1, lanes 1 to 4).
To ensure that transfection efficiency was comparable for each
vector, we analyzed the cell lysates for expression of the intro-
duced genes by Western blotting. Cells cotransfected with Tax
and p53 expressed slightly higher amounts of p53 than cells
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transfected with p53 alone (Fig. 1, compare lanes 1 and 2 and
lanes 3 and 4).

The Tax protein interacts with a number of different enhanc-
er-binding proteins and activates transcription through their
specific enhancer elements. Site-directed mutagenesis allowed
identification of distinct functional domains of Tax, and mu-
tants generated from these studies have been instrumental in
efforts determining the relative contributions of the different
pathways to the biological effects mediated by Tax. We used
two of these missense mutations: M22, a **ThrLeu—AlaSer
mutation which activates CREB/ATF-directed transcription
but is deficient in NF-kB/c-Rel-mediated transactivation, and
M47, a *'’LeulLeu—ArgSer mutation which has the opposite
phenotype and retains transactivating abilities through the NF-
kB/c-Rel pathway only. All of the Tax mutants were tested for
appropriate transactivating function on CREB/ATF- and NF-
kB/c-Rel-responsive constructs as described in Materials and
Methods (data not shown).

Transient coexpression of p53 and M22 in U20S cells re-
sulted in the suppression of p53 transactivation to a level which
was comparable to that seen with wild-type Tax (Fig. 1, lane 5).
In contrast, expression of the M47 mutant did not suppress p53
activity (Fig. 1, lane 7). As demonstrated by Western blot
analysis, the transfected genes were expressed to similar levels
(Fig. 1, lanes 1 to 8).

Since the U20S cell line expresses wild-type p53 and the
activation induced by exogenous p53 is only fourfold above
baseline, the same experiment was performed in Calu-6, a
p53-null human epithelial cell line (Fig. 2A). In Calu-6 cells,
basal expression of the PG13-Luc construct is very low, and the
addition of exogenous p53 increased luciferase expression by
400-fold or more (see also Fig. 3B). Both wild-type Tax and the
M22 mutant suppressed p53 transactivation in Calu-6 cells to
levels comparable to those obtained in the U20S cells, and
M47 did not suppress pS53 transcriptional activity (Fig. 2A).
Again, the expression of all transfected genes is demonstrated
by Western blot analysis (Fig. 2A).

To assess the suppressive effect of Tax in mature CD4* T
cells, the physiological target of HTLV-1 infection, cotransfec-
tion experiments were performed using the Jurkat T-cell line,
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FIG. 2. Tax inhibits p5S3 transactivation in the p53-null cell line Calu-6 and in the Jurkat T-cell line independent of NF-kB/c-Rel activation. Cells were transfected
as described in the legend for Fig. 1 with Lipofectamine for Calu-6 and Superfect for Jurkat. Error bars show the standard deviations for two independent experiments.
(A) Forty micrograms of total protein was electrophoresed on SDS-PAGE gels, transferred to nitrocellulose, and analyzed by Western blotting. *, 1.5- to 2-fold increase

in activity of p53 on PG13-Luc. (B) Fold induction in the Jurkat T-cell line.
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which expresses a nonfunctional p53 protein (10). The addition
of exogenous p53 increased luciferase activity 80-fold (Fig.
2B). Tax and the M22 mutant repressed p53 transcriptional
activity in Jurkat cells, and M47 again showed no suppressive
activity. In addition, another mutant, G148V, which like M22
activates the CREB/ATF pathway but is defective for NF-kB/
c-Rel activation (58), was also able to repress p53 transcrip-
tional activity in the Jurkat cell line (Fig. 2B). Taken together,
these results indicate that Tax suppresses p53 transactivation
in the U208, Calu-6, and Jurkat cell lines and that this activity
of Tax is dependent on its CREB/ATF functional domain.

