Arch Immunol Ther Exp, 2005, 53, 283-296 Www AITE-ONLINE ORG
PL |SSN 0004-069X Review

reoes oo, | Human T cell leukemia virus type 1:
Published: 2005.08.15 the role Of Tax in |eukemogene5is

Cynthia A. Pise-Masison, Soo-Jin Jeong and John N. Brady

Center for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA

Source of support: self financing

Summary

Human T cell leukemia virus type 1 (HTLV-1) is a complex human retrovirus which is
the causative agent of adult T cell leukemia (ATL). ATL occurs in about 4% of carriers
and develops after a long latent period. Although the precise mechanism of HTLV-1
oncogenesis remains unclear, the pathogenesis has been linked to the pleiotropic activity
of the viral transcriptional activator protein Tax. Tax has been shown to regulate viral and
cellular gene expression and to functionally interfere with proteins involved in cell-cycle
progression and DNA repair. This review will focus on the role of Tax in p53 inhibition.
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INTRODUCTION

The human T cell leukemia virus type 1 (HTLV-1) is
a complex retrovirus associated with two fatal human
diseases: adult T cell leukemia (ATL) and the neu-
rodegenerative disease tropical spastic parapare-
sisfHTLV-1-associated myelopathy (reviewed in
ref.% 3769114159 ATL is an aggressive lymphoprolifer-
ative disease which can be classified into distinct clin-
ical subtypes: pre-ATL, the acute form, the sub-acute
or smoldering form, the chronic form, and ATL lym-
phoma'# 139, HTLV-1 is endemic in areas of Southern
Japan, the Caribbean basin, inter-tropical Africa, the
Middle East, South America, and Papua New
Guinea'®. It is estimated that 20-30 million people
worldwide may be infected with HTLV-1. Of those,
about 4% will go on to develop disease after a laten-
cy of 20 or more years''3.

In vivo, HTLV-1 infects CD4* peripheral T cells, but
has also been detected, to a lesser extent, in CD8* T
cells” 133177 Unlike typical transforming retroviruses,
HTLV-1 does not encode a cellular oncogene or dis-
rupt cellular gene regulation by insertional mutagene-
sis. While several viral proteins act in concert to allow
infected cells to avoid immune regulation, modulate
anti- and proapoptotic signals, and increase T cell
responsiveness to extracellular stimuli, the viral Tax
protein is the major viral oncoprotein®- 161172,

GENOMIC STRUCTURE AND GENE EXPRESSION

HTLV-1 is a complex Delta-retrovirus whose
genome encodes structural and enzymatic proteins:
Gag, Env, reverse transcriptase, protease, and inte-
grase®. In addition, HTLV-1 has a region at the 3
end of the virus, called pX, which encodes four par-
tially overlapping reading frames (ORFs) (Fig. 1).
These ORFs code for regulatory proteins which
impact the expression and replication of the virus.

While much work has focused on the regulation of
Tax and Rex in viral replication and expression,
recent studies have pointed to a role for the accesso-
ry proteins in T cell activation, transcriptional regula-
tion, viral persistence, and immune evasion* >3’

The p12! protein, which bares sequence similarity to
the E5 protein of bovine papilloma virus type 1, is a
small hydrophobic protein which localizes to the
golgi and endoplasmic reticulum (ER)> 3% 74,
Although not necessary for HTLV-1 replication in
vitro, p12! was shown to contribute to viral infectivity
in vivo using a rabbit animal model system® 26 27 86,
Later studies have linked p12' to T cell activation.
p12! has been shown to increase signal transducers
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Figure 1. Genomic structure of HTLV-1. The upper panel is a dia-
grammatic representation of the structure of the HTLV-1 proviral
DNA and encoded genes. The lower panel shows the structure of
the unspliced and spliced mRNA species.

and activators of the STATS pathway, increasing
DNA binding and transcriptional activity in T cell
lines as well as primary T cells'. In agreement with
having a role in T cell activation/proliferation, p12!
also interacts with both calnexin and calreticulin, ER-
-resident proteins which regulate calcium storage and
increase calcium release™.

The OREF II region of the viral mRNA encodes the
p30 and p13 accessory proteins. When the p30 pro-
tein is expressed ectopically, it is found to localize to
the nucleus and nucleoi of transfected cells®?. The
p13 represents the C-teriminal 87 amino acids of p30.
Ectopic expression of p13 localizes it to the nucleus
and mitochondria?» 2 82 83 ‘While little is known
about the function of p13, a mitochondrial targeting
signal at its amino terminus and the observation that
its expression alters the mitochondrial inner mem-

brane potential suggest it may play a role in apopto-
Si524’ 25, 82‘

As is the case with the p12! protein, indirect evidence
suggests the expression of p30 in infected cells.
Antibodies and cytotoxic T cells to p30 have been
found in HTLV-1-infected individuals'?’. In addition,
using a molecular clone in which expression of both
p30 and pl13 has been ablated, investigators found
a role for these proteins in viral infectivity in a rabbit
model'> 133, However, in vitro expression of p30 and
p13 is dispensable for infection and immortalization
of primary human T cells*’. More recently, a role for
p30 in maintaining viral latency has been proposed.
Because p30 is capable of binding p300/CBP, Zhang
et al.'” suggested that p30 is a negative regulator of
gene expression in a mechanism involving p300/CBP
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squelching. In addition, Nicot et al."'® and Younis et
al.'”® proposed that p30 negatively regulates virus
production by binding to and retaining the tax/rex
mRNA in the nucleus. This reduction in viral replica-
tion may allow escape from immune recognition and
thus viral persistence.

The viral Rex and Tax proteins, on the other hand,
have been shown to positively regulate virus produc-
tion. The Rex protein acts posttranscriptionally. Rex
binds viral mRNA, facilitating its export from the
nucleus and expression of the viral structural and
enzymatic proteins®” % 48, The transforming ability
of the virus has been attributed to the viral Tax pro-
tein. Tax activates both viral and cellular gene expres-
sion, facilitating cell growth and ultimately lending to
viral immortalization/transformation!%% 17,

PLEIOTROPIC FUNCTIONS OF TAX

Tax is a 40-kDa phosphoprotein that is predominate-
ly nuclear, but has been shown to shuttle between the
nucleus and cytoplasm'®. Tax lacks a cellular homo-
logue®, but has been shown to transactivate or tran-
srepress the expression of a wide number of cellular
genes (Fig. 2). These include cytokines, growth fac-
tors, cellular receptors, cell-cycle regulators, DNA
repair proteins, or proteins which regulate apoptosis
(reviewed in ref’” %), Tax does not bind DNA
directly but acts through cellular transcription fac-
tors, CREB, NF-kB, and serum-responsive factor
(SRF)37, 176,

With the advent of DNA microarray technology, pro-
files of HTLV-1-infected cells and Tax-expressing
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Figure 2. The pleiotropic effects of Tax. This is a summary of the
activity of Tax within an infected cell that leads to uncontrolled cell
proliferation.

cells have allowed a more complete list of HTLV-
-1/Tax-regulated genes>> 17131 Tt is these pleiotropic
actions of Tax that predict its central role in leuke-
mogenesis (Fig. 2).

Tax-mediated activation
of the CREB/ATF-dependent transcription

Tax was originally identified as a transcriptional acti-
vator for viral gene expression. Tax drives viral gene
expression from three imperfect 21-base-pair repeat
enhancer elements located within the U3 region of
the HTLV-1 long-terminal repeat (LTR). Each Tax-
-responsive element (TRE) contains a core
CREB/ATF binding site flanked by 5’G- and 3’C-rich
residues!” %, Tax efficiently activates the LTR by
forming a Tax/CREB/TRE complex where binding of
Tax to CREB enhances CREB homodimer forma-
tion*7 8% %, 124,175, 176_Tax s believed to contact the G-
-C-rich flanking sequences of the DNA, which results
in a conformational change in Tax allowing the
exposed C-terminal region of Tax to recruit the coac-
tivators CBP/p300 and PCAF® %. Unlike CREB-
-mediated transcription, Tax-mediated transcription
occurs in the absence of CREB phosphorylation.
The ability of Tax to activate transcription via
CREB/ATF sites is context specific, since transcrip-
tional activation of cellular promoters that contain
CREB sites is not seen’ 8 156,

Tax-mediated activation
of the SRF-dependent transcription

Tax-expressing cells exhibit an increased expression
of immediate early genes, such as c-fos, c-jun, JunB,
JunD, c-egr, and Fra-141-192, These proteins are mem-
bers of the dimeric transcription factors AP-1, Egr-1
and Egr-2, and fra-1, which are normally activated by
the SRF in response to a variety of mitogenic sig-
nals®. SRF binds to the SRF-responsive element
contained in the promoters of these genes. Tax inter-
acts directly with amino acids 422 to 435 of SRF*- 4,
This interaction enhances the transcription of select
promoters containing the CarG box motif*. Further,
Shuh and Derse'>! have shown that transcriptional
activation of the SRF pathway by Tax requires
recruitment of CBP/p300.

Tax-mediated activation
of the NF-kB-dependent transcription

Tax works at several levels to maintain constitutive
activation of the NF-kB pathway®. Although a direct
interaction between Tax and different members of
the NF-kB family have been reported, the primary
action of Tax in activating NF-kB has been shown to
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occur through interaction with IKKy in the IKK sig-
nalosome, which includes IKKa, IKK(, NIK, and
MEKKI1. A more comprehensive discussion of this
topic can be found in reviews on Tax activation of
NF-KB1 1, 60, 67‘

CELLULAR TRANSFORMATION

The long latent period that precedes the onset of
ATL suggests a multistep mechanism of leukemoge-
nesis'?. Two major ways in which viral oncoproteins
affect the passage of cells through individual phases
of the cell-cycle are by 1) increasing the expression
level of growth-promoting genes and 2) altering the
function of cell-cycle regulatory proteins.

Several studies have established that Tax expression
is both necessary and sufficient to establish the trans-
formed phenotype. Examination of malignant cells
from ATL patients which carry defective HTLV-1
proviral genomes suggests the genomes preferential-
ly retain the 3’ end of the proviral genome encoding
the Tax protein® 22, Several other lines of evidence
more directly demonstrate the importance of Tax in
cellular transformation. Using a Herpes virus saimiri
vector, expression of the 3’ portion of the HTLV-1
genome containing the Tax gene was able to trans-
form T cells, resulting in a phenotype similar to
HTLV-1-transformed cells*. Mutation of the start
codon of Tax eliminated cellular transformation®.
Rodent fibroblastic cell lines expressing Tax form
colonies in soft agar and tumors in nude mice'®'. Tax
also immortalizes rat embryo fibroblasts and cooper-
ates with ras in cellular transformation'. Sub-
sequently, Smith and Greene'>* found that Tax alone
could transform Rat2 cells. In addition, Tax expres-
sion allows factor-independent growth of established
murine T cell lines®.

