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Summary. Human T-Cell leukemia virus type I (HTLV-
I) is a human retrovirus that is associated with the
development of adult T-cell leukemia (ATL) and HTLV -
I-associated myelopathy/tropical spastic paraparesis.
The 40kDa viral protein Tax is thought to play a
critical role in the development of these diseases since it
transforms human T lymphocytes in vitro, and induces
various types of tumors in transgenic animals carrying
tax gene. Tax was originally identified as the tran-
scriptional activator of its own viral promoter in a long
terminal repeat. Thereafter, Tax has been shown to
dysregulate cellular growth control mechanisms by
affecting the transcription of cellular genes. Tax does
not bind directly to DNA, but instead interacts with
cellular factors to modulate their activities. Host tran-
scription factors whose activity is modulated by Tax
include nuclear factor (NF)-xB/Rel. NF-xB/Rel tran-
scription factors participate in the activation of numer-
ous genes involved in immune regulation/inflammation
as well as cellular growth control including genes en-
coding cytokines, cell surface receptors, adhesion mole-
cules, and acute phase proteins. This article reviews the
molecular mechanisms of Tax that affect NF-xB/Rel
activity and the role of NF-xB/Rel in the regulation of
celular genes expression as well as cellular transforma-
tion by HTLV-I. In addition, we present a possible
alternative mechanism involved in the Tax-independent
activation of NF-xB/Rel in ATL cells in vivo, which
might be involved in the late stages of leukemogenesis.
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Introduction

Human T-cell leukemia virus type I (HTLV-I) was
initially discovered as a causative agent of a
hematopoietic malignancy, adult T-cell leukemia
(ATL).*"® Subsequent studies implicated HTLV-I in
the pathogenesis of a variety of diseases such as
HTLV-I-associated myelopathy/tropical spastic par-
aparesis,*® uveitis,” arthropathy,” Sjogren’s syn-
drome,® dermatitis,” and myositis.!?

HTLV-I is a retrovirus, and transforms primary
human T cells in wvitro. Unlike most animal on-
cogenic retroviruses, HTLV-l neither encodes a
known oncogene homologous to cellular gene!” nor
activates endogenous proto-oncogenes by site-
specific integration of the provirus.!? Instead,
HTLV-I has a transforming gene fax, the product of
which likely plays a central role in the development
of the ATL. For instance, Tax transforms rodent
fibroblast cell lines and primary T cells i vitro.'3-19
Transgenic mice expressing Tax develop mesen-
chymal tumors and large granular lymphocytic leuke-
mia.lb‘—l&)

Tax is a potent transcriptional activator of the
HTLV-I long terminal repeat (LTR) as well as sev-
eral cellular genes (Fig. 1). For example, Tax
upregulates the expression of cellular genes, such as
cytokine growth factors [e.g., interleukin (IL)-2, IL-6,
and granulocyte-macrophage colony-stimulating fac-
tor], their receptors [e.g., the a chain of IL-2 rece-
ptor (IL-2Ra)], proto-oncogenes (e.g., c-fos, c-jun, and
c-myc), transcription factors (e.g., egr-1 and egr-2),
and adhesion molecules (e.g., ICAM-1 and VCAM-
1).'*=2” Tax can also repress the expression of sev-
eral genes including the DNA repair enzyme (8-
polymerase), tumor suppressor genes (NF-1 and p53),
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and anti-apoptotic gene (Bax).?**? The aberrant
regulation of these cellular genes by Tax has been
implicated in the transformation of T cells by
HTLV-L

Tax does not directly bind to the enhancer DNA of
the cellular genes but instead activates the transcrip-
tion by modulating the activities of various host
transcription factors, e. g., serum response factor
(SRF), cyclic AMP response element binding protein/
activating transcription factor (CREB/ATF), and
nuclear factor (NF)-xB. In addition, recent studies
have shown that the basic helix-loop-helix family of
cellular transcription factors mediates the repression
of cellular genes by Tax.?®3%%2 Tax also interacts
directly with components of the basal transcription
complex such as the TATA-binding protein®® or with
transcriptional coactivators such as the CREB-
binding protein which mediate interactions between
CREB and the basal transcriptional complex.?* Thus,
Tax can act as a bridging factor between transcrip-

tion factors and the basal transcription complex,
thereby stimulating transcription. Another mecha-
nism for the activation of transcription involves
Tax-induced increase in DNA binding by enhancing
the dimerization of several transcription factors.?*~37

