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The human T cell lymphotropic virus (HTLV-1) is the 2, IL-2R-a, GM-CSF, c-fos, vimentin, IL-6 (reviewed in
Yoshida, 1993). Since Tax is not a DNA binding proteinetiologic agent of adult T cell leukemia (ATL), an aggres-

sive and fatal leukemia of CD4 T lymphocytes that gener- per se, Tax transactivation occurs indirectly via physical
interaction between Tax and host proteins that are tar-ally occurs in late adulthood (Poiez et al., 1980; Yoshida

et al., 1982). HTLV-1 infection is also associated with a gets for transactivation including: p67SRF, CREB, Ets-1,
TBP, ATF, and NF-kB/Rel proteins (Suzuki et al., 1993a,b;neurological demyelinating disease known as tropical

spastic paraparesis. ATL is geographically localized in Zhao and Giam, 1991; Franklin et al., 1993; Wagner and
Green, 1993; Fujii et al., 1992; Caron et al., 1993; Beraudregions of the world where HTLV-1 infection is endemic,

notably southern Japan, sub-Saharan Africa, the Carib- et al., 1994; Hirai et al., 1992). Recent series of publica-
tions have investigated the associations between HTLV-bean basin, and parts of the southwestern United States

(Sodroski, 1992). Based on the phenotype of ATL cells 1 Tax and the NF-kB/Rel proto-oncogene family. The pur-
pose of this minireview is to provide an overview of thesein vivo and T cell lines transformed in vitro by HTLV-1,

infection of CD4/ T cells may initiate a multistep onco- studies and to evaluate the role of Tax–NF-kB interac-
tions in the initial events associated with T cell transfor-genic process, characterized by an early polyclonal pro-

liferation of T cells involving high levels of IL-2 receptor mation by HTLV-1.
expression, increased production of interleukin-2, and

STRUCTURE–FUNCTION OF THE Tax PROTEINdysregulation of growth factor production. Over a time
course that encompasses decades in vivo, a growth fac- Tax is a 353-amino-acid (aa) protein that localizes to
tor independent, monoclonal population of leukemic T the nuclei of HTLV-1-infected cells, mediated via an N-
cells emerges. terminal, atypical nuclear localization sequence (So-

The HTLV-1 viral genome is 9 kb in length and con- droski, 1992). Mutagenesis studies (Smith and Greene,
tains, in addition to the structural gag, pol, and env genes, 1990; Semmes and Jeang, 1992) demonstrated that dis-
an open reading frame in the 3* end of the viral genome tinct amino acid residues of Tax were required for trans-
which encodes three viral regulatory proteins—Tax activation of the CREB and NF-kB pathways (Fig. 1). Mu-
(p40X), Rex (p27X), and p21 (Seiki et al., 1983). The onco- tation of a region located between amino acids 315 and
genic potential of HTLV-1 resides in the 40-kDa viral 325 abrogated CREB-mediated Tax transactivation with-
Tax protein which has been characterized as a positive out affecting NF-kB-mediated transactivation. Con-
regulator of viral gene transcription, acting via 21-bp re- versely, scattered mutations in Tax between amino acids
peats within the long terminal repeat (LTR). Tax also 113 and 258 resulted in intact CREB but deficient NF-
transactivates a number of cellular genes which likely kB-mediated transactivation, demonstrating that Tax
play a role in early leukemogenic events, including IL- transactivation occurred via distinct regions of the viral

protein that targeted specific transcription factors (Smith
and Greene, 1990; Semmes and Jeang, 1992). The trans-1 To whom correspondence and reprint requests should be ad-

dressed at: Lady Davis Institute for Medical Research, Sir Mortimer B. activation phenotypes of the Tax mutants such as M22
Davis–Jewish General Hospital, 3755 Cote Ste-Catherine, Montréal,

(CREB//NF-kB0) and M47(CREB0/NF-kB/) have servedQuébec, Canada, H3T 1E2. Fax: (514) 340-7576.
as valuable reagents in the dissection of Tax–host tran-2 Present address: Department of Microbiology and Immunology,

University of Virginia, Charlottesville, Virginia. scription factor interactions (Smith and Greene, 1990).
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4 HISCOTT, PETROPOULOS, AND LACOSTE