In transgenic mice, Tax protein expressed from the
HTLV-1 LTR gave rise to animals which developed
neurofibromas and mesenchymal tumors® '°, In
addition, arthritis and thymic atrophy have been
observed®. To investigate Tax’s leukemic potential,
Grossman et al.”” targeted Tax to the mature T lym-
phocyte compartment by developing mice which
express Tax under the control of the granzyme B reg-
ulatory element. While these mice did not develop
CD4* T cell leukemia, they did develop large granu-
lar lymphocytic leukemia of a natural killer cell and
cytotoxic T lymphocyte nature™.

Enhancing T cell proliferation

As indicated above, Tax has been shown to regulate
the expression of a number of cellular genes

(reviewed in ref.> 37 176), Indeed, DNA microarray
studies indicate that Tax directly or indirectly regu-
lates hundreds of genes®> "7 131, Many of these are
known to be involved in T cell proliferation, such as
interleukin (IL)-2, the o chain of IL-2 receptor
(allowing for an autocrine loop), IL-15 and its recep-
tor IL-15R, granulocyte-macrophage colony-stimu-
lating factor, and tumor necrosis factor a® 374469,

In addition to activating autocrine growth, Tax also
inhibits the activity of the growth-inhibiting cytokine
TGF-B% %% 110, While Tax has been shown to increase
transcription from the TGF-B promoter'?: cells are
resistant to its growth-inhibitory effects®!. This resis-
tance is due to the many effects of Tax on the TGF-3
signaling pathway. First, Tax directly competes with
TGEF-B for binding of the coactivators p300/CBP such
that TGF-B cannot activate the Smad proteins® %% 110,
Second, Tax can interact with some of the Smad pro-
teins, preventing their interaction with CBP/p300%.
Finally, Tax works downstream on the TGF-f3-
-responsive protein pl5 by interfering with its cell-
-cycle arrest function through direct interaction® 7.

Tax can further disrupt cell-cycle progression by
impacting the function of cyclin/cyclin-dependent
kinase (cdk) proteins (reviewed in ref.3” 4 9 176),
Cyclin/cdk complexes control the progression of cells
through various stages of the cell-cycle. Although the
levels of the cdks remain constant, the levels of cyclins
fluctuate throughout the cell-cycle® ¥, Tax can
increase the levels and activity of several cyclin/cdk
partners which control the G1 to S progression (Fig.
3). Tax increases the transcription of cyclins D1, D2,
and D3 and increases the kinase activity of cdk2, cdk4,
and cdk6? 5% 109, 144, 147 T addition, Tax has been
shown to enhance cdk4/cyclinD2 binding, resulting in
an accumulation of hyperphosphorylated Rb*2
Hyperphosphorylated Rb releases E2F, allowing it to
actively promote transcription of a number of genes
required for S phase transition® 155173,

Disruption of DNA repair and cell-cycle control

As with other viral oncoproteins, Tax has the capabil-
ity of disrupting several points in the cell cycle (Fig. 3).
One of the first indications that Tax has an effect on
DNA repair came with the finding that Tax inhibits
the activity of DNA polymerase B’ an enzyme
involved in base excision repair and mismatch repair.
More recent studies have shown that Tax interferes
with several modes of DNA repair, such as base exci-
sion repair, nucleotide excision repair, and mismatch
repair’® 7792 101 Suppression of these functions likely
increases the genomic mutation rate and contributes
to cellular transformation. Indeed, a wide range of
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chromosomal abnormalities have been found in
HTLV-1-transformed lymphocytes isolated from
patients? 97, In addition, cells expressing Tax have
been shown to be more susceptible to mitomycin C-
-induced DNA damage and exhibit a significant
increase in micronuclei formation!0% 141,

While mutations may occur, eukaryotic cells have
developed signaling pathways to coordinate cell-cycle
transitions and ensure faithful replication of the
genome before cell division. These regulatory path-
ways are termed cell-cycle checkpoints®. Check-
-points exist in cells to interrupt cell-cycle progres-
sion when damage to the genome or spindle is detect-
ed, or when cells have failed to complete an event.
When a checkpoint is triggered, cells arrest transient-
ly to allow for the repair of cellular damage or, alter-
natively, if damage is irreparable, signal pathways
lead to programmed cell death. The ability of normal
cells to undergo cell-cycle arrest or apoptosis is criti-
cal for the maintenance of genomic integrity. Defects
in cell-cycle checkpoints can result in gene mutations,
chromosome damage, and aneuploidy, all of which
may contribute to tumorigenesis.

TUMOR SUPPRESSOR P53

Arguably the most frequently detected alteration in
human cancer is inactivation of the tumor suppressor,
p53. In fact, mutation of p53 is associated with approx-
imately 50% of all human cancers. In addition, p53is a
frequent target for inactivation by viral transforming
proteins such as SV40 large T-antigen, HPV E6,
hepatitis B X-antigen, and adenovirus E1A and E1B',
While Tax has been shown to affect several cell-cycle
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Figure 3. Dysregulation of the cell-cycle.
This is a schematic representation of the
points in the cell-cycle affected by the
HTLV-1 Tax protein. Tax has been shown
to increase the expression of a number of
cytokines and cytokine receptors allowing
T cell proliferation. Cyclin D/CDK activity
Syclin £ regulates the progression through G1. Tax
increases cyclin D/CDK activity and the
levels of PCNA, while inhibiting the nega-
tive regulators p15, p16, p18, and TGF-B,
thus allowing progression through the G1
and S phases of the cell-cycle. Because
Tax can inhibit the activity of p53 and
CHK1 proteins, the G1/S and G2/M check-
point functions are impaired. Tax has also
been shown to inhibit the activity of
Topoisomerase | (Topol), DNA poly-
merase B (polB), and human MAD1
(HsMAD?1), all of which play a role in cell-
-cycle regulation. A more in-depth review
of this topic can be found in Gatza et al.*4.
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checkpoints such as G1/S and DNA repair®” # 17, this
review will focus on the role of Tax in p53 inhibition.

P33 function

The p53 protein belongs to a family of related pro-
teins that includes two other members, p63 and p73'>
164 While the proteins are all structurally and func-
tionally related, p63 and p73 have clear roles in
development, whereas p53 seems to have evolved to
prevent tumor development and has earned the
name “cellular gatekeeper”.

Several stress signals can activate p53, triggering
a variety of responses including cell-cycle arrest, dif-
ferentiation, DNA repair, apoptosis, or senescence
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Figure 4. The p53 response. Diagrammatic representation of the
central role p53 plays in the coordination of the cellular response
to a variety of stresses. Abbreviatons Ac and P represent acetylian
and phosphorylation, respectively.
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(Fig. 4). There are five recognized domains in p53,
which include the N-terminal transcriptional activation
domain, the proline-rich domain, the sequence-specific
DNA-binding domain, the tetramerization domain,
and the basic regulatory domain. p53 functions as
a tetrameric, sequence-specific DNA-binding tran-
scription factor that controls the expression of an array
of gene products in response to diverse stress stimuli.

pS3 is extensively phosphorylated, and modification
at several residues have been specifically associated
with the ability of p53 to respond to certain stress sig-
nals. There are numerous phosphorylation sites in
the N-terminal domain and phosphorylation of ser-
ines 15, 20, and 37 and threonine 18 have been shown
to regulate p53/MDM2 interaction in vitro. The
kinases signaling to p53 include casein kinase 1 and 2,
ataxia telangiectasia kinase (ATM), ATR (ATM/
/Rad3-related kinase), CHK1 and 2, jun N-terminal
kinase, and DNA-dependent protein kinase (re-
viewed in ref.> 19%), Several of these kinases have also
been shown to phosphorylate MDM2 in vitro within
the p53-binding domain, further suggesting a regula-
tory role for these modifications!®®,

Under damage or stress conditions, the phophoac-
ceptor sites are modified through a regulated kinase
cascade in vivo (* ' and references therein). It is the
complexity and combination of the phosphorylation
sites that appears to dictate the fate and function of
pS3. For example, the phosphorylation pattern of p53
differs during the cell-cycle and coincides with the
ability of p53 to associate with regulatory proteins,
including p300 and MDM?23* ¥, In addition, in vitro
protein-protein interaction assays demonstrated that
phosphorylation at serine 15 alone inhibited the
interaction of p53 with TBP'32. In contrast, phospho-
rylation at serines 15 and 37 did not inhibit TBP bind-
ing, suggesting that the combination of phosphorylat-
ed sites is important.

In addition to its complex phosphorylation pattern,
pS3 is acetylated on at least 3 lysine residues: 320,
373, and 382" % 142 Additional C-terminal lysines
have also been identified as potential acetylation
sites. Acetylation of p53 has been implicated in tran-
scriptional regulation by p53 and its association with
basal transcription machinery’> °> %2, In addition,
association of p53 with deactylases has implications
for regulating both p53 transcriptional activation and
repression functions!® 16,

P53 in HTLV-I-infected cells

HTLV-1 infection is associated with stimulation of
G1- to S-phase progression'’. Because p53 plays

such a key role in G1- to S-phase transition, several
groups have examined the status of p53 in HTLV-1-
-infected cells. Early observations found that p53 was
wild-type in sequence, but stabilized in most HTLV-
-1-infected T cells!3” 174, For those cells having p53
mutations, they appeared to correlate with late stages
of disease!?"> 3, In 1996, Cereseto et al.2’ demon-
strated that p53 was transcriptionally impaired in
ATL cells. In addition, these cells failed to undergo
G1 arrest after induction of DNA damage.

Biochemical studies of p53 in HTLV-1-infected cells
demonstrated that p53 existed primarily as tetra-
mers'3> which reside in the nucleus. Using biotinylat-
ed oligonucleotides or gel mobility shift assays it was
shown that p53 from transformed cells can bind DNA
in a sequence-specific manner''> 132, Interestingly, in
the transformed cells, pS3 was found to be hyper-
phosphorylated at serines 15 and 392 by phospho-
peptide mapping'®. This observation was of signifi-
cant interest since, as discussed above, the pattern of
p53 phosphorylation is significantly altered in
response to stress® '°® and in human tumors!®,
Moreover, the phosphorylation of p53 is predicted to
alter its conformation and its association with other
factors. This may explain why p53 is inactive in tumor
cells despite its wild-type genotype!S.