Recently, Tax was shown to exhibit another func-
tion unrelated to its role as a transcriptional modula-
tor. Tax binds to pl6'™¥*A an inhibitor of cyclin-
dependent kinases Cdk4 and Cdk6.3® These Cdks are
essential for the control of G,-phase progression.
Thus, Tax may activate Cdks by pulling off INK4
inhibitors like p16™%** and promote the cell cycle in
HTLV-I-infected lymphocytes.

Tax has the capacity to constitutively activate the
NF-xB/Rel family of transcription factors,'® thereby
activating a set of NF-xB-responsive cellular genes
that are normally transcribed in response to T cell
activation signals. These genes include those encod-
ing the growth factor IL-2 and IL-2Ra.'**® The
mechanism of NF-»B activation by Tax is different



from those of other transcription factors, and has
been the subject of intense investigation. This review
focuses on the activation of NF-»B by Tax, which is
associated with the transformation of primary T
cells by HTLV-I in vitro as well as the leu-
kemogenesis of HTLV-I in vivo.

1. Activation of NF-xB by HTLV-I Tax

Mechanisms of activation of NF-xB

NF-xB is a family of transcription factors, and the
prototype NF-»B complex corresponds to a hetero-
dimer of p50 (NFKBI) and RelA (p65).2*-*" Other
family members include RelB, c-Rel, p52 (NFKB2).
All family members have a Rel homology domain
which mediates the dimerization and DNA binding in
a sequence specific manner. Prior to activation,
NF-xB exists in an inactive state in cells and is
sequestered in the cytoplasm by physically interact-
ing with a set of inhibitor proteins, Ix¥Bs (IxBe,
IxBg, IxBy, and 1xB/e), p105 (NFKBI) , and pl00
(NFKB2).**=*Y These inhibitor proteins all have
ankyrin-repeats that mediate the interaction with
NF-xB/Rel proteins. Stimulation with proinflam-
matory cytokines [e.g., tumor necrosis factor (TNF)-
a and IL-1], phorbol myristate acetate (PMA),
lipopolysaccharide (LPS), growth factors (e. g., [L-2),
and others leads to the phosphorylation of I»Bs such
as IxBa on two serine residues located at positions
32 and 36. This modification of IxBe targets its rapid
ubiquitousness and degradation within the 26S
proteasome. The degradataion of cytoplasmic IxBa
allows the nuclear translocation of NF-xB.2*~4D p105
and pl00 have a Rel homology domain at the N-
terminus and ankyrin-repeats at the C-terminus, and
act as a precursor of p50 and p52 NF-xB/Rel, respec-
tively. Similar to IxBs, pl05 is also degraded in the
proteasome,*” but the degradation is incomplete and
yields p50.

Kinetics of NF-xB activation by Tax

The activation of NF-xB/Rel by Tax is character-
ized by a pronounced increase in the nuclear accumu-
lation of NF-xB/Rel complexes. These complexes
include p50 or p52 heterodimers with RelA and/or
c-Rel. There are two phases in the Tax-mediated
generation of nuclear NF-x¥B/Rel complexes.*®
Kinetics analysis using a T-cell line carrying induci-
ble fax gene has shown that Tax initially promotes
the nuclear accumulation of p50/RelA, followed by
that of p50/c-Rel or p52/c-Rel. The initial increase of
p50/RelA by Tax is a posttranslational event, since
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the levels of mRNA and protein of these subunits are
not affected. On the other hand, the activation of p52
and c-Rel by Tax at the late phase is accompanied by
an elevation in their mRNA and protein. This activa-
tion is most likely due to the function of Tax to
xB-responsive elements in the promoters of p52 and
c-Rel. Therefore, it appears that Tax activates
NF-xB/Rel both in posttranscriptional and tran-
scriptional steps.