Tax abrogates p53-induced G, arrest through its CREB/
ATF functional domain. An important function of p53 is to
induce G, arrest following DNA damage. To assess whether
Tax repression of p53 activity affected this function, the Calu-6
cells were used in a transient-transfection assay to evaluate the
Tax effect on G, arrest induced by overexpression of pS3. Cells
were transfected with p53, Tax, or both in the presence of a cell
surface marker, CD20, and analyzed for their DNA content by
PI staining. Overexpression of p53 alone in Calu-6 cells in-
duced an increase in cells arrested in G, and a decrease in both
the S and G,/M phases of the cell cycle (Fig. 3A). Results of a
typical experiment are presented in Fig. 3A, where p53 over-
expression resulted in an increase in the G,/S ratio. Coexpres-
sion of Tax, however, resulted in a loss of the p53-induced G,
arrest in the Calu-6 cells (Fig. 3A, bottom). To determine
whether this Tax effect correlated with the repression of p53
transcriptional activity, Tax mutants were tested by the same
assay. As shown in Fig. 3B, the M22 and G148V mutants were
equally effective in abrogating the p53-induced G, arrest, while
the M47 mutant was unable to overcome the p53 effect. The
levels of Tax and the Tax mutants were comparable to what is
typically seen in this cell line (data not shown and Fig. 2A).
Thus, Tax repression of p53 transcriptional activity is associ-
ated with a reversal of the G, checkpoint induced by p53, and
the CREB/ATF domain of Tax appears to be necessary for this
effect.

Tax interferes with p53-induced apoptosis through its
CREB/ATF domain. Another critical function of p53 is the
induction of programmed cell death or apoptosis. This effect of
p53 is mediated by functional domains different from those
involved in G, arrest, as shown by p53 mutagenesis studies, and
the involvement of p53 transcriptional activation in apoptosis
is still uncertain (1). Transient overexpression of p53 in the
HeLa/Tat cell line resulted in significant p53-induced apopto-
sis, as opposed to the G, arrest we observed in the Calu-6 cell
line upon p53 overexpression. For a quantitative measure of
the p53-induced apoptosis in HeLa/Tat, cells were transfected
on a chamber slide, stained for p53 expression, and counted by
visual examination. The percentage of cells displaying an ap-
optotic phenotype, which ranged between 30 and 50% of p53-
expressing cells, was used as 100% of p53-induced apoptosis
(Fig. 4A). Upon coexpression of Tax, there was a decrease in
the apoptotic rate to approximately 30% of control, as mea-
sured by those cells expressing both p53 and Tax that display
an apoptotic phenotype (Fig. 4A). To rule out an effect of Tat
in this system, these experiments were repeated in the HelLa
cell line. While the percentage of cells displaying an apoptotic
phenotype upon overexpression of p53 was lower, essentially
identical results were obtained in terms of Tax suppression of
p53-induced apoptosis (data not shown). When the Tax mu-
tants were tested in the Hela/Tat cells, a direct correlation
between the ability of a mutant to repress p53 transcriptional
activity and its effect on the apoptotic function of p53 was
observed. No protective effect was seen for cells coexpressing
the M47 mutant, while expression of either M22 or G148V
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resulted in a significant protection from p53-induced apoptosis
(Fig. 4A). A representative staining is shown in Fig. 4B, where
p53 overexpression in HeLa/Tat produces the classic signs of
apoptosis, including membrane blebbing and condensed chro-
matin. Cells coexpressing Tax and p53 showed high levels of
nuclear pS3 without the phenotypic changes indicative of ap-
optosis (Fig. 4B). Therefore, Tax is able to interfere with p53-
dependent apoptosis without affecting localization of nuclear
p53, and this effect appears to be mediated through its CREB/
ATF functional domain.

p53 transcriptional activity is downregulated in HTLV-1-
transformed and -immortalized T-cell lines. To assess p53
function in the context of viral infection of T cells, endogenous
pS53 activity was measured in HTLV-1-infected T-cell lines.
The PG13-Luc construct was transfected into HTLV-1-immor-
talized (N-1186 and LAF) and HTLV-1-transformed (MT-2
and C91/PL) T-cell lines; the Jurkat T-cell line and the U20S
cell line were used as negative and positive controls, respec-
tively. No significant expression of the luciferase gene was
observed in the HTLV-1-infected T-cell lines, while the U20S
cells showed a 150-fold induction in luciferase activity (Fig.
5A). The lack of p53 transcriptional activity in the HTLV-1-
infected T-cell lines is not due to a lack of expression of p53,
since these cells express high levels of stable p53 (Fig. 5D). An
HTLV-1-LTR reporter gene, responsive to Tax, was effectively
activated in parallel transfection experiments in the HTLV-1-
infected T-cell lines (Fig. 5B), as was an internal reporter
construct, TK-Luc, used as a control for transfection efficiency
(Fig. 5C). Consistent with the transient-assay experiments (Fig.
1 and 2), Tax expression in the context of HTLV-1-infected T
cells may account for the suppression of p53 activity.