Viral oncoproteins such as SV40 large T-antigen or
adenovirus E1B!*® have been shown to directly bind
to p53 inactivating its function. Several groups have
shown by immunoprecipitation or in vitro pull-down
assays that Tax protein does not bind to p537 1% 132, Tt
appears more likely that Tax inhibits p53 function
through an indirect mechanism. The indirect mecha-
nism, however, results in a similar phenotype to E1B
since the p53 in the transformed cells does not inter-
act with the basal transcription factor TFIID!¥,
Interestingly, decreased TFIID binding correlated
with phosphorylation of p53 at serine 15%% 132 sug-
gesting that Tax regulates the p53 through modula-
tion of upstream kinase activity or specificity.

In normal non-stressed cells, p53 has a very short
half-life due to a negative feedback loop mechanism
in which MDM2 protein plays a key role (reviewed in
ref.!%). Transcription of MDM?2 is upregulated by
pS3. In turn, MDM2 directly binds to p53 and func-
tions as a ubiquitin E3 ligase that promotes the con-
jugation of ubiquitin to p53, resulting in its protea-
some-mediated degradation. The importance of this
negative feedback loop is illustrated by the result that
MDM2 null mice are not viable unless crossed to p53
null mice'®®, Consistent with the stabilization of p53
in HTLV-1-infected cells, MDM2 binding to p53 was
not detected'®2. In related studies, Takemoto et al.
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found that p53 stabilization and functional impair-
ment in HTLV-I-transformed cells occurred in the
absence of genetic mutation or alteration of the p14
ARF-MDM2 loop"®8.

MECHANISMS OF TAX-MEDIATED P53 INHIBITION

Several groups have shown that of the HTLV-1-
-encoded proteins, expression of Tax protein alone is
sufficient to inhibit p53 transcriptional activity.
Transient transfection assays demonstrated that Tax
could inhibit p53 activity constructs''? 8, Similar
observations were reported in stable T cells express-
ing only Tax’.

The mechanism by which Tax inhibits p53 function is
not completely understood, but much progress has
been made. There is general agreement that Tax-
-mediated p53 inhibition is not through direct binding
of Tax, altering p53 sub-cellular localization, or dis-
rupting DNA binding. However, there is controversy
as to whether Tax uses the NF-kB or CREB/ATF
pathway to inhibit p53 function. Our studies point to
the activation of the NF-kB pathway as being impor-
tant for Tax-mediated p53 inhibition'" '?°, In other
studies, Tax activation of the CREB/ATF pathway
was reported to play a role in p53 inhibition” 12 130
166 A partial resolution of the apparently discrepant
results was offered by Pise-Masison et al.'*®, who
reported that the mechanism was cell-type depen-
dent and depended largely on the intracellular pool
of CBP/p300. More recently, an indirect mechanism
of p53 inactivation by Tax has also been proposed
because of the interaction of Tax with the hTid-1 pro-
tein, which is a human homologue of the Drosophila
tumor-suppressor protein Tid56%.

NF-kB pathway

Although other pathways have been implicated'#" 15+
strong evidence supports the activation of the NF-kB
family of eukaryotic transcription factors by Tax as
playing a critical role in HTLV-1-induced leukemia®
138,139,154 This is not surprising, since the NF-kB fam-
ily plays an important role in the regulation of
immune responses, embryonic and cellular develop-
ment, apoptosis, cell-cycle progression, inflamma-
tion, and oncogenesis.

An early study showed that while antisense oligonu-
cleotides to Tax had no effect on tumor growth, anti-
sense to NF-kB blocked Tax induced tumor growth®!.
More recently, using the infectious molecular clone
of HTLV-1, Robek and Ratner'?® demonstrated that
mutants of Tax that could not activate the NF-kB
pathway could not immortalize human T lympho-

cytes. In contrast, Tax mutants which failed to bind
p300/CBP or activate the HTLV-1 LTR still allowed
lymphocyte immortalization'® ¥, Similarly, inhibi-
tion of apoptosis induced by factor withdrawal in
mouse CTLL cell lines correlates with the ability to
activate NF-kB and induction of the anti-apoptotic,
NF-kB-regulated gene, BCL, % 19, Further, inhibi-
tion of NF-kB activity by expression of the NF-kB2
precursor abrogated Tax-mediated transformation of
rat fibroblasts without affecting viral LTR activa-
tion'”!, Using Tax-transgenic mice, Portis et al.'3*
demonstrated that salicylate and cyclopentenone
prostaglandins, inhibitors of NF-kB activity, blocked
spontaneous proliferation of Tax transgenic mouse
spleen cells. In addition, Tax-induced tumor cells
resistant to irradiation-induced apoptosis became
sensitive in the presence of sodium salicylate and
prostaglandins.

In addition, our laboratory has found a strong link
between Tax’s ability to activate NF-kB and its abili-
ty to inhibit p53 in lymphocytes'?® (Fig. 5). Blocking
NF-kB activation by expressing a dominant negative
IkBa protein blocks Tax-mediated p53 inhibition not
only in Tax-transfected cells, but also in HTLV-1-
-transformed cells’ 1%, Since expression of exoge-
nous p300 could not rescue p53 activity, squelching of
the coactivator by Tax or NF-kB appears not to be
responsible for the block in p53 transcriptional activ-
ity in these studies'®’.

Our present evidence suggests that p65/RelA is
uniquely involved in p53 inhibition. Antisense oli-
gonucleotides to p65, but not p50 or c-Rel, restored
p53 activity in transformed cells”. In addition, p50
null cells allowed Tax-mediated p53 inhibition, but
p65 null cells could not support inhibition of p53 by
Tax unless the p65 subunit was added back™ '%. In
the presence of Tax protein, p65 appears to inhibit
p53 transactivation function by direct interaction
with p53. p65/p53 complexes were detected in
HTLV-1-infected and Tax-transfected cells by co-
immunoprecipitation. Previous studies suggest
a strong link between the ability to phosphorylate p53
at serines 15 and 392 with the ability of Tax to inhib-
it p53 transactivation of both reporter constructs and
endogenous genes'”. Likewise, Tax-induced binding
of p65 to p53 correlated with the phosphorylation
status of p53.

Modifications of p65 may also play a role in p53 bind-
ing and inhibition. Recent reports indicate that p65
can be both phosphorylated and acetylated, and these
modifications influence the protein’s ability to be
recruited to the transcriptional apparatus and stimu-
late target gene expression'®’. Inducible p65 phos-
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Figure 5. Mechanisms of Tax-mediated p53 inhibition.
A - schematic representation of the nuclear and cyto-
plasmic functions of Tax which lead to p53 transcrip-
tional inactivation. The Tax protein, in conjunction with
CREB and the coactivators PCAF and CBP/p300, acti-
vates transcription from the viral long-terminal repeat
(LTR). Tax expression leads to the activation of the NF-
-kB pathway through the IKK signalosome. This activa-

tion leads to nuclear translocalization of the NF-kB transcription factor, which in turn activates NF-kB-responsive genes involved in prolifera-
tion and cell survival. Tax expression also leads to the phosphorylation of p53 at serines 15 and 392. This phosphorylation contributes to the
binding of the NF-kB subunit p65/RelA to the p53 protein. Although p53-p65 complexes are found bound to p53-responsive promoters in vivo,
the basal transcription machinery is not recruited to the promoter. This results in the inhibition of p53 transcriptional activity. B — binding of
the coactivators p300/CBP to p53 protein have been implicated in p53 transactivation. Once bound to p53, p300/CBP can acetylate lysine
residues in the carboxy-terminal region of p53, enhancing its sequence-specific DNA-binding. The viral Tax protein is also capable of binding
p300/CBP and can complete with p53 for binding, resulting in inhibition of p53 transcriptional activation function. RE refers to responsive element.

phorylation has been found in both the C-terminal
transactivation domain and the Rel homology
domain'®’. Studies are in progress to determine the
importance of p65 phosphorylation in Tax-mediated
p53 inhibition. Indeed, Jeong et al.”! recently found
that the kinase activity of the upstream IKK complex
plays an important role in p53 inhibition by Tax.
Further, a strong link to p65 phosphorylation and p53
inhibition is seen.

It is of interest then to identify which components of
the transcription factors are associated on the active
and inactive p53-responsive promoters. To this end,
chromatin immunoprecipitation assays show that in
HTLV-1-transformed cells, p53/p65 complexes bind to
the MDM?2 promoter. Consistent with the results of
DNA pull-down assays'??, TFIID was not found on the
promoter’. In contrast, these same studies showed
that in cells in which p53 was transcriptionally active,
p53/TFIID complexes, but not p65, were found on the
promoter. Studies are underway to fully characterize
the active and inactive promoter complexes.

These studies identify a unique mechanism for p53
regulation by the p65/RelA subunit of NF-kB. The
role of p65 in directly inhibiting transcriptional activ-
ity has also been proposed for the glucocorticoid
receptor (GR). Two groups have recently shown that
a direct interaction between p65 and GR result in
mutual transcriptional inhibition'** 170, Further, while

p300/CBP may function as an integrator of p65/GR
physical interaction, it is not a limiting cofactor for
which p65 and GR compete!'® 170, Rather, similar to
the proposed model for p53/p65, p65 disturbs the
interaction of GR with the basal transcription
machinery irrespective of the coactivator levels.
Further studies are required to determine what fac-
tors govern the interaction and subsequent promoter
inhibition of Tax-mediated p53/p65 complexes.

CREB/LTR activation pathway

In other situations, p53 inactivation occurs through
direct competition between Tax and p53 for recruit-
ment of coactivators p300/CBP (Fig. 5B). CBP and
p300 are highly homologous coactivators that pro-
mote gene expression by bridging DNA-bound tran-
scription factors and the basal transcription machin-
ery, providing a scaffold for integrating transcription
factors, and by modifying transcription factors and
chromatin through acetylation® % %, Evidence indi-
cates that interference with normal CBP/p300 func-
tion can result in a variety of diseases?! 4> %, CBP
haplo-insufficiency is the hallmark of Rubinstein-
Taybi syndrome, and chromosomal translocations
affecting the p300 and CBP genes are the cause of
congenital malformations and hematological malig-
nancies'?. In addition, mutations in the CBP or p300
gene, accompanied by loss of the other allele, have
been found in a variety of cancers?" 4,
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Many factors, including Tax, steroid and retinoid
hormone receptors, phopho-CREB, c-Jun, c-Myb,
NF-kB, TBP, and p53, have been found to interact
with CBP and/or p300?" %. Studies have shown that
Tax mutants such as K88A and V89A, which fail to
interact with CBP/p300°* failed to inhibit p53 tran-
scriptional activity” 3% 165 In vitro binding assays
demonstrated that Tax interferes with the recruit-
ment of CBP to DNA-bound p53'7 and that Tax and
p53 binding to GST-C/H1-KIX were mutually exclu-
sive!®. Similarly, in transient transfection studies,
a reciprocal repression between Tax and p53 was
seen” 165 Finally, exogenous p300 could, in certain
cell types, rescue p53 activity'*’. Recent studies have
also indicated that Tax can inhibit the p53 family
members p73a and p73@3, perhaps also through
CBP/p300 squelching”™ °. To note, the Tax mutant
M47, which is still capable of binding CBP/p300 but
does not activate the viral LTR, failed to inhibit p53
activity''> 130166 This suggests that additional factors
may be involved.