Molecular mechanisms of Tax-mediated NF-xB acti-
vation

Three mechanisms have been proposed for Tax-
mediated transactivation of the NF-xB binding site:
1) the indirect association of Tax to the NF-xB
binding site through interaction with NF-xB p50,
RelA, and c-Rel; 2) the interaction of Tax with [xB
family members (p105, p100, and I»Bs) (Fig. 2); and 3)
the activation of 1xB kinase (Fig. 3). We will explain
the respective mechanisms in more detail in the
following sections.

1) Interaction of Tax with NF-xB

Tax binds to p50, RelA, and c-Rel on the NF-»B
binding site through the Rel homology domain,*® and
activates transcription.*#*® These findings indicate
that the binding of Tax to Rel subunits in the nucleus
potentiates their transactivating potential. However,
this mechanism does not explain how Tax induces
the nuclear translocation of NF-xB. Tax is princi-
pally a nuclear protein, but a fraction of Tax is
localized in the cytoplasmic compartment of HTLV-
[-infected cells.*® Nicot et al.*” showed that Tax
mutants which mainly localize in the cytoplasmic
compartment can efficiently transactivate the NF-»B
pathway, indicating that Tax mainly activates NF-
xB through a cytoplasmic event. Thus, the second
and third mechanisms, which we will explain below,
are believed to be more important.

2) Interaction of Tax with I»Bs (Fig. 2)

i) IxBa: The initial effect of Tax on the nuclear
translocation of p50/RelA is mediated by the phos-
phorylation and degradation of IxBa&.*®*® Tax
induces the dissociation of the NF-»B/IxBa com-
plex and promoters the nuclear localization of NF-
xB subunits.*® Indeed, a large portion of IxBea is
phosphorylated in Tax-expressing or HTLV-I-
infected cells, and the steady-state levels of IxBea in
these cells are reduced compared with cells not ex-
pressing Tax.***® Tax binds to IxBa i vitro.*® The
Tax/IxBa complex is detected in Tax-expressing
cells.”® Combined together, these findings suggest the
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Fig. 2. Molecular mechanisms of NF-xB/Rel activation by Tax. In the cyto-
plasm, Tax activates signaling pathways that lead to IxBe and IxBg (IxB)
phosphorylation (P). Phosphorylation in turn triggers the polyubiquitousness (Ub)
of IxB, which targets IxB for degradation in the 26S proteasome. Tax can
associate with I»B molecules such as IxBa, IxBg, pl05, and pl00 in the cyto-
plasm. These interactions may prevent the inhibitory activity of IxB molecules on
Rel-containing complexes, which are then freed to translocate into the nucleus and
specifically bind to »B binding sites in target genes, and activate transcription.
Tax may act as a linker between proteasome subunits (20S proteasome) and p105,
thus facilitating the processing of pl05 into p50.

physical association of Tax with [xBea. activation of NF-xB is followed by the enhanced de
ii) IxBB: There are several differences between novo synthesis of the IxBa protein, since NF-xB by
IxBa and IxBp.5” The degradation of IxBa and itself activates the transcription of IxBa. This auto-
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Fig. 3. NIK, IKK, and MEKKI1 participate in HTLV-I Tax-mediated NF-»B
activation. Tax triggers the activation of cellular protein kinases, IKKa and IKK3,
which phosphorylate IxB, resulting in its degradation and NF-xB activation.
TRAF, TNF-receptor-associated factor; NIK, NF-xB-inducing kinase; IKK, IxB
kinase; IKAP, IKK-complex-associated protein; MEKKI, mitogen-activated pro-
tein kinase/extracellular signal-regulated kinase kinase 1.

regulatory mechanism ensures that the activation of
NF-xB is transient. In contrast to IxBe, the tran-
scription of IxBg is not under the control of NF-xB.
PMA and TNF-« cause a rapid but transient activa-
tion of NF-xB by primarily affecting I»xBa complex-