Tax does not prevent p53 nuclear localization or binding of
p53 to DNA. One mechanism of p53 inactivation is the reten-
tion of the protein in the cytoplasm, which prevents its binding
to DNA and transactivating the appropriate target genes. The
adenovirus E1B 55-kDa protein binds to p53 and prevents the
nuclear localization of p53 (61, 62). p53 exclusion from the
nucleus has also been described in hepatitis B virus X gene-
expressing cells (50, 54). HTLV-1-infected T-cell lines were
analyzed by indirect immunofluorescence to determine the
subcellular localization of p53. In the HTLV-1-infected cell
lines C8166-45, C91/PL, ES55, MJ and HUT102/B2, p53 is ex-
pressed at high levels in the nucleus of the cells. A represen-
tative staining of the C91/PL cell line is shown in Fig. SE. In
addition, in the transient transfection of HeLa/Tat, p53 expres-
sion was nuclear even in the context of Tax coexpression (Fig.
4B), suggesting that nuclear exclusion of p53 is not the mech-
anism by which Tax inactivates p53 activity.

We next analyzed whether the nuclear p53 from HTLV-I-
infected cells retained its ability to bind DNA. Nuclear extracts
from HTLV-1-infected cells exhibited a variable amount of
constitutive p53 binding to a >*P-labeled DNA probe contain-
ing the p53-responsive sequence from the RGC promoter, and
this binding could be increased upon exposure of the cells to
gamma radiation (Fig. 6). In addition, the p53-specific band
could be supershifted upon addition of a p53-specific antibody
(data not shown). A nuclear extract from a myeloid cell line,
ML-1, that had been exposed to gamma irradiation to increase
p53 protein, was used as a positive control (Fig. 6).

Altogether, the data indicate that the suppression of p53
activity by Tax does not seem to be associated with an altered
localization of p53 or to its ability to bind specifically to a DNA
sequence containing a p53-responsive element.
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DISCUSSION

The p53 protein is an important regulator of cell cycle pro-
gression and under certain conditions induces cell cycle arrest
and/or apoptosis (27). In this study, we have shown that Tax
interferes with the transactivating function of p53 in a tran-
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FIG. 3. Expression of CREB/ATF-active Tax overcomes the p53-induced G,
arrest in the Calu-6 cell line. Calu-6 cells were transfected as described in the
legend to Fig. 1, and 24 h later cells were stained for surface expression of CD20
and fixed, and the DNA was stained with PI. CD20-positive cells were analyzed
for DNA content by using the Modfit LT program. (A) Those cells expressing
p53 alone show an increased G,/S ratio due to a p53-induced G, block, and this
block is overcome by coexpression of the Tax protein. Results are representative
of four independent experiments. (B) The Tax mutants were tested in the system
outlined for panel A above. Both M22 and G148V are able to suppress the G,
block induced by p53, and this correlates with the inhibition of p53 transactiva-
tion. Forty micrograms of protein was electrophoresed on SDS-PAGE gels,
transferred to nitrocellulose, and analyzed by Western blotting. The results are
representative of two independent experiments.

sient-transfection system and may be the main viral protein
responsible for the inactivation of p53 in HTLV-1-infected T
cells. This inactivation does not appear to be mediated through
a direct interaction between p53 and Tax, and the CREB/ATF
domain of Tax appears to be necessary and sufficient for this
suppression. Tax inactivation of p53 transcriptional activity
correlates with the loss of p53-induced G, arrest and apoptosis.
Furthermore, Tax-induced p53 inactivation occurs without
changes in the nuclear localization and DNA binding of the
p53 protein.

The ability of Tax to repress pS3 functions other than its
transcriptional activity has not been investigated. Our results
show that Tax repression of p53 transactivation does in fact
have a profound effect on the G, arrest and apoptosis induced
by p53 overexpression. In addition, our results indicate that the
CREB/ATF domain, but not the NF-kB/c-Rel functional do-
main, of Tax is essential for these effects on pS3. The amount
of protection from apoptosis obtained upon expression of Tax
paralleled the decreased transcriptional activation of p53 ob-
served in the different cell lines, indicating that the Tax-in-
duced protection from apoptosis may be related to the sup-
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pression of p53 transcriptional activity. In addition, a direct
correlation between the ability of the mutants to interfere with
the functions of p53 and their ability to repress transcription
was observed. In our study, the M22 mutant was as effective as
Tax in abrogating p53 transactivation and function. Others
have recently reported a reduced activity of this Tax mutant on
p53 repression (39). It is possible that the Jurkat T-cell lines
used by each group are somewhat different. However, since
another mutant, G148V, which possesses the same CREB/
ATF-activating ability as M22, is also able to repress p53 func-
tion, it appears that the ability to activate through CREB/ATF
is critical for these Tax effects, while the NF-kB/c-Rel domain
appears to be dispensable for this activity.