It is important to note that while competition for
coactivators may occur in transient transfection
assays where proteins are over-expressed, chromatin
immunoprecipitation assays suggest that p300/CBP is
present at sufficient levels to bind to both viral and
cellular promoters in HTLV-1-infected cells”.
Chromatin from HTLV-1-transformed Hut-102 cells
was cross-linked, fragmented, precipitated with p300
antibody, and the DNA subjected to PCR amplifica-
tion using primers for the HTLV-1 LTR or IL-15Ra
promoter. The results of this study clearly demon-
strate that p300 is present on both the LTR and IL-
-15Ra promoters”.

FUTURE DIRECTIONS

Acute phase ATL carries a very poor prognosis due
to the resistance of leukemic cells to conventional or
even high-dose chemotherapy. In other human can-
cers there is a consensus that reactivation of p53
function in cancer cells could be of therapeutic bene-
fit. Indeed, several recent studies have defined small
molecules or peptides that restore function to mutant
p53 proteins, illustrating the potential of this
approach!? 36,38 3983 Aq it js becoming clear that the
apoptotic and cell-cycle activities of p53 are indepen-

REFERENCES

dently regulated, more targeted therapies to regulate
cell death-inducing functions of p53 are being pur-
sued. Since the majority of ATL patients harbor
a wild-type p53 protein that is functionally impaired,
reactivation of p53 could be potentially beneficial in
ATL treatment.

In support of this, reports have shown that inhibition
of NF-kB activation with Bay 11-7082 or arsenic tri-
oxide treatment of HTLV-1-infected cells results in
apoptosis®* 6% % 11 Several reports link p53 activa-
tion with arsenic-induced apoptosis and cell-cycle’
94.96,180 " Although no change in p53 stability or serine
15 phosphorylation was observed in arsenic-treated
HTLV-1-infected cells, p53 may be functionally
active in these cells due to decreased p65 binding. It
cannot be ruled out at this point that additional
events may be important for full activation of p53.
Thus, combination therapy may be required. With
this in mind, studies using the NF-kB inhibitor PS-
-341, which has been successful in the treatment of
multiple myeloma and mantle cell lymphoma'? % 126,
have shown promise.

Indeed, studies examining the effect of PS-341 on
HTLV-1-infected cell growth indicate that PS-341
causes apoptosis and cell-cycle arrest in HTLV-1-
-transformed cells'!'> 1%, Animal models also indicate
that PS-341 has an effect on HTLV-1 tumor cell
growth. Using a NOD-SCID mouse model for ATL,
Tan and Waldmann'® found that treatment of mice
with PS-341 and humanized anti-Tac was associated
with a complete remission in a portion of treated ani-
mals. Similarly, Mitra-Kaushik et al.' found, using
Tax-induced tumors transplanted into Rag-1 mice,
that PS-341 significantly slowed the growth of the
transplanted tumors, increasing survival.

Constitutive NF-kB activation has been associated
with breast, ovarian, prostate, and colon cancers!® 34
39152 Tn addition, many viruses, including HTLV-1,
HIV, hepatitis B virus, hepatitis C virus, and Epstein-
-Barr virus, and influenza have been shown to activate
NF-kB to promote viral replication, prevent virus-
-induced apoptosis, and mediate the immune
response®. It will be important to determine if consti-
tutive NF-KkB activation, specifically p65 expression, is a
general mechanism for p53 inhibition in human cancer.

1. Adya N. and Giam C. Z. (1995): Distinct regions in human T-cell
lymphotropic virus type I tax mediate interactions with activator
protein CREB and basal transcription factors. J. Virol., 69,
1834-1841.

2. Akagi T., Ono H. and Shimotohno K. (1996): Expression of cell-
-cycle regulatory genes in HTLV-I infected T-cell lines: possible
involvement of Tax1 in the altered expression of cyclin D2,
p18Ink4 and p21Waf1/Cip1/Sdil. Oncogene, 12, 1645-1652.

291



Arch Immunol Ther Exp, 2005, 53, 283-296

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Akagi T., Ono H., Tsuchida N. and Shimotohno K. (1997):
Aberrant expression and function of p53 in T-cells immortalized
by HTLV-I Tax1. FEBS Lett., 406, 263-266.

Albrecht B., Collins N. D., Burniston M. T., Nisbet J. W., Ratner
L., Green P. L. and Lairmore M. D. (2000): Human T-lym-
photropic virus type 1 open reading frame I p12(T) is required for
efficient viral infectivity in primary lymphocytes. J. Virol., 74,
9828-9835.

Albrecht B. and Lairmore M. D. (2002): Critical role of human
T-lymphotropic virus type 1 accessory proteins in viral replication
and pathogenesis. Microbiol. Mol. Biol. Rev., 66, 396-406.

Appella E. and Anderson C. W. (2001): Post-translational modifi-
cations and activation of p53 by genotoxic stresses. Eur. J.
Biochem., 268, 2764-2772.

Ariumi Y., Kaida A., Lin J.Y., Hirota M., Masui O., Yamaoka S.,
Taya Y. and Shimotohno K. (2000): HTLV-1 tax oncoprotein
represses the p53-mediated trans-activation function through
coactivator CBP sequestration. Oncogene, 19, 1491-1499.

Arnulf B., Villemain A., Nicot C., Mordelet E., Charneau P.,
Kersual J., Zermati Y., Mauviel A., Bazarbachi A. and Hermine
0. (2002): Human T-cell lymphotropic virus oncoprotein Tax
represses TGF-beta 1 signaling in human T cells via c-Jun activa-
tion: a potential mechanism of HTLV-I leukemogenesis. Blood,
100, 4129-4138.

Azran I, Schavinsky-Khrapunsky Y. and Aboud M. (2004): Role
of Tax protein in human T-cell leukemia virus type-I leuke-
mogenicity. Retrovirology, 1, 1-24.

Balint E. E. and Vousden K. H. (2001): Activation and activities
of the p53 tumour suppressor protein. Br. J. Cancer, 85,
1813-1823.

Ballard D. W. (2001): Molecular mechanisms in lymphocyte acti-
vation and growth. Immunol. Res., 23, 157-166.

Barlogie B., Shaughnessy J., Tricot G., Jacobson J., Zangari M.,
Anaissie E., Walker R. and Crowley J. (2004): Treatment of multi-
ple myeloma. Blood, 103, 20-32.

Bartoe J. T., Albrecht B., Collins N. D., Robek M. D., Ratner L.,
Green P. L. and Lairmore M. D. (2000): Functional role of pX
open reading frame II of human T-lymphotropic virus type 1 in
maintenance of viral loads in vivo. J. Virol., 74, 1094-1100.

Bazarbachi A. and Hermine O. (2001): Treatment of adult T-cell
leukaemia/lymphoma: current strategy and future perspectives.
Virus Res., 78, 79-92.

Benard J., Douc-Rasy S. and Ahomadegbe J. C. (2003): TP53
family members and human cancers. Hum. Mutat., 21, 182-191.

Biswas D. K., Shi Q., Baily S., Strickland I., Ghosh S., Pardee A.
B., and Iglehart J. D. (2004): NF-kappa B activation in human
breast cancer specimens and its role in cell proliferation and apop-
tosis. Proc. Natl. Acad. Sci. USA, 101, 10137-10142.

Brady J., Jeang K. T., Duvall J. and Khoury G. (1987):
Identification of p40x-responsive regulatory sequences within the
human T-cell leukemia virus type I long terminal repeat. J. Virol.,
61, 2175-2181.

Burton M., Upadhyaya C. D., Maier B., Hope T. J. and Semmes
0. ]J. (2000): Human T-cell leukemia virus type 1 Tax shuttles
between functionally discrete subcellular targets. J. Virol., 74,
2351-2364.

Bykov V. ], Selivanova G. and Wiman K. G. (2003): Small mole-
cules that reactivate mutant p53. Eur. J. Cancer, 39, 1828-1834.

Cereseto A., Diella F., Mulloy J. C., Cara A., Michieli P.,
Grassmann R., Franchini G. and Klotman M. E. (1996): p53 func-
tional impairment and high p21wafl/cipl expression in human
T-cell lymphotropic/leukemia virus type I-transformed T cells.
Blood, 88, 1551-1560.

Chan H. M. and La Thangue N. B. (2001): p300/CBP proteins:
HATS for transcriptional bridges and scaffolds. J. Cell Sci., 114,
2363-2373.

Cheng H., Cenciarelli C., Shao Z., Vidal M., Parks W. P., Pagano
M. and Cheng-Mayer C. (2001): Human T cell leukemia virus type
1 Tax associates with a molecular chaperone complex containing
hTid-1 and Hsp70. Curr. Biol., 11, 1771-1775.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

Chieco-Bianchi L., Saggioro D., Del Mistro A., Montaldo A.,
Majone F. and Levis A. G. (1988): Chromosome damage induced
in cord blood T-lymphocytes infected in vitro by HTLV-I.
Leukemia, 2, 223S-232S.

Ciminale V., D’Agostino D. M., Zotti L., Franchini G., Felber B.
K. and Chieco-Bianchi L. (1995): Expression and characterization
of proteins produced by mRNAs spliced into the X region of the
human T-cell leukemia/lymphotropic virus type II. Virology, 209,
445-456.

Ciminale V., Zotti L., D’Agostino D. M., Ferro T., Casareto L.,
Franchini G., Bernardi P. and Chieco-Bianchi L. (1999):
Mitochondrial targeting of the p131I protein coded by the x-II
OREF of human T-cell leukemia/lymphotropic virus type I
(HTLV-I). Oncogene, 18, 4505-4514.