FIG. 1. Schematic organization of the HTLV-1 Tax protein. The structure of the 353-amino-acid (aa) Tax protein is illustrated schematically. The
N-terminal gray box indicates the nuclear localization signal, NLS. The cysteine-rich zinc binding domain is represented by a black box marked
‘‘Zn’’ (aa 22–53). The white box denoted ‘‘CCCC’’ indicates the second cysteine-rich region involved in multimer formation (at aa positions 153, 174,
212, and 261). The C-terminal black box labeled ‘‘AAA’’ denotes the acidic aa stretch (aa 323–332). The transcriptional activation domains (AD-I, aa
2–255, and AD-II, aa 227–337) are represented by hatched boxes. The numbers above and below the diagram indicate the aa positions of mutations
that abrogate CREB-mediated (above) or NF-kB-mediated (below) transactivation (Sodroski, 1992; Smith and Greene, 1990; Semmes and Jeang,
1992, 1995; Tsuchiya et al., 1994).

Mutational analysis, however, failed to define discrete rat embryo fibroblasts immortalized cells or postponed
senescence and, in cooperation with the ras oncogene,functional domains mediating Tax transactivation, indi-

cating that about 95% of the protein was indispensible transformed primary fibroblasts such that they were tu-
morigenic in nude mice (Pozzatti et al., 1990; Tanaka etfor this activity. Chimeric proteins fusing Tax to a Gal4

DNA binding domain identified a transactivation function al., 1990). These Tax-transformed cells spontaneously
reverted to a normal phenotype when the tax gene wasof Tax that was separable into two overlapping stretches,

AD-I (aa 2–255) and AD-II (aa 227–337), both of which lost (Yamaoka et al., 1992). Importantly, HTLV-1-mediated
transformation both in vivo and in vitro induced an IL-2/were required for the formation of a functional activation

domain (Tsuchiya et al., 1994). Using a similar assay IL-2R autocrine loop that stimulated T cell proliferation.
Transgenic mice expressing the Tax protein presented(a Gal4-Tax fusion protein and a responsive promoter

containing Gal4 consensus binding sites), Semmes and heterologous phenotypes ranging from no malignancies
to thymic aplasia, neurofibromas, exocrinopathies, ar-Jeang determined that activation by the Gal4-Tax fusion

was ‘‘squelched’’ by coexpression of wild-type Tax pro- thropathies, and sarcomas (Nerenberg et al., 1987). Inter-
estingly, irrespective of transformation phenotype, cellstein in trans. Tax mutants containing changes in amino

acids 289 to 322 failed to inhibit Gal4-Tax activation derived from Tax transgenic animals produced elevated
amounts of GM-CSF and IL-2 receptors (Green et al.,(Semmes and Jeang, 1995). Furthermore, the 289- to 322-

aa domain of Tax fused to Gal4 was able to activate a 1989). Although the development of ATL-like malignancy
was not detected in Tax transgenic mice, doublecore promoter, indicating that this region defines a modu-

lar activation domain that contacts an essential transcrip- transgenic animals that carry the HTLV-1 LTR-driven
c-myc and Ig promoter/enhancer-driven tax genes weretion factor (Semmes and Jeang, 1995).
found to develop central nervous system tumors and
CD4/ T cell lymphomas, similar to those occurring inONCOGENICITY BY Tax
HTLV-1-infected individuals (Benvenisty et al., 1992).

The process of HTLV-1 infection in vitro—in terms of Transgenic mice with expression of Tax restricted to ma-
T cell proliferation, IL-2 dependency, IL-2R expression, ture T lymphocytes by using the human granzyme B pro-
and proviral integration—is reminiscent of ATL develop- moter developed large granular lymphocytic leukemia,
ment. Support for a role of Tax in leukemogenesis de- demonstrating that Tax expression in the lymphocyte
rived initially from the analysis of leukemic cells from compartment was sufficient for the leukemia develop-
ATL patients that contained defective HTLV-1 proviral ment (Grossman et al., 1995).
genomes which preferentially retained the 3* ORF encod-

Tax-MEDIATED TRANSACTIVATIONing Tax (Yoshida, 1993). Subsequent studies in vitro dem-
OF CELLULAR GENESonstrated that overexpression of Tax could immortalize

primary T cells, although the cells remain IL-2 dependent In addition to IL-2 and IL-2Ra genes, Tax also trans-
activated many other genes involved in cell activation,(Grassmann et al., 1994). Introduction of Tax into primary
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proliferation, and differentiation: cytokines (IL-3, IL-4, the nuclear localization signal of NF-kB/Rel proteins,
thereby preventing nuclear translocation (Beg and Bald-TNFa and b, GM-CSF, TGFb, IFNg, NGF, proenkephalin,

parathyroid hormone-related protein), a cell surface re- win, 1993; Beg et al., 1992). Cellular stimulation by multi-
ple inducers (cytokines, virus infection, mitogens, radicalceptor (MHC class I), a cytoskeleton protein (vimentin),

several members of various transcription factor families oxygen intermediates) leads to the phosphorylation and
subsequent degradation of IkBa. IkBa loss permits NF-(fos/jun, NF-kB/Rel, Egr/Krox, c-myc), viral enhancers