The contribution of p53 inactivation to HTLV-1-induced
leukemia is not yet known. It is likely to be important during
the immortalization process in vitro, since we detect no differ-
ences in terms of p53 activity in IL-2-dependent or -indepen-
dent T cells (Fig. 5). In terms of functional importance, we
have observed an abnormal response to ionizing radiation in
HTLV-1-infected or Tax-expressing T cells (8) and in ATLL
cells (53a). DNA damage did not induce upregulation of
GADDA45 and p21"“" mRNA, as is seen in normal peripheral
blood mononuclear cells. In addition, no significant apoptosis

Tax TRANSREPRESSION OF p53 ACTIVITY 8857

FIG. 4. p53-induced apoptosis is blocked by coexpression of Tax. HeLa/Tat
cells were plated in chamber slides, transfected the next day, and fixed with 2%
paraformaldehyde 24 h later. The transfected DNA is indicated to the left of
each panel. Cells were stained with Cy3 for p53, Cy2 for Tax, and DAPI for DNA
detection as detailed in Materials and Methods. (A) p53-expressing cells were
counted with a fluorescence microscope, and the number of these cells that
showed condensed nuclei was determined. This percentage, which ranged from
30 to 50% in the different experiments, was established as 100% p53-induced
apoptosis (p53 in panel A). In the cotransfections with Tax and the Tax mutants,
those cells that visibly expressed both proteins by fluorescence microscopic de-
tection were counted, and the percentages of p53-induced apoptosis were deter-
mined. Error bars show the standard deviations for two independent experi-
ments. (B) A representative staining of one of the experiments presented in
panel A is shown. The p53-expressing cell in the singly transfected population is
clearly apoptotic, as shown by the DAPI staining, while the cell coexpressing the
Tax protein is protected from apoptosis.

DAPI

was observed upon ionizing irradiation of HTLV-1-infected or
-transformed T cells, consistent with the finding in other he-
matopoietic cells with inactive p53 protein (24). It is likely that
Tax interferes with the normal function of p53 in these HTLV-
1-infected T cells.

The precise role of the p53 protein in the life cycle of
activated T cells is unclear. Although p53 is upregulated in
activated T cells, and functionally induced upon DNA damage,
the interferon regulatory factor-1 (IRF-1) protein appears to
be a major determinant of apoptosis in this cell type, as dem-
onstrated by the lack of a significant effect on the sensitivity of
activated T cells to DNA-damage-induced apoptosis in p53-
null mice (48, 51). IRF-1 is a transcriptional activator for
interferon and interferon-inducible genes and, like p53, func-
tions as a tumor suppressor (20, 21, 52). The relative contri-
bution of these two proteins to a DNA-damage-induced func-
tional response in activated T cells remains to be determined.

Numerous studies of ATLL have documented the presence
of a mutated p53 gene in 30 to 40% of patients, and p53
mutation correlates with the severity of the disease (9, 36, 43,
59). In one of these studies, a single patient progressed rapidly
from chronic to acute ATLL, and this rapid expansion of
leukemic cells correlated with the homozygous missense mu-