es, whereas LPS and IL-1 cause a persistent activa-

tion of NF-xB by affecting both IxBa and IxBg

complexes.®” Thus, the degradation of 1xBg is as-
sociated with the persistent nuclear expression of
NF-xB/Rel.*® The levels of IxBg are reduced in
Tax-expressing or HTLV-l-infected cells,>>*? per-
haps accounting for the appearance of a persistently
high level of nuclear expression of NF-xB complexes
in Tax-expressing or HTLV-I-infected cell lines.
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iii) pl05, pl00, and IxBy: All IxB proteins contain
multiple regions of homology known as the ankyrin-
repeat motifs. pl05 and pl00 also contain ankyrin-
repeats and are included in the IxB family. Tax
directly binds to pl05 and pl00,°*°® but shows a
higher affinity toward pl00 than pl05.°***~%" The
N-terminus Rel homology domain of pl00 mediates
this interaction. Tax has also been reported to stimu-
late the release of pl05 from p50 and RelA, thereby
allowing the nuclear translocation of the active
NF-xB complex.’®%” Tax may also facilitate pl05
degradation by linking it to the 20 S proteasome
subunit.®® In this regard, Kanno et al.*” and Munoz et
al®® reported that Tax can overcome the inhibitory
effect of p100 on Rel subunits, but other investigators
have failed to detect any substantial effect of Tax on
the IxB activity of pl100.53°%6V The different results
obtained in these studies may reflect methodological
differences.

IxBy is the product of an alternate promoter usage
that produces and mRNA encoding the C-terminal
portion of pl05. Tax also interacts with IxBy
through its ankyrin motifs and induces the dissocia-
tion of IxBy from a complex with NF-xB proteins,
inducing the nuclear translocation of NF-xB pro-
teins.®® However, IxBy protein has never been
detected in human T cells.

3) Interaction of Tax with IxB kinase (IKK) complex
(Fig. 3)

i} IKKa and IKKg: Two kinases that phosphorylate
IxBs (IKK; IKKa and IKKf) have been purified and
cloned. The deduced amino acid sequence showed
that they contain an N-terminal protein kinase
domain and a C-terminal regulatory domain with
several protein-protein interaction motifs.®*~% IKK«
and IKKg were also identified through a two hybrid
screen as proteins that interact with the NF-xB-
activating kinase NIK.**®” The IKK complex phos-
phorylates IxBa and IxBg at each of the two N-
terminal serine residues, which in turn trigger their
ubiquitousness and degradation. Tax activates both
IKKa and IKK/3.58-7® Endogenous IKK enzymatic
activity is elevated in either Tax transfectants or
HTLV-l-infected T-cell lines.®®*7® The activity of
IKK is also regulated by upstream kinases. NIK and
mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase (MEKK) 1 are candi-
dates responsible for the regulation of IKK activities.
The dominant negative mutant of NIK inhibits Tax-
induced IKK activation.’®’® Tax also binds to the
amino terminus of MEKKI1 and stimulates MEKK1
kinase activity.”? The dominant negative mutant of
MEKKI1 prevents Tax activation of the NF-»B path-

way.”? Tax-mediated activation of IKK might result
from a direct interaction of Tax with MEKK]I. In this
regard, Yin et al.”V suggested that IKKg, not [KKa,
is required for the Tax activation of NF-xB, while
other groups demonstrated that both IKKea and
IKKg are involved in the Tax activation of NF-
#%B.58-7 This discrepancy might be due to the differ-
ent experimental strategies. The activation of NF-
xB by Tax does not appear to involve the TNF-
receptor-associated factor TRAF2 and TRAF6
adaptor proteins which represent more proximal
components of the TNF-« and IL-1 signaling path-
ways.? These findings suggest that the distal compo-
nents of the signaling pathway of proinflammatory
cytokines are selectively coopted by Tax, leading to
the activation of NF-xB.

ii) IKK v: Recently, Rothwarf et al.”® purified a third
subunit from the IKK complex, termed IKKy (Fig. 3).
[KKy is not a kinase, and directly interacts preferen-
tially with IKKgB. The core IKK complex might
consist of an IKKa-IKKg heterodimer associated
with an IKKy dimer or trimer. IKKy is required for
activation of the IKK complex. NF-x¥B essential
modifier (NEMO) is the mouse homologue of IKKy,
and was cloned by using a flat revertant cell line 5R
of a Tax transformed Rat-1 fibroblastic cell line.”™
The mutation of NEMO in a revertant was ac-
companied by the disappearance of Tax-induced
NF-xB activity and the transformed phenotype in
Rat-1. NEMO is essential for the activation of NF-
»B not only by Tax but also by LPS, PMA, and IL-1.
These data also suggest that the activation of NF-»B
by Tax occurs in or upstream of the IKK complex.