Collins N., D’Souza C., Albrecht B., Robek M. D., Ratner L.,
Ding W., Green P. L. and Lairmore M. D. (1999): Proliferation
response to interleukin-2 and Jak/Stat activation of T cells immor-
talized by human T-cell lymphotropic virus type 1 is independent
of open reading frame I expression. J. Virol., 73, 9642-9649.

Collins N. D., Newbound G. C., Albrecht B., Beard J. L., Ratner
L. and Lairmore M. D. (1998): Selective ablation of human T-cell
lymphotropic virus type 1 p12I reduces viral infectivity in vivo.
Blood, 91, 4701-4707.

Coscoy L., Gonzalez-Dunia D., Tangy F., Syan S., Brahic M. and
Ozden S. (1998): Molecular mechanism of tumorigenesis in mice
transgenic for the human T cell leukemia virus Tax gene.
Virology, 248, 332-341.

Dash B. C. and El Deiry W. S. (2004): Cell cycle checkpoint con-
trol mechanisms that can be disrupted in cancer. Methods Mol.
Biol., 280, 99-161.

Derse D., Mikovits J. and Ruscetti F. (1997): X-I and X-II open
reading frames of HTLV-I are not required for virus replication
or for immortalization of primary T-cells in vitro. Virology, 237,
123-128.

Din F. V., Dunlop M. G. and Stark L. A. (2004): Evidence for col-
orectal cancer cell specificity of aspirin effects on NF kappa B sig-
nalling and apoptosis. Br. J. Cancer, 91, 381-388.

Ding W., Albrecht B., Luo R., Zhang W., Stanley J. R., Newbound
G. C. and Lairmore M. D. (2001): Endoplasmic reticulum and cis-
-Golgi localization of human T-lymphotropic virus type 1 p12(I):
association with calreticulin and calnexin. J. Virol., 75,

7672-7682.

Dumaz N. and Meek D. W. (1999): Serinel5 phosphorylation
stimulates p53 transactivation but does not directly influence
interaction with HDM2. EMBO J., 18, 7002-7010.

El Sabban M. E., Nasr R., Dbaibo G., Hermine O., Abboushi N.,
Quignon F., Ameisen J. C., Bex F., de The H. and Bazarbachi A.
(2000): Arsenic-interferon-alpha-triggered apoptosis in HTLV-I
transformed cells is associated with tax down-regulation and rever-
sal of NF-kappa B activation. Blood, 96, 2849-2855.

Fields B. N., Knipe D. M. and Howley P. M. (1996): Fields
Virology. Lippincott-Raven, Philadelphia, 58, 1345-1371.

Foster B. A., Coffey H. A., Morin M. J. and Rastinejad F. (1999):
Pharmacological rescue of mutant p53 conformation and function.
Science, 286, 2507-2510.

Franchini G., Nicot C. and Johnson J. M. (2003): Seizing of T cells
by human T-cell leukemia/lymphoma virus type 1. Adv. Cancer
Res., 89, 69-132.

Friedler A., Hansson L. O., Veprintsev D. B., Freund S. M.,
Rippin T. M., Nikolova P. V., Proctor M. R., Rudiger S. and
Fersht A. R. (2002): A peptide that binds and stabilizes p53 core
domain: chaperone strategy for rescue of oncogenic mutants.
Proc. Natl. Acad. Sci. USA, 99, 937-942.

Friedler A., Veprintsev D. B., Hansson L. O. and Fersht A. R.
(2003): Kinetic instability of p53 core domain mutants: implica-
tions for rescue by small molecules. J. Biol. Chem., 278,
24108-24112.

Fujii M., Chuhjo T., Minamino T., Masaaki N., Miyamoto K. and
Seiki M. (1995): Identification of the Tax interaction region of
serum response factor that mediates the aberrant induction of
immediate early genes through CArG boxes by HTLV-I Tax.
Oncogene, 11, 7-14.

292



C. A. Pise-Masison et al. - T cell leukemia virus

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

Fujii M., Niki T., Mori T., Matsuda T., Matsui M., Nomura N. and
Seiki M. (1991): HTLV-1 Tax induces expression of various imme-
diate early serum responsive genes. Oncogene, 6, 1023-1029.

Fujii M., Tsuchiya H., Chuhjo T., Akizawa T. and Seiki M. (1992):
Interaction of HTLV-1 Tax1 with p67SRF causes the aberrant
induction of cellular immediate early genes through CArG boxes.
Genes Dev., 6, 2066-2076.

Fujii M., Tsuchiya H., Chuhjo T., Minamino T., Miyamoto K. and
Seiki M. (1994): Serum response factor has functional roles both
in indirect binding to the CArG box and in the transcriptional
activation function of human T-cell leukemia virus type I Tax. J.
Virol., 68, 7275-7283.

Gatza M. L., Watt J. C. and Marriott S. J. (2003): Cellular trans-
formation by the HTLV-I Tax protein, a jack-of-all-trades.
Oncogene, 22, 5141-5149.

Giles R. H., Peters D. J. and Breuning M. H. (1998): Conjunction
dysfunction: CBP/p300 in human disease. Trends Genet., 14,
178-183.

Gilmore T., Gapuzan M. E., Kalaitzidis D. and Starczynowski D.
(2002): Rel/NF-kappa B/I kappa B signal transduction in the gen-
eration and treatment of human cancer. Cancer Lett., 181, 1-9.

Goren L., Semmes O. J., Jeang K. T. and Moelling K. (1995): The
amino terminus of Tax is required for interaction with the cyclic
AMP response element binding protein. J. Virol., 69, 5806-5811.

Grassmann R., Berchtold S., Radant 1., Alt M., Fleckenstein B.,
Sodroski J. G., Haseltine W. A. and Ramstedt U. (1992): Role of
human T-cell leukemia virus type 1 X region proteins in immortal-
ization of primary human lymphocytes in culture. J. Virol., 66,
4570-4575.

Grassmann R., Dengler C., Muller-Fleckenstein 1., Fleckenstein
B., McGuire K., Dokhelar M. C., Sodroski J. G. and Haseltine
W. A. (1989): Transformation to continuous growth of primary
human T lymphocytes by human T-cell leukemia virus type 1
X-region genes transduced by a Herpesvirus saimiri vector. Proc.
Natl. Acad. Sci. USA, 86, 3351-3355.

Grossman W. J., Kimata J. T., Wong F. H., Zutter M., Ley T. J.
and Ratner L. (1995): Development of leukemia in mice trans-
genic for the tax gene of human T-cell leukemia virus type 1. Proc.
Natl. Acad. Sci. USA, 92, 1057-1061.

Gu W. and Roeder R. G. (1997): Activation of p53 sequence-spe-
cific DNA binding by acetylation of the p53 C-terminal domain.
Cell, 90, 595-606.

Haller K., Wu Y., Derow E., Schmitt I., Jeang K. T. and
Grassmann R. (2002): Physical interaction of human T-cell
leukemia virus type 1 Tax with cyclin-dependent kinase 4 stimu-
lates the phosphorylation of retinoblastoma protein. Mol. Cell
Biol., 22, 3327-3338.

Harhaj E. W., Good L., Xiao G. and Sun S. C. (1999): Gene
expression profiles in HTLV-I-immortalized T cells: deregulated
expression of genes involved in apoptosis regulation. Oncogene,
18, 1341-1349.

Harrod R., Kuo Y. L, Tang Y., Yao Y., Vassilev A., Nakatani Y.
and Giam C. Z. (2000): p300 and p300/cAMP-responsive element-
binding protein associated factor interact with human T-cell lym-
photropic virus type-1 Tax in a multi-histone acetyltransferase/
/activator-enhancer complex. J. Biol. Chem., 275, 11852-11857.

Hatta Y. and Koeffler H. P. (2002): Role of tumor suppressor
genes in the development of adult T cell leukemia/lymphoma
(ATLL). Leukemia, 16, 1069-1085.

Herdegen T. and Leah J. D. (1998): Inducible and constitutive
transcription factors in the mammalian nervous system: control of
gene expression by Jun, Fos and Krox, and CREB/ATF proteins.
Brain Res. Brain Res. Rev., 28, 370-490.

Hidaka M., Inoue J., Yoshida M. and Seiki M. (1988): Post-tran-
scriptional regulator (rex) of HTLV-1 initiates expression of viral
structural proteins but suppresses expression of regulatory pro-
teins. EMBO J., 7, 519-523.

Hideshima T., Mitsiades C., Akiyama M., Hayashi T., Chauhan
D., Richardson P., Schlossman R., Podar K., Munshi N.C.,
Mitsiades N. and Anderson K. C. (2003): Molecular mechanisms
mediating antimyeloma activity of proteasome inhibitor PS-341.
Blood, 101, 1530-1534.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

. Hiroi M. and Ohmori Y. (2003): Constitutive nuclear factor

kappaB activity is required to elicit interferon-gamma-induced
expression of chemokine CXC ligand 9 (CXCL9) and CXCL10 in
human tumour cell lines. Biochem. J., 376, 393-402.

Hiscott J., Kwon H., and Genin P. (2001): Hostile takeovers: viral
appropriation of the NF-kappaB pathway. J. Clin. Invest., 107,
143-151.

Hollsberg P., Ausubel L. J. and Hafler D. A. (1994): Human T cell
lymphotropic virus type I-induced T cell activation. Resistance to
TGF-beta 1-induced suppression. J. Immunol., 153, 566-573.

Inoue J., Itoh M., Akizawa T., Toyoshima H. and Yoshida M.
(1991): HTLV-1 Rex protein accumulates unspliced RNA in the
nucleus as well as in cytoplasm. Oncogene, 6, 1753-1757.

Ishitsuka K., Ikeda R., Utsunomiya A., Uozumi K., Hanada S.,
Suzuki S., Takeuchi S., Takatsuka Y., Takeshita T., Ohno N. and
Arima T. (2002): Arsenic trioxide induces apoptosis in HTLV-I
infected T-cell lines and fresh adult T-cell leukemia cells through
CD95 or tumor necrosis factor alpha receptor independent cas-
pase activation. Leuk. Lymphoma, 43, 1107-1114.

Iwakura Y., Tosu M., Yoshida E., Takiguchi M., Sato K., Kitajima L.,
Nishioka K., Yamamoto K., Takeda T., Hatanaka M., Hiroaki Y.
and Sekiguchi T. (1991): Induction of inflammatory arthropathy
resembling rheumatoid arthritis in mice transgenic for HTLV-1.
Science, 253, 1026-1028.

Iwanaga Y., Tsukahara T., Ohashi T., Tanaka Y., Arai M.,
Nakamura M., Ohtani K., Koya Y., Kannagi M., Yamamoto N.
and Fujii M. (1999): Human T-cell leukemia virus type 1 tax pro-
tein abrogates interleukin-2 dependence in a mouse T-cell line. J.
Virol., 73, 1271-1277.