o Tax
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FIG. 5. p53 is not transcriptionally functional in HTLV-1-infected cell lines.
U20S cells were transfected by the Ca,PO, precipitation method with 1 pg of
reporter plasmid and 1 pg of TK-renilla-Luc, an internal control plasmid to
normalize transfection. Lysates were assayed for firefly luciferase and Renilla
luciferase by using a dual assay kit (Promega). HTLV-1-infected cell lines were
transfected by the DEAE-Dextran method with 1 pg each of the above-men-
tioned plasmids. Jurkat cells were transfected with Superfect with the same
amounts of DNA as for the other cell lines. Error bars show the standard
deviations of four independent experiments and are normalized for protein
amount. (A) Fold induction by endogenous p53 activity on the p53-responsive
plasmid PG13-Luc. The control plasmid was a construct containing a basal
promoter expressing the firefly luciferase gene that contained no inducible ele-
ment. U208 expresses wild-type p53 and shows strong activation of PG13-Luc.
Jurkat expresses a nonfunctional p53 protein and has no activity on this con-
struct. All four of the HTLV-1-infected cell lines show no activity on PG13-Luc,
even though they express high levels of wild-type p53. Both IL-2-dependent and
-independent lines are negative for p53 transactivation. (B) Fold induction on
the HTLV-1-LTR-Luc construct. This plasmid contains the entire HTLV-1 long
terminal repeat cloned upstream of a basal promoter present in the PGL3-Luc
construct and is strongly activated by HTLV-1 Tax. All four HTLV-1-infected
cell lines activate this reporter, but neither U20S nor Jurkat transactivate this
construct to any extent. (C) Relative luciferase activity on the TK-renilla-Luc
construct in the different cell lines. (D) Western blot analysis for the presence of
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FIG. 6. The p53 protein present in HTLV-1-infected cells is able to bind to
a p53-responsive element, and binding is increased upon gamma irradiation.
Cells were irradiated with 10 Gy and lysed 3 h later. Ten micrograms of nuclear
extract was incubated with 20,000 cpm of *?P-labeled probe comprising the
p53-binding element from the RGC promoter. Two micrograms of MAb 421 was
included to promote binding to the probe. Samples were run on a 5% PAGE gel
in 0.5% Tris-buffered EDTA. The ML-1 myeloid cell line was included as a
positive control as it is known to express wild-type p53 that is strongly induced
upon exposure to ionizing irradiation. The Cos-7 cell line expresses high levels of
wild-type p53, some of which is able to bind the probe.

tation of p53 (43). The presence of a mutated p53 gene in the
leukemic cells of an ATLL patient and the lack of such muta-
tions in vitro may be due to the differential expression of the
Tax protein in these cells. In established cell lines, the presence
of Tax obviates the need for the selective pressure to ablate
p53 function, and this may be why most HTLV-1-infected cell
lines express wild-type p53 protein. However, in most of the
leukemic cells from ATLL patients, Tax is not expressed and
mutational inactivation of p53 may be necessary in vivo. A
similar situation exists for the p16™%** gene. Up to 50% of
ATLL patients have one or both of the p16”%** alleles de-
leted or otherwise inactivated, and this correlates with progres-
sion to a more aggressive disease stage (22, 38, 53a, 57). In
contrast, only rarely do the HTLV-1-infected T-cell lines show
deletion of the p16™%#*! gene or alterations in expression of
the p16"™%** transcript (53a, 49). It is indeed possible that
HTLV-1 transformation in vitro may be a better model of
transformation in vivo than was previously thought, with a high
level of Tax expression substituting for the slower process of
somatic mutation.

The mechanism by which Tax inactivates p53 activity is un-
known. It is unlikely to mimic the mechanisms used by the
simian virus 40 large T antigen or adenovirus E1B 55-kDa
protein since these viral proteins both bind and inactivate p53
(35). Suppression of p53 activity mediated by Tax may result
from a competitive inhibition at the level of transcription fac-
tors. It is known that Tax and p53 interact with a common
subset of factors necessary for transcriptional activation, in-
cluding the transcriptional coactivators CBP-p300 as well as
components of the basal transcription machinery such as the
TATA-binding protein (4, 7, 19, 26, 29, 46). A similar mecha-
nism has been proposed for the adenovirus E1A protein, which
also interferes with p53 transcriptional activity and appears to
sequester the transcriptional coactivators CBP-p300 (19, 29).
In fact, Tax and E1A share many common features: both
stabilize the p53 protein by an unknown, posttranscriptional
mechanism (2, 12, 32, 42), both proteins are involved in tran-
scriptional regulation through interactions with various tran-
scription factors (6, 60), and both proteins are able to induce
apoptosis under certain conditions (11, 53, 56).

endogenous p53 and Tax. Forty micrograms of protein lysate from luciferase
assays was run on SDS-10% PAGE gels, and proteins were detected by chemi-
luminescence. The HTLV-1-infected cells express at least as much p53 protein as
U20S but show no activity on the PG13-Luc reporter gene (panel A). (E) Cells
were mounted on slides by using cytospin funnels and were fixed for 10 min with
2% paraformaldehyde. Indirect immunofluorescence analysis was performed
with the anti-p53 Ab DO-1. A representative staining of C91/PL, demonstrating
clear nuclear staining for the protein, is shown.
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Our results support the notion that Tax suppresses p53 func-
tion without altering p53 subcellular localization or DNA-
binding properties. These findings, in conjunction with the
observation that Tax binds p16™%** and reverts its ability to
induce G, arrest, provide a rational explanation for the ability
of HTLV-1 to efficiently immortalize T cells in vitro by target-
ing two tumor suppressor genes which regulate cell cycle pro-
gression.
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