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Human T-cell leukemia virus type 1 (HTLV-1) and HTLV-2 are retroviruses with similar biological properties.
Whereas HTLV-1 is the causative agent of an aggressive T-cell leukemia, HTLV-2 has been associated with only
a few cases of lymphoproliferative disorders. Tax1 and Tax2 are the transcriptional activators of HTLV-1 and
HTLV-2, respectively. Here we show that Tax2 transformed a Rat-1 fibroblast cell line to form colonies in soft
agar, but the size and number of the colonies were lower than those of Tax1l. Use of a chimeric Tax protein
showed that the C-terminal amino acids 300 to 353 were responsible for the high transforming activity of Tax1.
Activation of cellular genes by Tax1 through transcription factor NF-kB is reportedly essential for the transfor-
mation of Rat-1 cells. Tax2 also activated the transcription through NF-kB in Rat-1 cells, and such activity was
equivalent to that induced by Tax1. Thus, the high transforming activity of Tax1 is mediated by mechanisms
other than NF-kB activation. Our results showed that Tax2 has a lower transforming activity than Tax1 and
suggest that the high transforming activity of Taxl1 is involved in the leukemogenic property of HTLV-1.

Human T-cell leukemia virus type 1 (HTLV-1) infection is
associated with adult T-cell leukemia (ATL), which is an ag-
gressive malignancy of CD4"% T cells (23, 37, 58). HTLV-1
transforms primary human CD4" T cells in the presence or
absence of interleukin-2 (IL-2) in vitro (32, 60). The viral fax
gene is thought to play critical roles in the transformation of T
cells, and thereby in leukemogenesis, because of its transform-
ing activity in vitro. For instance, Tax in rodent fibroblast cell
lines induces colony formation in soft agar, and the cells form
tumors in nude mice (54). Transgenic mice carrying the tax
gene develop various types of malignancies such as fibrosar-
coma and large granular cell leukemia (21, 34). In addition,
Tax immortalizes primary human CD4™ T cells in the presence
of IL-2 (4, 20) and converts the cell growth of a mouse T-cell
line from being IL-2 dependent to being IL-2 independent
(25).

Tax was originally identified as a frans activator of its own
promoter in the long terminal repeat (13, 17, 33, 45, 50, 64).
Thereafter, Tax has been shown to have multiple activities in T
cells. For example, Tax activates the transcription of numerous
cellular genes, such as genes encoding cytokines (IL-2 and
IL-8), the cytokine receptors (a-chain of IL-2 receptor), proto-
oncogenes (c-fos, c-jun, fra-1, and c-rel), chemokines (IL-8 and
SDF-1), the antiapoptotic gene bcl-xl, and the cell cycle regu-
lator cyclin D2 (2, 5-7, 11, 15, 16, 24, 30, 44, 56, 57). In
addition, Tax represses the transcription of certain cellular
genes, such as that for DNA polymerase B (26). Moreover, Tax
inactivates several tumor suppressor gene products, such as
p53, pl6INK, and hDLG (3, 36, 52).
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Accumulating evidence indicates that activation of cellular
genes through the transcription factor nuclear factor kB (NF-
kB) by Tax is a critical factor for the transforming activity. For
instance, a mutant Tax lacking activity toward NF-kB and a
recombinant HTLV-1 carrying the mutant Tax lacking activity
toward NF-kB are unable to transform primary human T cells
(1, 38). Moreover, IkB, a specific NF-«B inhibitor, abolished
the transformation of a rat fibroblast cell line by Tax (61). On
the other hand, two reports showed that Tax activation of
cellular genes through NF-kB is dispensable for the transfor-
mation of primary human T cells and a fibroblast cell line, and
Tax activation of cellular genes through CREB is associated
with the transformation (39, 49). Although the reason for the
difference is unclear, it is likely that Tax has multiple trans-
forming activities, all of which are required for maximum ac-
tivity.

In resting T cells, NF-kB is inactivated by interacting with
the NF-kB-inhibitory proteins, such as IkBa and IkBp, in the
cytoplasm. Tax activation of NF-kB involves phosphorylation
and degradation of IkBa and IkBB (9, 18, 59, 63). IkBs are
phosphorylated by a multisubunit IkB kinase (IKK) complex,
which is composed of two catalytic components, IKKa and
IKKB, and a noncatalytic component, IKKy/NEMO. Tax in-
teracts with IKKy/NEMO to activate the catalytic activity of
the IKK complex (10, 22, 27, 62, 63).