(HIV, CMV), and a tyrosine kinase (c-lyn) (Yoshida, 1993). kB/Rel dimer translocation to the nucleus and target
gene activation (Beg and Baldwin, 1993; Gilmore andInterestingly, Tax repressed the human b-polymerase

gene, the product of which is involved in DNA repair Morin, 1993). Degradation and resynthesis of IkBa ap-
pear to be general mechanisms determining the rapid(Jeang et al., 1990). These observations indicated that

the HTLV-1 transformation potential resided in the ability but transient activation of gene activity by NF-kB (Beg et
al., 1993; Sun et al., 1993; Brown et al., 1993). Activatedof Tax to transactivate expression of cellular genes impli-

cated in cell growth regulation. p65 and c-Rel proteins in turn induce de novo IkBa RNA
expression, thus completing an autoregulatory loop that
ultimately restores the cytoplasmic pool of latent NF-kB/NF-kB PROTEINS ARE TARGETS FOR Tax
IkB (Sun et al., 1993; Brown et al., 1993; Beg et al., 1993;TRANSACTIVATION
Le Bail et al., 1993). NF-kB/Rel activity is also regulated
at the transcriptional level, conferred by the presence ofOne of the important targets of interaction for Tax pro-

tein is the NF-kB/IkB transcription complex. NF-kB DNA NF-kB sites in the promoters of NF-kB1 (p105 and p50),
c-rel, MAD-3(IkBa), and NF-kB2 genes (Hannink andbinding activity is constitutively elevated in HTLV-1-in-

fected cells and is thought to contribute to the trans- Temin, 1990; Le Bail et al., 1993; Duckett et al., 1993; Sun
et al., 1994a).formed phenotype (Yoshida, 1993). Significantly, inhibi-

tion of NF-kB activity by antisense RNA in cells derived Changes in the balance of NF-kB subunits available
in a particular cell may alter the pattern of gene expres-from Tax transgenic animals results in loss of the trans-

formed phenotype (Kitajima et al., 1992). sion and, by implication, contribute to oncogenic transfor-
mation. Several lines of evidence have demonstrated theThe NF-kB/Rel transcription factors are a family of di-

mer-forming proteins that bind to the consensus DNA involvement of NF-kB/rel in leukemogenic transforma-
tion: (1) v-rel is the oncogenic derivative of c-rel and issequence 5*-GGGANNYYCC-3*, found in the promoter

regions of cellular genes implicated in immunoregulatory found in the virulent avian reticuloendotheliosis virus
(REV-T). REV-T transforms and immortalizes avian T andand inflammatory processes, including cytokines, cell

surface receptors, adhesion molecules, and acute phase B lymphocytes, as well as monocytes (Bose, 1992). v-rel
has been shown to bind to NF-kB sites and inhibit theproteins (Grimm and Baeuerle, 1993; Baeuerle and

Henkel, 1994). Structurally, all DNA binding members of ability of NF-kB to stimulate target genes. Current evi-
dence indicates that v-rel represents a dominant nega-the family (NF-kB1 p50, NF-kB2 p52, RelA (p65), c-Rel,

and RelB) share an amino-terminal rel homology domain tive repressor that functions by overcoming the action of
c-rel, its normal cellular counterpart (Ballard et al., 1990).involved in DNA binding, protein dimerization, and nu-

clear translocation (Grimm and Baeuerle, 1993; Baeuerle (2) Chromosomal translocations have been identified in
human B cell lymphoma and chronic lymphocytic leuke-and Henkel, 1994). Homo- and heterodimer formations

among the DNA binding members of the NF-kB family mia (CLL) that alter the structure and/or function of NF-
kB2 (originally identified as lyt-10), in the t(10;14) chromo-permit a range of differential transcriptional activities that

may stimulate or inhibit gene expression (Perkins et al., somal translocation (Schmid et al., 1991; Neri et al., 1991),
c-Rel [the t(2;2) translocation in the RC-K8 lymphoma line1992; Lin et al., 1995a).