Janknecht R. (2002): The versatile functions of the transcriptional
coactivators p300 and CBP and their roles in disease. Histol.
Histopathol., 17, 657-668.

Jeang K. T. (2001): Functional activities of the human T-cell
leukemia virus type I Tax oncoprotein: cellular signaling through
NF-kappa B. Cytokine Growth Factor Rev., 12, 207-217.

Jeang K. T., Boros 1., Brady J., Radonovich M. and Khoury G.
(1988): Characterization of cellular factors that interact with the
human T-cell leukemia virus type I p40x-responsive 21-base-pair
sequence. J. Virol., 62, 4499-4509.

Jeang K. T., Giam C. Z., Majone F. and Aboud M. (2004): Life,
death, and tax: role of HTLV-I oncoprotein in genetic instability
and cellular transformation. J. Biol. Chem., 279, 31991-31994.

Jeang K. T., Widen S. G., Semmes O. J. and Wilson S. H. (1990):
HTLV-I trans-activator protein, tax, is a trans-repressor of the
human beta-polymerase gene. Science, 247, 1082-1084.

Jeong S. J., Pise-Masison C. A., Radonovich M. F., Park H. U.
and Brady J. N. (2004): A novel NF-kappaB pathway involving
IKKbeta and p65/RelA Ser-536 phosphorylation results in p53
Inhibition in the absence of NF-kappaB transcriptional activity. J.
Biol. Chem., 280, 10326-10332.

Jeong S. J., Radonovich M., Brady J. N. and Pise-Masison C. A.
(2004): HTLV-I Tax nduces a novel interaction between p65/RelA
and p53 that results in inhibition of p53 transcriptional activity.
Blood, 104, 1490-1497.

Jiang X. H., Wong B. C., Yuen S. T., Jiang S. H., Cho C. H., Lai
K. C, Lin M. C, Kung H. F,, Lam S. K. and Chun-Yu W. B.
(2001): Arsenic trioxide induces apoptosis in human gastric cancer
cells through up-regulation of p53 and activation of caspase-3. Int.
J. Cancer, 91, 173-179.

Johnson J. M., Harrod R. and Franchini G. (2001): Molecular
biology and pathogenesis of the human T-cell leukaemia/lym-
photropic virus type-1 (HTLV-1). Int. J. Exp. Pathol., 82, 135-147.

Kaida A., Ariumi Y., Ueda Y., Lin J. Y., Hijikata M., Ikawa S.
and Shimotohno K. (2000): Functional impairment of p73 and
p51, the p53-related proteins, by the human T-cell leukemia virus
type 1 Tax oncoprotein. Oncogene, 19, 827-830.

Kao S. Y., Lemoine F. J. and Marriott S. J. (2000): Suppression of
DNA repair by human T cell leukemia virus type 1 Tax is rescued
by a functional p53 signaling pathway. J. Biol. Chem., 275,
35926-35931.

Kao S. Y. and Marriott S. J. (1999): Disruption of nucleotide exci-

293



Arch Immunol Ther Exp, 2005, 53, 283-296

sion repair by the human T-cell leukemia virus type 1 Tax protein.
J. Virol., 73, 4299-4304.

78. Kikuchi M., Mitsui T., Takeshita M., Okamura H., Naitoh H. and
Eimoto T. (1986): Virus associated adult T-cell leukemia (ATL) in
Japan: clinical, histological and immunological studies. Hematol.
Oncol., 4, 67-81.

79. Kim S. J. and Letterio J. (2003): Transforming growth factor-beta
signaling in normal and malignant hematopoiesis. Leukemia, 17,
1731-1737.

80. Kimzey A. L. and Dynan W. S. (1999): Identification of a human
T-cell leukemia virus type I tax peptide in contact with DNA. J.
Biol. Chem., 274, 34226-34232.

81. Kitajima I., Shinohara T., Bilakovics J., Brown D.A., Xu X. and
Nerenberg M. (1993): Ablation of transplanted HTLV-I tax-trans-
formed tumors in mice by antisense inhibition of NF-kappa B.
Science, 259, 1523.

82. Koralnik L. J., Fullen J. and Franchini G. (1993): The p121, p131I,
and p301I proteins encoded by human T-cell leukemia/lym-
photropic virus type I open reading frames I and II are localized
in three different cellular compartments. J. Virol., 67,

2360-2366.

83. Koralnik L. J., Gessain A., Klotman M. E., Lo MonicoA.,
Berneman Z. N. and Franchini G. (1992): Protein isoforms encod-
ed by the pX region of human T-cell leukemia/lymphotropic virus
type L. Proc. Natl. Acad. Sci. USA, 89, 8813-8817.

84. Korber B., Okayama A., Donnelly R., Tachibana N. and Essex M.
(1991): Polymerase chain reaction analysis of defective human
T-cell leukemia virus type I proviral genomes in leukemic cells of
patients with adult T-cell leukemia. J. Virol., 65,

5471-5476.

85. Kouzarides T. (1993): Transcriptional regulation by the retinoblas-
toma protein. Trends Cell Biol., 3, 211-213.

86. Lairmore M. D., Albrecht B., D’Souza C., Nisbet J. W., Ding W.,
Bartoe J. T., Green P. L. and Zhang W. (2000): In vitro and in vivo
functional analysis of human T cell lymphotropic virus type 1 pX
open reading frames I and II. AIDS Res. Hum. Retroviruses, 16,
1757-1764.

87. Lambert P. F., Kashanchi F., Radonovich M. F., Shiekhattar R.
and Brady J. N. (1998): Phosphorylation of p53 serine 15 increases
interaction with CBP. J. Biol. Chem., 273, 33048-33053.

88. Lane D. P. and Lain S. (2002): Therapeutic exploitation of the p53
pathway. Trends Mol. Med., 8, S38-S42.

89. Laurance M. E., Kwok R. P., Huang M. S., Richards J. P.,
Lundblad J. R. and Goodman R. H. (1997): Differential activation
of viral and cellular promoters by human T-cell lymphotropic
virus-1 tax and cAMP-responsive element modulator isoforms. J.
Biol. Chem., 272, 2646-2651.

90. Lee D. K., Kim B. C., Brady J. N, Jeang K. T. and Kim S. J.
(2002): Human T-cell lymphotropic virus type 1 tax inhibits trans-
forming growth factor-beta signaling by blocking the association of
Smad proteins with Smad-binding element. J. Biol. Chem., 277,
33766-33775.

91. Lemasson I. and Nyborg J. K. (2001): Human T-cell leukemia
virus type I tax repression of p73beta is mediated through compe-
tition for the C/H1 domain of CBP. J. Biol. Chem., 276,
15720-15727.

92. Lemoine F. J., Kao S. Y. and Marriott S. J. (2000): Suppression of
DNA repair by HTLV type 1 Tax correlates with Tax trans-activa-
tion of proliferating cell nuclear antigen gene expression. AIDS
Res. Hum. Retroviruses, 16, 1623-1627.

93. Lenzmeier B. A., Giebler H. A. and Nyborg J. K. (1998): Human
T-cell leukemia virus type 1 Tax requires direct access to DNA for
recruitment of CREB binding protein to the viral promoter. Mol.
Cell Biol., 18, 721-731.

94. Liang X. Q., Cao E. H., Zhang Y. and Qin J. F. (2004): A P53 tar-
get gene, PIG11, contributes to chemosensitivity of cells to arsenic
trioxide. FEBS Lett., 569, 94-98.

95. Liu L., Scolnick D. M., Trievel R. C., Zhang H. B., Marmorstein
R., Halazonetis T. D. and Berger S. L. (1999): p53 sites acetylated
in vitro by PCAF and p300 are acetylated in vivo in response to
DNA damage. Mol. Cell Biol., 19, 1202-1209.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Liu Q., Hilsenbeck S. and Gazitt Y. (2003): Arsenic trioxide-
-induced apoptosis in myeloma cells: p53-dependent G1 or G2/M
cell cycle arrest, activation of caspase-8 or caspase-9, and synergy
with APO2/TRAIL. Blood, 101, 4078-4087.

Lu H., Pise-Masison C. A., Fletcher T. M., Schiltz R. L., Nagaich
A. K., Radonovich M., Hager G., Cole P. A. and Brady J. N.
(2002): Acetylation of nucleosomal histones by p300 facilitates
transcription from tax-responsive human T-cell leukemia virus
type 1 chromatin template. Mol. Cell Biol., 22, 4450-4462.

Lundblad J. R., Kwok R. P., Laurance M. E., Huang M. S,
Richards J. P., Brennan R. G. and Goodman R. H. (1998): The
human T-cell leukemia virus-1 transcriptional activator Tax
enhances cAMP-responsive element-binding protein (CREB)
binding activity through interactions with the DNA minor groove.
J. Biol. Chem., 273, 19251-19259.

Mabhieux R., Pise-Masison C. A., Gessain A., Brady J. N., Olivier
R., Perret E., Misteli T. and Nicot C. (2001): Arsenic trioxide
induces apoptosis in human T-cell leukemia virus type 1- and
type 2-infected cells by a caspase-3-dependent mechanism involv-
ing Bcl-2 cleavage. Blood, 98, 3762-3769.

Mahieux R., Pise-Masison C. A., Lambert P. F., Nicot C., De
Marchis L., Gessain A., Green P., Hall W. and Brady J. N.
(2000): Differences in the ability of human T-cell lymphotropic
virus type 1 (HTLV-1) and HTLV-2 tax to inhibit p53 function. J.
Virol., 74, 6866-6874.

Majone F. and Jeang K. T. (2000): Clastogenic effect of the
human T-cell leukemia virus type I Tax oncoprotein correlates
with unstabilized DNA breaks. J. Biol. Chem., 275, 32906-32910.

Majone F., Semmes O. J. and Jeang K. T. (1993): Induction of
micronuclei by HTLV-I Tax: a cellular assay for function.
Virology, 193, 456-459.

Matsuoka M. (2003): Human T-cell leukemia virus type I and
adult T-cell leukemia. Oncogene, 22, 5131-5140.

McKay L. I. and Cidlowski J. A. (2000): CBP (CREB binding
protein) integrates NF-kappaB (nuclear factor-kappaB) and glu-
cocorticoid receptor physical interactions and antagonism. Mol.
Endocrinol., 14, 1222-1234.