2. Tax-independent pathway for the induced
nuclear expression of NF-xB p50 and RelA in the
ATL leukemic cells in vivo

Constitutive activation of NF-xB in primary ATL
cells

Leukemic cells of ATL patients express very low
levels of viral genes including Tax, suggesting that
the expression of viral proteins is not necessary for
leukemic proliferation at the late stage of the dis-
ease. However, several genes that can be trans-
activated by Tax are also constitutively expressed in
leukemic cells from ATL patients, probably by a
Tax-independent mechanism. For instance, ATL
cells i vivo display surface IL-2Ra™ and express
mRNA for cytokines including IL-1,7%® IL-18,7°77"
1L-6,237® IL-8,7» IL-9,%® 1L-10,5 TNF-8,%? transform-
ing growth factor $,%*® and parathyroid hormone-
related protein.?>*® Among these, genes for IL-2R«,'®
IL-1a %", IL-6,2® 1L-8,%® and TNF-3,5 harbor the »B
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Table 1. Characteristics of T-cell lines

Cell line Origin HTLV-I Tax IL-2Ra IxBa NF-xB

provirus turnover

Jurkat ALL — - > -
MOLT-4 ALL — — - — —

H-9 CTCL — — - — —

MT-2 Cord? + + + i p50/c-Rel
HUT-102 °? + + + T p50/c-Rel
SLB-1 Normal® + + + 1 p50/c-Rel
TL-OmlI ATL + - + ) p50/RelA
C5/M] Cord® + + + ) p50/c-Rel

ALL, acute lymphoblastic leukemia; CTCL, cutaneous T-cell lymphoma.
“Established by cocultivation of cord blood or normal peripheral blood
lymphocytes with HTLV-I-infected cells.

enhancer element, and Tax activates the transcrip-
tion of these celular genes through the NF-»B bind-
ing site. Recently, we found that leukemic cells from
ATL patients n wvivo, such as HTLV-I-infected
T-cell lines in vitro, display a constitutive NF-xB
DNA binding activity and increased degradation of
[xBa.®® Thus, the NF-xB/IxBa pathway is activat-
ed in leukemic cells of ATL patients i vivo, which
may account for the persistent expression of certain
cellular genes.

Tax-independent pathway for induction of the
nuclear expression of NF-xB p50 and RelA proteins
in ATL cells

TL-OmI is established from peripheral blood
mononuclear cells of ATL patients. We first con-
firmed that this cell line originates from leukemic
cells of these patients. We next examined the compo-
sition of NF-xB in this cell line as well as four other
HTLV-I-transformed cell lines (Table 1) . Four
HTLV-I-transformed cell lines (MT-2, HUT-102,
SLB-1, and C5/MJ) expressed detectable viral
mRNA and Tax protein. The NF-xB binding activity
in these four cell lines consisted mostly of p50/c-Rel.
TL-Oml also displayed a constitutive NF-xB activ-
ity, despite the lack of any detectable Tax expres-
sion. Interestingly, NF-xB in TL-Oml consists of
p50/p50 and p50/p65 like that in fresh primary leu-
kemic cells. These results suggest that the activation
of NF-%B occurs through a Tax-independent mecha-
nism in leukemic cells of ATL patients and in TL-
Oml, possibly due to a differential NF-xB subunit
activation.