NF-kB/Rel proteins exist in the cytoplasm coupled to (Lu et al., 1991)], and the IkB molecule bcl3 [the t(14;19)
translocation in CLL (Ohno et al., 1990)].inhibitory molecules, collectively termed IkB, that are re-

sponsible for cytoplasmic retention of NF-kB. IkB also Overexpression of IkBa antisense RNA but not IkBg
antisense RNA decreased the steady-state levels ofconstitutes a family of proteins including IkBa, IkBb,

IkBg, bcl-3, p105, and p100, characterized by the pres- IkBa, altered NF-kB DNA binding and gene activity, and
induced malignant transformation as measured by satu-ence of five to seven repeats of a 33-amino-acid ankyrin

motif (Beg and Baldwin, 1993; Gilmore and Morin, 1993). ration density, growth in soft agar, and tumorigenicity in
nude mice. In contrast, overexpression of IkBa resultedNF-kB1 p105 and NF-kB2 p100 are non-DNA binding

precursors of p50 and p52, respectively, that are proteo- in decreased saturation density, a flattened cellular mor-
phology, and decreased NF-kB-dependent reporter genelytically cleaved to generate the DNA binding subunits.

The ankyrin repeat domains are located in the carboxyl- activity. These results indicated that overexpression of
an IkBa antisense RNA may disrupt the NF-kB/IkB auto-terminal half of the molecule and confer to the precursors

IkB-like properties. IkBa specifically binds to and masks regulatory loop, leading to cellular transformation, and
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raise the possibility that IkBa may represent a potential the phosphorylated pool of IkBa, while degradation of
the entire IkBa pool (both unphosphorylated and phos-growth suppressor activity (Beauparlant et al., 1994).
phorylated forms) was measured by Lacoste et al. IkBa
mRNA transcript levels were also increased 7- to 20-foldTax-MEDIATED PHOSPHORYLATION AND
in Tax-expressing cells, probably as a consequence ofDEGRADATION OF IkBa
constitutive NF-kB binding activity and subsequent in-
duction of the IkBa gene. Together these results supportTax-induced expression of NF-kB DNA binding activity

in the nucleus of HTLV-1-infected or Tax-expressing hu- a model in which a HTLV-1 Tax-mediated phosphoryla-
tion of IkBa targets IkBa for degradation through theman T cells is associated with increased phosphorylation

and rapid proteolytic degradation of IkBa (Kanno et al., ubiquitin–proteasome pathway (Palombella et al., 1994).
Disruption of the NF-kB/IkB autoregulatory pathway re-1994a; Sun et al., 1994a; Lacoste et al., 1995). The phos-

phorylated form of IkBa remains complexed with NF-kB/ sults in constitutive NF-kB DNA binding activity that may
promote aberrant NF-kB-dependent gene expression inRel dimers in the cytoplasm and is subjected to rapid

proteasome-mediated degradation while in association T cells.
Experiments by Munoz et al. are at odds with the abovewith NF-kB (Finco et al., 1994; Traenckner et al., 1994;

Lin et al., 1995b; DiDonato et al., 1995; Alkalay et al., results (Munoz et al., 1994). Using murine 70Z/3 B cells
and recombinant Tax protein uptake from the medium1995).

The kinetics of Tax-mediated induction of NF-kB DNA as inducer, Tax induced NF-kB translocation to the nu-
cleus but did not induce IkBa degradation. Addition ofbinding activity were analyzed using an inducible Tax

expression system, regulated in Jurkat T cells (JPX-9 cycloheximide indicated that the half-life of IkBa was
reduced by Tax addition, but this effect was also inducedcells) by the heavy-metal responsive metallothionein pro-

moter. The initial NF-kB binding activity observed after by a Tax mutant that was unable to activate NF-kB. The
authors concluded that the release of NF-kB stimulatedTax induction by zinc was composed predominantly of

p50/p65 heterodimers, activated by a posttranslational by Tax represented the pool of NF-kB retained in the
cytoplasm by p105 and/or p100 and that Tax did notmechanism involving a Tax-induced proteolytic degrada-

tion of IkBa (Kanno et al., 1994a). At later times after Tax induce IkBa degradation. The discrepancies between
these results and the previous experiments (Kanno et al.,activation, NF-kB complexes containing c-Rel and NF-