HTLV-2 was isolated from a cell line established from a
variant form of hairy cell leukemia (8, 51). HTLV-2 has nu-
cleotide sequence similarity to HTLV-1 and similar biological
properties (47, 51). For instance, HTLV-2 transforms primary
human T cells with efficiency similar to that of HTLV-1 in
vitro. HTLV-2, however, is rarely associated with leukemias
similar to ATL and has been associated with only a few cases
of lymphoproliferative diseases (51). Thus, HTLV-2 appears
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not to induce malignant growth of infected cells in vivo and
hence is a useful tool to understand the pathogenesis of ATL.
HTLV-2 also encodes a trans-activator protein, Tax2 (29,
48), which exhibits more than 70% amino acid identity with
Tax1. Ross et al. (41) showed that mutation of the tax2 gene in
an infectious HTLV-2 molecular clone eliminates the trans-
forming activity of Tax2 in primary human T cells. However,
whether Tax2 by itself has the transforming activity and rela-
tive potency of Tax2 has not yet been elucidated. Here we show
that Tax2 transformed a Rat-1 fibroblast cell line to form
colonies in soft agar, but such activity was lower than that of
Tax1. This observation is discussed in the context of the dif-
ferent pathogenic capabilities of HTLV-1 and HTLV-2.

MATERIALS AND METHODS

Plasmids. The tax2A ¢cDNA was isolated from a genomic tax24 gene in an
expression plasmid pC-Xc by PCR (35). The primers used to amplify the tax24
gene were ttgaattcagatct CCATGGCCCATTTCCCAGGATTCGGA and tggatc
cTTTTAGGCCGATGACTCGT. The tax2B cDNA was derived from plasmid
pCAGGS-Tax2B (29). Lowercase letters in the sequence are the restriction
enzyme sites for EcoRI and BamHI to facilitate the subcloning of the fragments
into the expression plasmid and do not exist in the pC-Xc plasmid sequence.
Chimeric genes tax21] and taxI22 were constructed by using a unique Mlul
restriction enzyme site located in the same amino acid position of the fax/ and
tax2 genes. The tax22] gene was constructed by PCR using chimeric primers
corresponding to amino acids 297 to 306 of the tax] and tax2 genes. The nucle-
otide sequences of the chimera primers were ATACAATACTCCTCCTTTCA
TAGTTTACAT and ATGTAAACTATGAAAGGAGGAGTATTGTAT. The
nucleotide sequence of tax22] was determined by DNA sequencing. The tax1,
tax2A, and tax2B genes and their chimeric genes were cloned into pHBPr-1-neo,
which has a B-actin promoter for protein expression in mammalian cells and a
neomycin resistance gene as a selection marker (31). kB-Luc is a luciferase
expression plasmid regulated by the kB element of the IL-2 receptor a-chain
gene and the minimal HTLV-1 promoter. pRL-TK is an expression plasmid of
Renilla luciferase and is used to normalize the transfection efficiency.

Transient transfection and luciferase assay. Rat-1 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum (FCS). For luciferase assay, Rat-1 cells were seeded at 10° cells per
35-mm-diameter plate in DMEM-10% FCS and cultured overnight. They were
then cotransfected with the Tax expression plasmid together with kB-Luc by the
lipofection (FuGENE 6) method according to the instructions provided by the
manufacturer (Roche Molecular Systems, Inc., Branchburg, N.J.). Cell lysate was
prepared from transfected cells, and the activity of luciferase as well as Renilla
luciferase in the lysate was determined by a luminometer. The activity of lucif-
erase was normalized to that of Renilla luciferase. The assay was carried out four
times to confirm reproducibility.

Assay of colony formation in soft agar (CFSA). A Tax expression plasmid was
transfected into Rat-1 cells by the calcium phosphate precipitation technique
described previously (19), and the cells were cultured for more than 2 weeks in
a selection medium containing 600 pg of G418 per ml. Pools of resistant cells (5
X 10° cells) were seeded in 0.33% agarose-containing DMEM-10% FCS over-
laid on 0.5% agarose in a 60-mm-diameter plate. After 3 weeks of culture, the
size and number of colonies were examined under a light microscope, and colony
formation efficiency was calculated as the proportion of colonies measuring more
than 60 pm in diameter relative to colonies less than 60 wm in diameter.