3. Role of NF-xB activation in T cell transforma-
tion by HTLV -1

It is still unclear at present whether Tax-induced
NF-xB activation is involved in cell transformation.
Contradictory findings have been reported concern-
ing the importance of NF-xB activation for transfor-
mation of the rodent fibroblast by Tax. Smith and
Greene'® suggested that the CREB/ATF pathway
but not the NF-xB one plays an important role in
such transformation, while others®'-*® suggested that
the activation of NF-xB is essential for the transfor-
mation. The conflicting results on cell transforma-
tion might be attributed to certain differences in the
cells used for the transformation assay. In this
regard, we have suggested that either the NF-»B or
CArG box (SRF) pathways may operate in cell trans-
formation, depending on the cell type used for the
assay.” In a recent study using transgenic mice
carrying the tax gene, Coscoy et al.*® showed that the
constitutive expression of Tax leads to a continuous
activation of NF-xB in fibrosarcoma-derived murine
cells. This NF-xB activation was essential for cell
transformation, as shown by expressing a nonde-
gradable mutant of [xBg in these cells. Furthermore,
NEMO (IKKy) is the responsible gene for the flat-
revertant (5R) of a Tax transformed fibroblastic cell
line.”™ The 5R cells regain a transformed phenotype
when stably transfected with NEMO. These reports
strongly indicate an essential role for the nuclear
expression of active NF-xB in cell transformation by
Tax.

Using retroviral vectors, Akagi et al.®® demon-
strated a critical role for NF-xB activation in the
IL-2 dependent transformation of human primary
CD4* T cells by Tax. Interestingly, a Tax mutant
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which is active for the NF-»B pathway but not for
CREB/ATF one preferentially transformed CD8*
cells but not CD4* cells, indicating the indispensable
role of a CREB/ATF pathway in the preferential
growth of CD4* cells. Thus, the clonal expansion of
CD4* T cells by Tax requires the combination of
these two pathways. Recently, we showed that Tax
converts the cell growth of a mouse T-cell line from
being IL-2 dependent to IL-2 independent, and that
the NF-xB pathway but not CREB/ATF one is
essential for IL-2 independent growth.'®” Thus, Tax
plays a crucial role in IL-2 independent T cell trans-
formation induced by HTLV-I as well as in IL-2
dependent growth.

4. NF-xB/Rel and apoptosis

ATL shows a poor response to chemotherapy, and
the survival rate of ATL patients is low compared
with other leukemias.?® The emergence of drug-
resistant leukemic cells may explain the poor
response. HTLV-I-transformed T-cell lines are sig-
nificantly more resistant to apoptotic stimuli includ-
ing anti-Fas antibody, ultraviolet irradiation, and
chemotherapeutic agents, than uninfected T-
cells, 297 Constitutive NF-»B activity is essential
for cell survival in a number of different cell types®®
and the inhibition of NF-»B using protease inhibitors
or the expression of a trans-dominant mutant form of
IxBa which is more resistant to proteasome degrada-
tion facilitates apoptosis in various cell types.'* 1%
Thus, the constitutive NF-xB activity in ATL cells
may be responsible for the poor response to chemo-
therapy.

The constitutive activation of NF-xB/Rel is found
in leukemic cells of most B cell chronic lymphocytic
leukemia (B-CLL) patients like ATL.'%71% Agpirin
and salicylate induce apoptosis in B-CLL cells.'®®
Proteasome inhibitors also induce apoptosis in B-
CLL.19%19% Because these reagents can block the
induction of NF-xB proteins, the inhibition of NF-»B
activity by these reagents might induce apoptosis in
B-CLL cells. Indeed, proteasome inhibitors drasti-
cally reduce the levels of active NF-xB in B-CLL
cells.’®® These examples support the potential use of
NF-xB/Rel inhibitors as antitumor agents. We are
currently investigating whether nonsteroidal anti-
inflammatory drugs and proteasome inhibitors are
useful in the treatment of ATL.

Conclusion

HTLV-I activates transcription factor NF-xB

through mechanisms that involve the cytoplasmic
inactivation of inhibitory [xB molecules. The NF-»B
pathway regulates the activation of many cytokines
and some of their receptors, growth factors, cell
adhesion molecules, and proto-oncogenes, which are
expected to be involved in the immortalization or
transformation of T cells by HTLV-I. NF-xB has
also recently been shown to play an active role in
counteracting apoptotic signals and promoting cell
survival. Tax may cause early T cell proliferation by
the activation of NF-xB, although the responsible
genes linked to such a process remain unidentified. In
vivo, most ATL cells do not express significant levels
of Tax. We believe that Tax-independent mecha-
nisms operate for constitutive NF-xB activation in
leukemic cells of ATL patients in vivo. During later
stages of leukemogenesis, activation of NF-»B, but
not Tax, may be required for the maintenance of
leukemic phenotypes of ATL cells.
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