kB2 p52 accumulated, in part due to a transcriptional 1994a; Sun et al., 1994a; Lacoste et al., 1995) may be
due to differences in the cell models used—murine Bupregulation of c-Rel and NF-kB2 expression (Kanno et

al., 1994a). Upon induction of Tax expression, mad-3 cells versus human T cells and/or the method of introduc-
ing Tax—direct uptake of protein versus DNA-mediatedgene expression was also increased. Although the

steady-state levels of IkBa were unaffected by Tax ex- coexpression or analysis of HTLV-1-infected cells. These
factors may significantly affect the interpretation of thepression in JPX-9 cells, IkBa turnover was increased sig-

nificantly in cells expressing a wild-type Tax but not a results. Recent studies described below (Brockman et
al., 1995) also support a critical role for Tax in IkBamutant Tax protein (Smith and Greene, 1990). The posi-

tive autoregulation of c-Rel and NF-kB2 (Lanoix et al., phosphorylation and degradation.
Mutational analysis of IkBa demonstrated that muta-1994; Li et al., 1993; Sun et al., 1994a), together with

Tax-induced degradation of IkBa, alters the intracellular tions at serine 32 or serine 36 of IkBa generated a mole-
cule that did not undergo signal-induced phosphorylationaccumulation of NF-kB heterodimers and may continu-

ously weaken IkBa inhibition of DNA binding activity. or degradation, whereas mutation of other potential
phosphoacceptor Ser, Thr, and Tyr residues in the NH2-Constitutive phosphorylation and increased degrada-

tion of IkBa were also detected in other HTLV-1-infected terminal 89 residues of IkBa did not block signal-induced
phosphorylation or degradation of the protein (Brown etand Tax-expressing T cell models (Sun et al., 1994b;

Lacoste et al., 1995). In general, an inverse correlation al., 1995). Proteolysis of IkBa required additional COOH-
terminal PEST sequences, a region rich in Pro Glu/Aspbetween Tax protein expression and steady-state levels

of IkBa was observed in these studies; i.e., higher levels Ser and Thr residues often found in proteins that turn
over rapidly, since a mutant lacking the 41 C-terminalof Tax in HTLV-1-infected cells (MT-2 and C8166-45) re-

sulted lower levels of IkBa, higher levels of phosphory- residues was not proteolyzed in response to inductive
signals. These studies demonstrated that signal-inducedlated IkBa, and faster IkBa turnover. Sun et al. demon-

strated that Tax expression induced constitutive phos- phosphorylation of IkBa at Ser 32 and/or Ser 36 was
necessary for proteolysis of the inhibitor and for activa-phorylation and rapid turnover of IkBa, with a T1/2 õ5

min in C8166-45 cells (Sun et al., 1994a). This turnover tion of NF-kB (Brown et al., 1995). Phosphorylation of
IkBa at Ser 32 and Ser 36 targeted the protein for ubiquiti-rate differed significantly from that obtained by Lacoste

et al. (T1/2 Ç40 min), but the discrepancy may be ex- nation in vivo and in vitro, whereas mutations that abol-
ished phosphorylation and proteasome-mediated degra-plained by the fact that Sun et al. measured turnover of
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dation of IkBa also prevented ubiquitination in vitro. Thus cantly influenced by cytoplasmic–nuclear partitioning
associated with the NF-kB proteins. The sequestrationthe process of ubiquitination provides a mechanistic link

between phosphorylation and degradation of IkBa (Chen of Tax by p100 further implies a role for p100 in the
maintenance of HTLV-1 latency observed in ATL (Beraudet al., 1995).

Removal of the N-terminal 36 amino acids of IkBa et al., 1994).
Distinct multimeric complexes of NF-kB have alsoor specific point mutation of Ser-32 or Ser-36 blocked

phosphorylation, degradative loss, and functional release been described existing in the cytoplasm in association
with the NF-kB2 p100 precursor (Sun et al., 1994b; Kannoof IkBa from NF-kB as a consequence of Tax overex-

pression (Brockman et al., 1995). These NH2-terminal al- et al., 1994b; Murakami et al., 1995). The presence of
these complexes in the cytoplasm is dependent on theterations created transdominant repressors that escaped

from Tax-induced turnover and inhibited NF-kB activa- ankyrin repeat domains located in the COOH-terminal
half of the p100. Using metabolically labeled extractstion. Introduction of a phosphoserine mimetic at aa 32