Western blotting. Cell lysates (25 pg) prepared from Rat-1 cells were size
separated by electrophoresis under reducing conditions in 10% polyacrylamide
gel with sodium dodecyl sulfate, and the proteins in the gel were electronically
transferred onto a polyvinylidene difluoride membrane. The membrane was
incubated with Block Ace (Dainippon Seiyaku, Suita, Osaka, Japan) for 1 h at
room temperature to inhibit nonspecific binding and was further incubated with
either anti-Tax mouse monoclonal antibody (Taxy-8) (55) or rabbit anti-Tax2B
polyclonal serum (29). After being washed with TBS-T (10 mM Tris-HCI [pH
8.0], 150 mM NacCl, and 0.05% Tween 20), the membranes were further incu-
bated with either anti-mouse or anti-rabbit immunoglobulins conjugated with
horseradish peroxidase (Bio-Rad Technologies, Richmond, Calif.). Proteins rec-
ognized by the antibodies in the membrane were visualized using the ECL
Western blotting detection system (Amersham Pharmacia Biotech, Buckingham-
shire, United Kingdom). Yuetsu Tanaka (Ryukyu University) kindly provided
the Taxy-8 antibody.
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FIG. 1. Structures of Tax1, Tax2A, and Tax2B proteins. The amino
acid lengths of the respective proteins and the amino acids that are
different in Tax2A and Tax2B are indicated.

EMSA. To prepare nuclear extracts, Rat-1 cells (107) were washed with phos-
phate-buffered saline containing 1 mM Na;VO, and 5 mM NaF and then treated
with 0.2% NP-40 in lysis buffer containing 20 mM HEPES (pH 7.9), 20 mM NaF,
1 mM Na;VO,, 1 mM EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfo-
nyl fluoride, 1 g of leupeptin per ml, and 1 pg of aprotinin per ml. The cell
lysates were centrifuged, and the pellets were further treated with high-salt lysis
buffer supplemented with 420 mM NaCl and 20% glycerol at 4°C for 30 min
followed by centrifugation. The resultant supernatant was used as nuclear extract
in electrophoretic mobility shift assay (EMSA). For EMSA, nuclear extract (50
ng) was preincubated with 1 pg of poly(dl:dC) in 20 pl of a binding buffer
containing 13 mM HEPES (pH 7.9), 65 mM NaCl, 0.15 mM EDTA, 8% glycerol,
and 1 mM dithiothreitol for 15 min on ice. Approximately 1 ng of labeled
oligonucleotide was added to the reaction mixture and further incubated for 15
min at room temperature. The complexes formed were separated from the
unbound probe by electrophoresis in a 5% polyacrylamide gel containing 0.5X
Tris-borate-EDTA. After separation, the gel was dried, and radioactivity in the
dried gel was analyzed with a BAS5000 instrument (Fuji Film, Kanagawa, Ja-
pan). A double-stranded synthetic oligonucleotide corresponding to the kB el-
ement (agctTTGGGAAATTCCTCGGGTGGTAC) from the interferon beta
gene was labeled with [y->*P]ATP by using polynucleotide kinase and was used
as the NF-«kB site probe. Lowercase letters in the sequence are the restriction
enzyme sites for BamHI to facilitate the subcloning of the fragments into the
plasmid and do not exist in the original genomic sequence. A tetradecanoyl
phorbol acetate-responsive element oligonucleotide (gatcGTGACTCAGCG
CG) was used as an unrelated competitor in EMSA.