Minamoto T., Buschmann T., Habelhah H., Matusevich E.,
Tahara H., Boerresen-Dale A. L., Harris C., Sidransky D. and
Ronai Z. (2001): Distinct pattern of p53 phosphorylation in
human tumors. Oncogene, 20, 3341-3347.

Mitra-Kaushik S., Harding J. C., Hess J. L. and Ratner L. (2004):
Effects of the proteasome inhibitor PS-341 on tumor growth in
HTLV-1 Tax transgenic mice and Tax tumor transplants. Blood,
104, 802-809.

Miyamoto K., Sato J., Kitajima K., Togawa A., Suemaru S.,
Sanada H. and Tanaka T. (1983): Adult T-cell leukemia.
Chromosome analysis of 15 cases. Cancer, 52, 471-478.

Montes de Oca Luna R., Wagner D. S. and Lozano G. (1995):
Rescue of early embryonic lethality in mdm2-deficient mice by
deletion of p53. Nature, 378, 203-206.

Mori N., Fujii M., Hinz M., Nakayama K., Yamada Y., Ikeda S.,
Yamasaki Y., Kashanchi F., Tanaka Y., Tomonaga M. and
Yamamoto N. (2002): Activation of cyclin D1 and D2 promoters
by human T-cell leukemia virus type I tax protein is associated with
IL-2-independent growth of T cells. Int. J. Cancer, 99, 378-385.

Mori N., Morishita M., Tsukazaki T., Giam C. Z., Kumatori A.,
Tanaka Y. and Yamamoto N. (2001): Human T-cell leukemia
virus type I oncoprotein Tax represses Smad-dependent trans-
forming growth factor beta signaling through interaction with
CREB-binding protein/p300. Blood, 97, 2137-2144.

Mori N., Yamada Y., Ikeda S., Yamasaki Y., Tsukasaki K.,
Tanaka Y., Tomonaga M., Yamamoto N. and Fujii M. (2002):
Bay 11-7082 inhibits transcription factor NF-kappaB and induces
apoptosis of HTLV-I-infected T-cell lines and primary adult
T-cell leukemia cells. Blood, 100, 1828-1834.

Mulloy J. C., Kislyakova T., Cereseto A., Casareto L., LoMonico
A., Fullen J., Lorenzi M. V., Cara A., Nicot C., Giam C. and
Franchini G. (1998): Human T-cell lymphotropic/leukemia virus
type 1 Tax abrogates p53-induced cell cycle arrest and apoptosis
through its CREB/ATF functional domain. J. Virol., 72, 8852-8860.

Murphy E. L., Hanchard B., Figueroa J. P., Gibbs W. N., Lofters

294



C. A. Pise-Masison et al. - T cell leukemia virus

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

W. S., Campbell M., Goedert J. J. and Blattner W. A. (1989):
Modelling the risk of adult T-cell leukemia/lymphoma in persons
infected with human T-lymphotropic virus type I. Int. J. Cancer,
43, 250-253.

Nagai M. and Osame M. (2003): Human T-cell lymphotropic
virus type I and neurological diseases. J. Neurovirol., 9, 228-235.

Nasr R., El Sabban M. E., Karam J. A., Dbaibo G., Kfoury Y.,
Arnulf B., Lepelletier Y., Bex F., de The H., Hermine O. and
Bazarbachi A. (2005): Efficacy and mechanism of action of the
proteasome inhibitor PS-341 in T-cell lymphomas and HTLV-I
associated adult T-cell leukemia/lymphoma. Oncogene, 24,
419-430.

Nerenberg M., Hinrichs S. H., Reynolds R. K., Khoury G. and
Jay G. (1987): The tat gene of human T-lymphotropic virus type
1 induces mesenchymal tumors in transgenic mice. Science, 237,
1324-1329.

Ng P. W., Tha H., Iwanaga Y., Bittner M., Chen Y., Jiang Y.,
Gooden G., Trent J. M., Meltzer P., Jeang K. T. and Zeichner S.
L. (2001): Genome-wide expression changes induced by HTLV-1
Tax: evidence for MLK-3 mixed lineage kinase involvement in
Tax-mediated NF-kappaB activation. Oncogene, 20, 4484-4496.

Nicot C., Dundr M., Johnson J. M., Fullen J. R., Alonzo N.,
Fukumoto R., Princler G. L., Derse D., Misteli T. and Franchini
G. (2004): HTLV-1-encoded p301I is a post-transcriptional nega-
tive regulator of viral replication. Nat. Med., 10, 197-201.

Nicot C., Mulloy J. C., Ferrari M. G., Johnson J. M., Fu K.,
Fukumoto R., Trovato R., Fullen J., Leonard W. J. and Franchini
G. (2001): HTLV-1 p12(I) protein enhances STATS5 activation
and decreases the interleukin-2 requirement for proliferation of
primary human peripheral blood mononuclear cells. Blood, 98,
823-829.

Niitsu Y., Urushizaki Y., Koshida Y., Terui K., Mahara K.,
Kohgo Y. and Urushizaki I. (1988): Expression of TGF-beta gene
in adult T cell leukemia. Blood, 71, 263-266.

Nishimura S., Asou N., Suzushima H., Okubo T., Fujimoto T.,
Osato M., Yamasaki H., Lisha L. and Takatsuki K. (1995): p53
gene mutation and loss of heterozygosity are associated with
increased risk of disease progression in adult T cell leukemia.
Leukemia, 9, 598-604.

Ohshima K., Kikuchi M., Masuda Y., Kobari S., Sumiyoshi Y.,
Eguchi F., Mohtai H., Yoshida T., Takeshita M. and Kimura N.
(1991): Defective provirus form of human T-cell leukemia virus
type I in adult T-cell leukemia/lymphoma: clinicopathological
features. Cancer Res., 51, 4639-4642.

Okamoto T., Ohno Y., Tsugane S., Watanabe S., Shimoyama M.,
Tajima K., Miwa M. and Shimotohno K. (1989): Multi-step car-
cinogenesis model for adult T-cell leukemia. Jpn. J. Cancer Res.,
80, 191-195.

Paca-Uccaralertkun S., Zhao L. J., Adya N., Cross J. V., Cullen
B. R., Boros I. M. and Giam C. Z. (1994): In vitro selection of
DNA elements highly responsive to the human T-cell lym-
photropic virus type I transcriptional activator, Tax. Mol. Cell
Biol., 14, 456-462.

Petrij F., Dorsman J. C., Dauwerse H. G., Giles R. H., Peeters T.,
Hennekam R. C., Breuning M. H. and Peters D. J. (2000):
Rubinstein-Taybi syndrome caused by a de novo reciprocal
translocation t(2;16)(q36.3;p13.3). Am. J. Med. Genet., 92, 47-52.

Pham L. V., Tamayo A. T., Yoshimura L. C., Lo P. and Ford R.
J. (2003): Inhibition of constitutive NF-kappa B activation in
mantle cell lymphoma B cells leads to induction of cell cycle
arrest and apoptosis. J. Immunol., 171, 88-95.

Pique C. and Dokhelar M. C. (2000): In vivo production of Rof
and Tof proteins of HTLV type 1: evidence from cytotoxic T lym-
phocytes. AIDS Res. Hum. Retroviruses, 16, 1783-1786.

Pise-Masison C. A., Choi K. S., Radonovich M., Dittmer J., Kim
S. J. and Brady J. N. (1998): Inhibition of p53 transactivation
function by the human T-cell lymphotropic virus type 1 Tax pro-
tein. J. Virol., 72, 1165-1170.

Pise-Masison C. A., Mahieux R., Jiang H., Ashcroft M.,
Radonovich M., Duvall J., Guillerm C. and Brady J. N. (2000):
Inactivation of p53 by human T-cell lymphotropic virus type 1
Tax requires activation of the NF-kappaB pathway and is depen-
dent on p53 phosphorylation. Mol. Cell Biol., 20, 3377-3386.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

Pise-Masison C. A., Mahieux R., Radonovich M., Jiang H. and
Brady J. N. (2001): Human T-lymphotropic virus type I Tax pro-
tein utilizes distinct pathways for p53 inhibition that are cell type-
-dependent. J. Biol. Chem., 276, 200-205.

Pise-Masison C. A., Radonovich M., Mahieux R., Chatterjee P.,
Whiteford C., Duvall J., Guillerm C., Gessain A. and Brady J. N.
(2002): Transcription profile of cells infected with human T-cell
leukemia virus type I compared with activated lymphocytes.
Cancer Res., 62, 3562-3571.

Pise-Masison C. A., Radonovich M., Sakaguchi K., Appella E.
and Brady J. N. (1998): Phosphorylation of p53: a novel pathway
for p53 inactivation in human T-cell lymphotropic virus type
1-transformed cells. J. Virol., 72, 6348-6355.

Poiesz B. J., Ruscetti F. W., Gazdar A. F., Bunn P. A., Minna J.
D. and Gallo R. C. (1980): Detection and isolation of type C
retrovirus particles from fresh and cultured lymphocytes of a
patient with cutaneous T-cell lymphoma. Proc. Natl. Acad. Sci.
USA, 77, 7415-7419.

Portis T., Harding J. C. and Ratner L. (2001): The contribution
of NF-kappa B activity to spontaneous proliferation and resis-
tance to apoptosis in human T-cell leukemia virus type 1 Tax-
induced tumors. Blood, 98, 1200-1208.

Pozzatti R., Vogel J. and Jay G. (1990): The human T-lym-
photropic virus type I tax gene can cooperate with the ras onco-
gene to induce neoplastic transformation of cells. Mol. Cell Biol.,
10, 413-417.

Prives C. and Hall P. A. (1999): The p53 pathway. J. Pathol., 187,
112-126.

Reid R. L., Lindholm P. F., Mireskandari A., Dittmer J. and
Brady J. N. (1993): Stabilization of wild-type p53 in human
T-lymphocytes transformed by HTLV-1. Oncogene, 8, 3029-3036.

Robek M. D. and Ratner L. (1999): Immortalization of CD4(+)
and CD8(+) T lymphocytes by human T-cell leukemia virus type
1 Tax mutants expressed in a functional molecular clone. J.
Virol., 73, 4856-4865.

Robek M. D. and Ratner L. (2000): Immortalization of T lym-
phocytes by human T-cell leukemia virus type 1 is independent of
the tax-CBP/p300 interaction. J. Virol., 74, 11988-11992.

Rosin O., Koch C., Schmitt I., Semmes O. J., Jeang K. T. and
Grassmann R. (1998): A human T-cell leukemia virus Tax variant
incapable of activating NF-kappaB retains its immortalizing
potential for primary T-lymphocytes. J. Biol. Chem., 273,
6698-6703.