and 36 corrected the IkBa defect, indicating a causal from transfected cells and coimmunoprecipitation, the
presence of a complex consisting of p100–p50–RelArelationship between phosphorylation and proteolytic

degradation of the inhibitor. It is unlikely that Tax directly was demonstrated (Kanno et al., 1994b); interaction of
p50–RelA heterodimers was dependent upon the COOH-destabilizes IkBa, since Tax–IkBa interactions have

been observed in vitro only (Suzuki et al., 1995). More terminal ankyrin repeat of p100. Tax expression pro-
duced an antagonistic effect on the cytoplasmic seques-likely, Tax associates with and/or activates a host kinase

that phosphorylates IkBa, or Tax acts upstream of the tration function of NF-kB2 p100, resulting in the release
and nuclear translocation of p50–RelA dimers from thekinase(s) responsible for inducible IkBa phosphorylation.

These studies thus define a signal response domain in multimeric complex. A model to account for these obser-
vations proposes that Tax exerts its effects through phys-IkBa that regulates inducible degradation of IkBa in re-

sponse to a diverse range of NF-kB activators that in- ical association with the NH2-terminal Rel homology do-
main of NF-kB2 p100, which in turn interferes with theclude tumor necrosis factor, T cell activation signals, and

HTLV-1 Tax protein (Brown et al., 1995; Brockman et al., inhibitory function of the C-terminal ankyrin domain
(Kanno et al., 1994b). There is, however, no evidence that1995; Chen et al., 1995).
the antagonistic effects of Tax on NF-kB2 p100 involve
increased processing of the p100 precursor to its productPHYSICAL INTERACTIONS BETWEEN Tax
p52 (Beraud et al., 1994; Lanoix et al., 1994). The pres-AND NF-kB SUBUNITS
ence of a cytoplasmic, p100-containing NF-kB reservoir
that is targeted by Tax provides a distinct mechanism,A number of studies have recently focused on the

physical associations between Tax and NF-kB/IkB sub- in addition to Tax-induced IkBa degradation, by which
Tax may augment the levels of nuclear NF-kB observedunits, often with seemingly contradictory results. None-

theless, several points of consensus have now emerged. in HTLV-1-infected cells.
Previous studies have also demonstrated that Tax in-Using various assays, including coimmunoprecipitation

of labeled proteins from HTLV-1-infected or Tax-express- teracted physically with NF-kB1 p105, p50, and IkBg (the
70-kDa protein derived from the carboxyl-terminal portioning T cells, in vitro affinity chromatography, or cotransfec-

tion–immunofluorescence localization, it is clear that Tax of p105), through both the Rel homology domain and the
ankyrin repeat motif of the precursor molecule (Hirai etinteracts with high affinity with the NF-kB2 p100 precur-

sor (Beraud et al., 1994; Lanoix et al., 1994; Sun et al., al., 1992, 1994; Murakami et al., 1995; Suzuki et al.,
1993b). These interactions stimulated nuclear transloca-1994a; Kanno et al., 1994b; Murakami et al., 1995). Physi-

cal association is also detected with the NF-kB2 p52 tion of NF-kB. The site of Tax binding within NF-kB1 p50
was localized between amino acids 140 and 341, theproduct (Pepin et al., 1994; Beraud et al., 1994; Kanno

et al., 1994b), indicating that Tax binds to NF-kB2 via region of p50 required for dimerization and DNA binding
(Suzuki et al., 1995). The physical interaction betweeninteraction with the Rel homology domain. The exact

binding domains within either protein have yet to be de- Tax and p105 has been controversial since some groups
were unable to coimmunoprecipitate Tax and p105 com-termined.

One consequence of Tax–NF-kB2 interactions is a plexes from HTLV-1-infected and Tax-transfected cells
(Beraud et al., 1994; Lanoix et al., 1994; Sun et al., 1994a).distinct intracellular pattern of sequestration of Tax pro-

tein; in cells overexpressing NF-kB2 p100, Tax is local- However, recent experiments demonstrated that both
Tax–p100 and Tax–p105 complexes can be immunopre-ized predominantly to the cytoplasm (Pepin et al., 1994;