RESULTS

Tax2 transforms a rat fibroblast cell line. There are two
major subtypes of HTLV-2, HTLV-2a and HTLV-2b, and they
have Tax2A and Tax2B proteins, respectively (12, 29). Taxl
and Tax2A or Tax2B exhibit more than 70% amino acid iden-
tity. However, they show several amino acid differences
throughout the protein. In addition, the C termini of both
Tax2A and Tax2B are different from that of Taxl (Fig. 1);
Tax2A has a 22-amino-acid truncation relative to Tax1, and
Tax2B has 25 totally different amino acids in the C terminus.
cDNA encoding Tax2A, Tax2B, or Tax1 was introduced into a
mammalian expression vector (pHBPr-1-neo) carrying a neo-
mycin resistance gene (31). To examine the transforming ac-
tivity (i.e., CFSA), these expression vectors were transfected
into Rat-1 cells and were selected with neomycin (G418). The
expression of Tax1, Tax2A, and Tax2B in Rat-1 transfectants
was then examined by Western blotting analysis (Fig. 2A).
Anti-Tax1 monoclonal antibody detected Tax1 but not Tax2A
or Tax2B in Rat-1 transfectants. On the other hand, anti-
Tax2B polyclonal antibody detected Tax2B but not Tax2A or
Tax1. Anti-Tax2B occasionally detected Tax2A as well as Tax1
in Rat-1 cells, in which case Tax2B, Tax2A, and Taxl were
almost equivalently detected (data not shown). Although the
reason for the inconsistent detection of Taxl and Tax2A by
anti-Tax2B is unclear, the detection may be influenced by
subtle differences in the assay conditions. To measure the
transforming activity, these cell lines were seeded in soft agar.
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FIG. 2. Transforming activities of Tax1 and Tax2. (A) Cell lysates
were prepared from Rat-1 cells transfected with the indicated plas-
mids, and the amount of Tax in each lysate was measured by Western
blot analysis using an anti-Tax1 antibody (left) or an anti-Tax2B anti-
body (right). Arrows indicate the Tax proteins recognized by the an-
tibodies. (B and C) Rat-1 cells transfected with the indicated plasmids
were seeded in soft agar. Three weeks after the inoculation, the num-
ber (B) and the size (C) of colonies were determined by light micros-
copy. CFSA assay was carried out in duplicate, and the data presented
are averages and standard deviations from seven experiments.

Tax1 transfectants formed large and multiple colonies in soft
agar (Fig. 2B and C) relative to control cells, as described
previously (31, 54). Rat-1 cells expressing either Tax2A or
Tax2B also formed colonies in soft agar, but their size and
number were reproducibly lower than those of Taxl. Repro-
ducible results were obtained in seven independent experi-
ments. These results indicated that Tax2 (either Tax2A or
Tax2B) transforms Rat-1 cells but that the activity is less than
that of Taxl.

The C-terminal region of Taxl is responsible for the high
transforming activity. To determine the domain of Taxl re-
sponsible for the high transforming activity, we constructed
three chimeric genes between fax! and tax2B, and stable Rat-1
cell lines expressing respective chimeric proteins were estab-
lished (Fig. 3). Chimera Tax211 and Tax221 transformed Rat-1
cells as efficiently as Tax1. On the other hand, the transforming
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activity of Tax122 in Rat-1 cells was equivalent to that of the
control plasmid. Since Tax122 was detected by neither anti-
Tax1 nor anti-Tax2B (Fig. 3B), the failure of Tax122 to trans-
form Rat-1 cells may be due to low expression of the protein.
The chimeric proteins, except for Tax122, were detected by
anti-Tax1 and/or anti-Tax2B in Rat-1 cells. The Tax221 and
Tax211 chimeras were detected by both anti-Tax1 and anti-
Tax2B, and they were expressed equivalently to Taxl and
Tax2B, indicating that the different transforming activities of
Tax1, Tax221, and Tax211 with Tax2B were not due to differ-
ent expression levels of the proteins in Rat-1 cells. Considered
together, these results indicated that C-terminal amino acids
300 to 353 of Tax1 are responsible for the elevated transform-
ing activity in Rat-1 cells.

Tax2 activates transcription through NF-kB equivalently to
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FIG. 3. Tax] domain responsible for high transforming activity.
(A) Structures of the chimeric genes and the position of the boundary
between Tax1 and Tax2B. (B) Cell lysates were prepared from Rat-1
cells transfected with the indicated plasmids, and the amount of Tax in
each lysate was measured by Western blot analysis using an anti-Tax1
antibody (left) or an anti-Tax2B antibody (right). Arrows indicate the
Tax proteins recognized by the antibodies. (C) Rat-1 cells transfected
with the indicated plasmids were seeded in soft agar. Three week after
the culture, the number of the colonies was counted by light micros-
copy. CFSA assay was carried out in duplicate, and the data presented
are averages and standard deviations from seven experiments.
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FIG. 4. trans activation of the kB element by Tax2. Rat-1 cells were
cotransfected with the indicated Tax expression plasmid (0.1 to 1.0 ng)
together with the luciferase plasmid regulated by the kB element by
the Lipofectin method. Cell lysates were prepared from transfected
cells, and luciferase activity in the lysate was determined with a lumi-
nometer. The fold activation represents luciferase activity of cells
transfected with the Tax plasmid relative to that with the control
plasmid. Error bars indicate standard deviations.