Saggioro D., Majone F., Forino M., Turchetto L., Leszl A. and
Chieco-Bianchi L. (1994): Tax protein of human T-lymphotropic
virus type I triggers DNA damage. Leuk. Lymphoma, 12,
281-286.

Sakaguchi K., Herrera J. E., Saito S., Miki T., Bustin M., Vassilev
A., Anderson C. W. and Appella E. (1998): DNA damage acti-
vates p53 through a phosphorylation-acetylation cascade. Genes
Dev., 12, 2831-2841.

Sakashita A., Hattori T., Miller C.W., Suzushima H., Asou N.,
Takatsuki K. and Koeffler H. P. (1992): Mutations of the p53
gene in adult T-cell leukemia. Blood, 79, 477-480.

Santiago F., Clark E., Chong S., Molina C., Mozafari F., Mahieux
R., Fujii M., Azimi N. and Kashanchi F. (1999): Transcriptional
up-regulation of the cyclin D2 gene and acquisition of new cyclin-
dependent kinase partners in human T-cell leukemia virus type
1-infected cells. J. Virol., 73, 9917-9927.

Satou Y., Nosaka K., Koya Y., Yasunaga J. I., Toyokuni S. and
Matsuoka M. (2004): Proteasome inhibitor, bortezomib, potently
inhibits the growth of adult T-cell leukemia cells both in vivo and
in vitro. Leukemia, 18, 1357-1363.

Satyamoorthy K., Chehab N. H., Waterman M. J., Lien M. C,, El
Deiry W. S., Herlyn M. and Halazonetis T. D. (2000): Aberrant
regulation and function of wild-type p53 in radioresistant
melanoma cells. Cell Growth Differ., 11, 467-474.

Schmitt I., Rosin O., Rohwer P., Gossen M. and Grassmann R.
(1998): Stimulation of cyclin-dependent kinase activity and G1-
to S-phase transition in human lymphocytes by the human T-cell
leukemia/lymphotropic virus type 1 Tax protein. J. Virol., 72,
633-640.

295



Arch Immunol Ther Exp, 2005, 53, 283-296

148. Seiki M., Inoue J., Hidaka M. and Yoshida M. (1988): Two cis-
-acting elements responsible for posttranscriptional trans-regula-
tion of gene expression of human T-cell leukemia virus type I.
Proc. Natl. Acad. Sci. USA, 85, 7124-7128.

149. Shah M. A. and Schwartz G. K. (2003): Cyclin-dependent kinases
as targets for cancer therapy. Cancer Chemother. Biol. Response
Modif., 21, 145-170.

150. Shimoyama M. (1991): Diagnostic criteria and classification of
clinical subtypes of adult T-cell leukaemia-lymphoma. A report
from the Lymphoma Study Group (1984-87). Br. J. Haematol.,
79, 428-437.

151. Shuh M. and Derse D. (2000): Ternary complex factors and
cofactors are essential for human T-cell leukemia virus type 1 tax
transactivation of the serum response element. J. Virol., 74,
11394-11397.

152. Shukla S. and Gupta S. (2004): Suppression of constitutive and
tumor necrosis factor alpha-induced nuclear factor (NF)-kappaB
activation and induction of apoptosis by apigenin in human
prostate carcinoma PC-3 cells: correlation with down-regulation of
NF-kappaB-responsive genes. Clin. Cancer Res., 10, 3169-3178.

153. Silverman L. R., Phipps A. J., Montgomery A., Ratner L. and
Lairmore M. D. (2004): Human T-cell lymphotropic virus type 1
open reading frame II-encoded p301I is required for in vivo repli-
cation: evidence of in vivo reversion. J. Virol., 78, 3837-3845.

154. Smith M. R. and Greene W. C. (1991): Type I human T cell
leukemia virus tax protein transforms rat fibroblasts through the
cyclic adenosine monophosphate response element binding pro-
tein/activating transcription factor pathway. J. Clin. Invest., 88,
1038-1042.

155. Stevaux O. and Dyson N. J. (2002): A revised picture of the E2F
transcriptional network and RB function. Curr. Opin. Cell Biol.,
14, 684-691.

156. Suzuki T., Fujisawa J. I, Toita M. and Yoshida M. (1993): The
trans-activator tax of human T-cell leukemia virus type 1 (HTLV-
-1) interacts with cAMP-responsive element (CRE) binding and
CRE modulator proteins that bind to the 21-base-pair enhancer
of HTLV-1. Proc. Natl. Acad. Sci. USA, 90, 610-614.

157. Suzuki T., Uchida-Toita M. and Yoshida M. (1999): Tax protein
of HTLV-1 inhibits CBP/p300-mediated transcription by interfer-
ing with recruitment of CBP/p300 onto DNA element of E-box
or p53 binding site. Oncogene, 18, 4137-4143.

158. Takemoto S., Trovato R., Cereseto A., Nicot C., Kislyakova T.,
Casareto L., Waldmann T., Torelli G. and Franchini G. (2000):
p53 stabilization and functional impairment in the absence of
genetic mutation or the alteration of the p14(ARF)-MDM2 loop
in ex vivo and cultured adult T-cell leukemia/lymphoma cells.
Blood, 95, 3939-3944.

159. Takenouchi N., Yao K. and Jacobson S. (2004):
Immunopathogenesis of HTLV-I associated neurologic disease:
molecular, histopathologic, and immunologic approaches. Front.
Biosci., 9, 2527-2539.

160. Tan C. and Waldmann T. A. (2002): Proteasome inhibitor PS-
341, a potential therapeutic agent for adult T-cell leukemia.
Cancer Res., 62, 1083-1086.

161. Tanaka A., Takahashi C., Yamaoka S., Nosaka T., Maki M. and
Hatanaka M. (1990): Oncogenic transformation by the tax gene
of human T-cell leukemia virus type I in vitro. Proc. Natl. Acad.
Sci. USA, 87, 1071-1075.

162. Tsuchiya H., Fujii M., Niki T., Tokuhara M., Matsui M. and Seiki
M. (1993): Human T-cell leukemia virus type 1 Tax activates
transcription of the human fra-1 gene through multiple cis ele-
ments responsive to transmembrane signals. J. Virol., 67,
7001-7007.

163. Tsukahara T., Kannagi M., Ohashi T., Kato H., Arai M., Nunez
G., Iwanaga Y., Yamamoto N., Ohtani K., Nakamura M. and

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Fujii M. (1999): Induction of Bel-x(L) expression by human T-cell
leukemia virus type 1 Tax through NF-kappaB in apoptosis-resis-
tant T-cell transfectants with Tax. J. Virol., 73, 7981-7987.

Urist M. and Prives C. (2002): p53 leans on its siblings. Cancer
Cell, 1, 311-313.

Van Orden K., Giebler H.A., Lemasson 1., Gonzales M., and
Nyborg J. K. (1999): Binding of p53 to the KIX domain of CREB
binding protein. A potential link to human T-cell leukemia virus,
type I-associated leukemogenesis. J. Biol. Chem., 274,
26321-26328.

Van P. L., Yim K. W,, Jin D. Y., Dapolito G., Kurimasa A. and
Jeang K. T. (2001): Genetic evidence of a role for ATM in func-
tional interaction between human T-cell leukemia virus type 1
Tax and p53. J. Virol., 75, 396-407.

Vermeulen L., De Wilde G., Notebaert S., Vanden Berghe W.
and Haegeman G. (2002): Regulation of the transcriptional activ-
ity of the nuclear factor-kappaB p65 subunit. Biochem.
Pharmacol., 64, 963-970.

Vousden K. H. (2002): Activation of the p53 tumor suppressor
protein. Biochim. Biophys. Acta, 1602, 47-59.

Vousden K. H. and Lu X. (2002): Live or let die: the cell’s
response to p53. Nat. Rev. Cancer, 2, 594-604.

Wissink S., van Heerde E. C., Schmitz M. L., Kalkhoven E., van
der Burg B., Bacuerle P. A. and van der Saag P. T. (1997):
Distinct domains of the RelA NF-kappaB subunit are required
for negative cross-talk and direct interaction with the glucocorti-
coid receptor. J. Biol. Chem., 272, 22278-22284.

Yamaoka S., Inoue H., Sakurai M., Sugiyama T., Hazama M.,
Yamada T. and Hatanaka M. (1996): Constitutive activation of
NF-kappa B is essential for transformation of rat fibroblasts by
the human T-cell leukemia virus type I Tax protein. EMBO 7.,
15, 873-887.

Yamaoka S., Tobe T. and Hatanaka M. (1992): Tax protein of
human T-cell leukemia virus type I is required for maintenance
of the transformed phenotype. Oncogene, 7, 433-437.

Yamasaki L. (2003): Role of the RB tumor suppressor in cancer.
Cancer Treat. Res., 115, 209-239.

Yamato K., Oka T., Hiroi M., Iwahara Y., Sugito S., Tsuchida N.
and Miyoshi I. (1993): Aberrant expression of the p53 tumor sup-
pressor gene in adult T-cell leukemia and HTLV-I-infected cells.
Jpn. J. Cancer Res., 84, 4-8.

Yin M. J. and Gaynor R. B. (1996): HTLV-1 21 bp repeat
sequences facilitate stable association between Tax and CREB to
increase CREB binding affinity. J. Mol. Biol., 264, 20-31.

Yoshida M. (2001): Multiple viral strategies of HTLV-1 for dys-
regulation of cell growth control. Annu. Rev. Immunol., 19,
475-496.

Yoshida M., Miyoshi I. and Hinuma Y. (1982): Isolation and
characterization of retrovirus from cell lines of human adult
T-cell leukemia and its implication in the disease. Proc. Natl.
Acad. Sci. USA, 79, 2031-2035.

Younis L., Khair L., Dundr M., Lairmore M. D., Franchini G. and
Green P. L. (2004): Repression of human T-cell leukemia virus
type 1 and type 2 replication by a viral mRNA-encoded posttran-
scriptional regulator. J. Virol., 78, 11077-11083.

Zhang W., Nisbet J.W., Albrecht B., Ding W., Kashanchi F.,
Bartoe J. T. and Lairmore M. D. (2001): Human T-lymphotropic
virus type 1 p30(II) regulates gene transcription by binding
CREB binding protein/p300. J. Virol., 75, 9885-9895.

Zhao S., Tsuchida T., Kawakami K., Shi C. and Kawamoto K.
(2002): Effect of As203 on cell cycle progression and cyclins D1
and B1 expression in two glioblastoma cell lines differing in p53
status. Int. J. Oncol., 21, 49-55.

296