Beraud et al., 1994), whereas in cells overexpressing cipitated from cells, although the affinity of Tax for p100
was about fivefold higher than the affinity of Tax for p105nuclear NF-kB2 p52, Tax is exclusively localized to the

nuclei of transfected cells (Pepin et al., 1994). Thus, the (Murakami et al., 1995). Tax–IkBg interactions were also
documented in coexpression assays (Hirai et al., 1994);transcription modulatory influence of Tax may be signifi-
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the biological significance of Tax–IkBg interactions is also stimulated c-Rel and NF-kB2 transcription, thus ac-
counting for the sustained levels of c-Rel and p52 (Li etunclear, since IkBg has not been observed in T cells or

any other human cells (Inoue et al., 1992). More recently, al., 1993; Crenon et al., 1993; Duckett et al., 1993).
interactions of Tax with RelA and c-Rel via the Rel homol-
ogy domains have been described (Suzuki et al., 1994). MULTIPLE MECHANISMS OF Tax-MEDIATED
Some of the interactions between Tax and NF-kB mem- TRANSACTIVATION
bers described above were detected under ‘‘forced’’ con-
ditions—i.e., using in vitro affinity assays or evaluating The observation that Tax interacts physically with

NFKB2(lyt-10) suggests that Tax may mediate its trans-extracts from cells engineered to overexpress individual
or multiple proteins. It is therefore important to verify forming potential at least in part via association with

an NF-kB protein previously implicated in B and T cellTax–NF-kB interactions using several cell systems and
relevant assays, particularly since the effects of Tax on leukemogenesis (Schmid et al., 1991; Neri et al., 1991;

Fracchiolla et al., 1993). In the B cell lymphoma associ-NF-kB expression may be cell-line specific (Murakami
et al., 1995). These limitations notwithstanding, the evi- ated chromosomal translocation t(10;14)(q24;q32), the

amino-terminal DNA binding domain of NF-kB2(lyt-10) isdence indicates that HTLV-1 Tax physically interacts with
NF-kB2 with high affinity, and likely with other DNA bind- juxtaposed to the immunoglobulin Ca locus, resulting in

the generation of a NF-kB2-IgCa1 fusion protein. Theing members with lower affinity, via the Rel homology
domain. The relative accumulation and cell-type-specific t(10;14) chromosomal translocation produced a constitu-

tively activated, DNA binding NF-kB2 molecule via lossabundance of NF-kB proteins may also contribute to in-
teractions in vivo. of the ankyrin repeat-containing carboxy terminus and

transcriptional deregulation of NF-kB2 caused by translo-
cation into the transcriptionally active immunoglobulinCHANGES IN THE RELATIVE ABUNDANCE
locus (Schmid et al., 1991). By analogy, HTLV-1, utilizingOF NF-kB SUBUNITS
the Tax protein, may activate gene expression by in-
terfacing with the NF-kB/rel signaling pathway at theConstitutive Tax expression leads to sustained nuclear

expression of both c-Rel and p52 and dysregulated NF- level of the NF-kB2 protein.
It is not clear whether Tax remains associated withkB DNA binding activity (Li et al., 1993; Crenon et al.,

1993; Lanoix et al., 1994; Sun et al., 1994a,b; Kanno et the NF-kB dimers translocating to the nucleus. However,
other functions attributed to Tax suggest that it does.al., 1994a). Preferential c-Rel induction by HTLV-1 infec-

tion has been demonstrated at both the protein and the Tax enhanced the DNA binding activity of the ATF/CREB
cellular proteins that bind to the HTLV-1 21-bp repeatsRNA levels, indicating that the effect is at least partially

regulated at the transcriptional level (Li et al., 1993; (Giam and Xu, 1989). This activity was mediated through
the DNA binding and dimerization domains of these pro-Crenon et al., 1993). Furthermore, Tax transcriptionally

activated the c-Rel promoter in coexpression experi- teins and did not require formation of stable Tax-con-
taining complexes (Franklin et al., 1993). Tax was alsoments, and this activation may be controlled at least in

part by RelA autoregulation (Li et al., 1993; Sun et al., shown to increase the in vitro DNA binding activity of
ATF/CREB proteins by stimulating dimerization and thus1994a). The NF-kB complex composition of HTLV-1-in-

fected and Tax-expressing cells was different from that facilitating the DNA binding reaction (Wagner and Green,
1993; Baranger et al., 1995). Enhancement of dimerizationof Jurkat cells immediately following NF-kB stimulation

(Lanoix et al., 1994; Sun et al., 1994b). HTLV-1-infected and DNA binding may allow dimers containing at least
one strong transcriptional activation domain (e.g., RelA oror Tax-expressing cell lines contained complexes com-

posed of p50/c-rel and p52/c-rel heterodimers, whereas c-Rel) to efficiently activate transcription, perhaps without
further involvement of Tax. The capacity of Tax proteinnormal Jurkat cells following a 2-hr stimulation with PMA

were composed exclusively of p50/RelA heterodimers to increase the binding of cellular transcription factors to
DNA via an increase in dimerization represents a unique(Lanoix et al., 1994; Kanno et al., 1994a).