Tax1. Tax1 and Tax2 activate the transcription of several cel-
lular genes through the kB element and cyclic AMP-responsive
element-like sequence (CRE) (33, 64), and the activity of Tax1
toward the kB element is essential for the transformation of
Rat-1 cells by Tax, while that toward CRE is dispensable (31,
61). To measure the transcriptional activities of Tax1 and Tax2
toward the kB element, the luciferase expression plasmid reg-
ulated by the kB element was transiently transfected into Rat-1
cells together with the Tax expression plasmid, and the lucif-
erase activity in Rat-1 transfectants was measured (Fig. 4).
Tax1 and Tax2B activated the expression of the luciferase gene
through the kB element in a dose-dependent manner, and the
activity of Tax2B was equivalent to that of Tax1 at any dose of
the plasmid. The chimeric Tax proteins also did not show any
significant difference in the activities toward NF-«B (data not
shown). These results suggested that the activity of Tax other
than NF-«kB in Rat-1 cells is involved in the variable transform-
ing activity.

Tax activates the transcription through NF-«B by stimulat-
ing DNA binding activity (7, 33, 43). To establish that NF-xB
is not responsible for the variable transforming activity be-
tween Tax1 and Tax2B, we further examined the DNA binding
activity of NF-«kB in the stable Rat-1 cell lines characterized as
described above. EMSA using the NF-«B binding sequence as
a probe showed that Rat-1 cells expressing Taxl possessed
mainly one mobility-shifted complex specific to the kB ele-
ment, since the complex was competed by excess cold homol-
ogous oligonucleotide carrying the NF-kB binding sequence
but not by an unrelated one (Fig. 5). The binding was higher in
Rat-1 cells expressing Tax1 than in control cells, indicating that
Tax1 constitutively activates DNA binding activity of NF-«B in
Rat-1 cells, as reported previously (31, 61). Rat-1 cells express-
ing Tax2A or Tax2B also showed higher NF-kB DNA binding
activity than control cells, and the activity was equivalent to
that of Taxl1. Similarly, Rat-1 cell lines expressing Tax221 and
Tax211 but not Tax122 showed high NF-«B activity relative to
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control cells, and the binding activity did not correlate with the
transforming activity. Considering this together with the tran-
sient assay, we concluded that Tax2 activates the NF-kB-de-
pendent transcription in a manner equivalent to Tax1 in Rat-1
cells and that the NF-kB-dependent transcriptional activation
is not responsible for the different transforming activities of
Tax1 and Tax2.

DISCUSSION

Employing a molecular HTLV-2 clone, recent studies have
demonstrated that Tax2 is essential for the transformation of
primary human T cells by HTLV-2 (41). However, those stud-
ies could not determine whether Tax2 directly transforms T
cells or whether it transforms human cells indirectly by con-
trolling other viral proteins. Here we showed that both Tax2A
and Tax2B transformed a fibroblast cell line, Rat-1, to form
colonies in soft agar (Fig. 2). Thus, Tax2 by itself can induce
transformation similarly to Tax1 and is likely to play a role in
the transformation of primary human T cells by HTLV-2. Our
results, however, showed that the transforming activity of Tax2
in Rat-1 cells was less than that of Taxl. Unlike HTLV-1,
HTLV-2 is thought to rarely cause leukemia, including disor-
ders similar to ATL (51). Thus, our results suggest that the low
activity of Tax2 may explain the poor leukemogenic property of
HTLV-2.

HTLV-2 can transform primary human T cells as efficiently
as HTLV-1 in vitro. How can this be achieved when the trans-
forming activity of Tax2 is lower than that of Tax1? It is
possible that the HTLV-2 promoter is stronger than that of
HTLV-1, resulting in higher expression of Tax2 relative to
Tax1 in HTLV-transformed T-cell lines. If this is the case,
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FIG. 5. Tax2 stimulates NF-kB DNA binding activity in Rat-1 cells.
Nuclear extracts prepared from Rat-1 cells transfected with the indi-
cated plasmids were incubated with the NF-kB site probe in the ab-
sence of competitor (lanes 1 to 8) or in the presence of the homologous
competitor (lane 9) or the unrelated tetradecanoyl phorbol acetate-
responsive element (TRE) competitor (lane 10). The binding activity
to the NF-kB site probe was measured by EMSA as described in
Materials and Methods. The arrow indicates the specific main complex
with the kB element.
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FIG. 6. Comparison of C-terminal peptides of Tax1 with those of
Tax2B and Tax2A. The amino acids of Tax2 that are identical to those
of Taxl1 are indicated by dashes.

HTLV-2 may experience a stronger immune attack by cyto-
toxic T cells against Tax in vivo, since Tax is the main target of
cytotoxic T cells. This could account for the poor leukemogenic
property of HTLV-2. Alternatively, the high transforming ac-
tivity of Tax1 detected in Rat-1 cells may be dispensable for the
in vitro transformation of human T cells by HTLV-1.

In our study, both transient luciferase assay and EMSA
showed that Tax2A as well as Tax2B activates NF-kB-depen-
dent transcription in Rat-1 cells. Since NF-kB activation by
Tax1 is essential for the transformation of Rat-1 cells (31, 61),
NF-kB is likely to be also involved in the transformation of
Rat-1 cells by Tax2. Interestingly, Tax2 activated NF-«kB to a
level equivalent to that by Taxl1, irrespective of the weak trans-
forming activity. This is in agreement with the results of pre-
vious studies, which showed that Tax1 and Tax2 equally acti-
vate NF-kB-dependent transcription in several cell lines (40,
46). Taken together, these results indicate that activity of Tax1
distinct from that involving NF-kB plays a role in the transfor-
mation of Rat-1 cells and that this effect may explain the
relatively high transformation capacity of Tax1.

The chimera study showed that amino acids 300 to 353 of
Tax1 were the region responsible for the high transforming
activity. This region of Taxl differs most from Tax2A and
Tax2B (12). In particular, the C-terminal 22 amino acids of
Taxl are totally different from those of Tax2A and Tax2B (Fig.
6). Tax2A exhibits a 22-amino-acid truncation relative to Tax1.
While the length of the C terminus of Tax2B is equivalent to
that of Tax1, the amino acid sequence is totally different. In-
terestingly, this C-terminal Tax1 fragment contains the binding
motif for the PDZ domain protein, TXI/V, and the motif is
absent in both Tax2A and Tax2B (12, 42). Tax1 interacts with
the tumor suppressor gene product hDLG with the PDZ do-
main via this motif and inhibits the growth-inhibitory function
(42, 53). Thus, the interaction of Tax1 with PDZ domain pro-
teins such as hDLG may be responsible for the high transform-
ing activity. Previous reports showed that several transforming
proteins of malignant, but not benign, viruses, such as the E6
protein of human papillomavirus, have a PDZ binding se-
quence, and the viral protein-binding motif interaction is
strongly associated with the high transforming activity in a rat
fibroblast cell line, 3Y1 (28). In addition to binding of PDZ
domain proteins, the C-terminal end of Tax1 has been mapped
to contain the micronucleus DNA damage function (46). Thus,
we are further examining the role of a C-terminal region of
Tax1 in the elevated activity relative to Tax2.

Feuer et al. showed that HTLV-1-transformed T-cell lines
are more tumorigenic than HTLV-2-transformed ones in
SCID mice (14). CFSA of many oncogenic proteins correlates
well with tumorigenicity in vivo, such as for tumor formation in
nude mice. Thus, the high CFSA of Tax1 relative to Tax2 may
explain the more strict in vivo immortalization of HTLV-1-
infected cells than HTLV-2-infected ones, which consequently
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results in the occasional malignant outgrowth of HTLV-1-
infected cells. Thus, we consider that present and future stud-
ies designed to examine the difference between Tax1 and Tax2
should advance our understanding of malignant progression of
HTLV-1-infected T cells in vivo.
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