As described above, kinetic analysis of NF-kB com- mechanism by which Tax may mediate its effects on
gene expression. The Tax transactivation function couldplexes in the Tax-inducible JPX-9 cell line demonstrated

a direct correlation between Tax expression, degradation play a direct role in stimulating transcription via associa-
tion with subunits such as p52 or p50, which are strongof IkBa, and nuclear recruitment of p50/p65 heterodim-

ers to the nucleus (Kanno et al., 1994a). At later times DNA binding proteins that lack a transactivation function.
The resulting complexes would combine both DNA bind-after activation, NF-kB complexes containing c-Rel and/

or NF-kB2 p52 accumulated in the nucleus, in agreement ing and transactivation functions necessary to induce
transcription (Yoshida, 1993).with the high-level expression of c-Rel and p52 observed

in HTLV-1-infected cells (Lanoix et al., 1994; Sun et al., The model emerging from these recent studies is that
expression of the Tax protein in HTLV-1-infected cells1994a; Kanno et al., 1994a). Induction of NF-kB activity
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transgenic mice that carry HTLV-I LTR/c-myc and Ig/tax genes. Onco-targets the NF-kB/IkB transcription complex, as well as
gene 7, 2399–2405.other host signaling pathways, at multiple regulatory lev-

Beraud, C., Sun, S-C., Ganchi, P., Ballard, D. W., and Greene, W. C.
els. Tax mediates the induction of IkBa phosphorylation (1994). Human T-cell leukemia virus type I Tax associates with and
and rapid degradation, the formation of complexes be- is negatively regulated by the NF-kB2 p100 gene product: Implica-

tions for viral latency. Mol. Cell. Biol. 14(2), 1374–1382.tween Tax and NF-kB2, as well as other family members,
Bose, H. R., Jr. (1992). The Rel family: Models for transcriptional regula-and indirectly mediates the transcriptional activation of

tion and oncogenic transformation. Biochim. Biophys. Acta 1114, 1 –c-Rel, NF-kB2, and IkBa genes by an autoregulatory
17.

mechanism. These molecular events culminate in consti- Brockman, J. A., Scherer, D. C., McKinsey, T. A., Hall, S. M., Qi, X., Lee,
tutive nuclear NF-kB DNA binding activity composed of W. Y., and Ballard, D. W. (1995). Coupling of a signal response domain

in IkBa to multiple pathway for NF-kB activation. Mol. Cell. Biol. 15,multiple heterodimers of c-Rel, NF-kB2 p52, NF-kB1 p50,
2809–2818.and RelA and transcriptional activation of NF-kB-regu-

Brown, K., Gerstberger, S., Carlson, L., Franzoso, G., and Siebenlist, U.lated genes. Interestingly, induction of IL-2 and IL-2Ra
(1995). Control of IkB-a proteolysis by site-specific, signal-induced

expression establishes a positive autostimulatory loop phosphorylation. Science 267, 1485–1488.
that leads to the constitutive activation of the Jak-STAT Brown, K., Park, S., Kanno, T., Franzoso, G., and Siebenlist, U. (1993).

Mutual regulation of the transcriptional activator NF-kB and its inhibi-pathway (Migone et al., 1995). A polyclonal population of
tor, IkB-a. Proc. Natl. Acad. Sci. USA 90, 2532–2536.proliferating HTLV-1-infected T lymphocytes undergoes

Caron, C., Rousset, R., Béraud, C., Moncollin, V., Egly, J.-M., and Jalinot,additional mutational events (Sakashita et al., 1992) that,
P. (1993). Functional and biochemical interaction of the HTLV-1 Tax1

over a time period involving decades in vivo, favor the transactivator with TBP. EMBO J. 12, 4269–4278.
appearance of a leukemic population of T cells. Chen, Z., Hagler, J., Palombella, V., Melandri, F., Scherer, D., Ballard, D.,

and Maniatis, T. (1995). Signal-induced site-specific phosphorylation
targets IkBa to the ubiquitin-proteasome pathway. Genes Dev. 9,
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