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Human T-cell leukemia virus type I (HTLV-]) is the etiologic agent of the adult T-cell leukemia, an aggressive
and often fatal malignancy of activated human CD4 T cells. HTLV-I encodes an essential 40-kDa protein
termed Tax that not only transactivates the long terminal repeat of this retrovirus but also induces an array of
cellular genes. Tax-mediated transformation of T cells likely involves the deregulated expression of various
cellular genes that normally regulate lymphocyte growth produced by altered activity of various endogenous
host transcription factors. In particular, Tax is capable of modulating the expression or activity of various host
transcription factors, including members of the NF-kB/Rel and CREB/ATF families, as well as the cellular
factors HEB-1 and p67**. An additional distinguishing characteristic of HTLV-I infection is the profound
state of viral latency that is present in circulating primary leukemic T cells. In this study, we demonstrate that
HTLV-I Tax can physically associate with p100, the product of the Rel-related NF-«xB2 gene, both in
transfected cells and in HTLV-I-infected leukemic T-cell lines. Furthermore, the physical interaction of Tax
with p100 leads to the inhibition of Tax-induced activation of the HTLV-I and human immunodeficiency virus
type 1 long terminal repeats, reflecting p100-mediated cytoplasmic sequestration of the normally nuclearly
expressed Tax protein. In contrast, a mutant of Tax that selectively fails to activate nuclear NF-xB expression
does not associate with p100. Together, these results suggest that the cytoplasmic interplay of Tax and p100
may play an important role in the initiation and maintenance of HTLV-I latency observed in adult T-cell

leukemia.

Human T-cell leukemia virus type I (HTLV-I) is a type C
retrovirus that has been etiologically linked with adult T-cell
leukemia (ATL) (61, 87) and more recently with a chronic
demyelinating disease termed tropical spastic paraparesis
(30, 60). ATL is geographically localized in regions of the
world where HTLV-I infection is endemic, notably southern
Japan, sub-Saharan Africa, the Caribbean basin, and parts of
the southeastern United States (11, 12, 17, 23, 27, 32, 39, 48).
This highly aggressive and often fatal neoplasm of CD4 T
cells is frequently characterized by tumor cell invasion of
skin and lymph nodes and may be associated with hypercal-
cemia and osteolysis (11, 12, 17, 32, 44, 47, 83).

Although the precise mechanism(s) is not well understood,
several independent lines of evidence suggest that the
HTLV-I-encoded transactivator, Tax, plays a central role in
CD4 T-cell transformation. Specifically, Tax transforms
mouse or rat fibroblastoid cell lines (73, 82) or primary rat
fibroblasts in cooperation with the ras oncogene (62). Fur-
thermore, transgenic mice expressing Tax have been shown
to develop mesenchymal tumors (38, 56). However, the long
period of clinical latency coupled with the low incidence of
ATL development in HTLV-I-infected individuals (<1%)
suggests that a multistep process of transformation is likely
involved (72). In this regard, mutations in the p53 tumor
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suppressor gene have recently been detected in some ATL
cell lines, raising the possibility that the altered function of
this particular cellular protein may contribute to the devel-
opment of leukemia (18, 67).

Tax has been shown to activate an array of transcription
units, including the HTLV-I long terminal repeat (LTR)
itself (19, 75), the proto-oncogene c-fos (1, 25, 54), the
human immunodeficiency virus type 1 (HIV-1) LTR (13),
and various cellular genes involved in T-cell growth, includ-
ing the interleukin-2 gene (50, 70) and the a subunit of its
high-affinity receptor (21, 42, 70). The ability of Tax to
induce the expression of growth-related genes that normally
mediate physiologic T-cell activation and cell cycle progres-
sion provides one attractive explanation for the polyclonal
proliferation of T cells observed early after HTLV-I infec-
tion (35). This initial proliferative response presumably
serves to facilitate the occurrence of subsequent undefined
genetic events that complete the transformation process.

In light of the inability of Tax to directly engage DNA, the
unusually large number of cellular genes activated by this
retroviral protein is likely explained by its capacity to
modulate various host transcription factor pathways. These
pathways include the CREB/ATF family of proteins and the
HEB-1 cellular factor responsible for activation of the
HTLV-I LTR (9, 81, 89, 90), the p675RF factor which
mediates induction of c-fos (26), and the NF-kB/Rel family
which mediate activation of the interleukin-2 receptor a-sub-
unit gene and the HIV-1 LTR (7, 13, 20, 64). Indeed, Tax has
been shown to physically interact with some of these factors
(9, 26, 40, 81, 89, 90).
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Members of the NF-kB/Rel family of transcription factors
are each characterized by an N-terminal =300-amino-acid
segment termed the Rel homology domain. This domain is
responsible for DNA binding, dimerization, and nuclear
localization of these factors (33, 34). Members of the Rel
family include the oncoprotein v-Rel (77, 85), its cellular
homolog c-Rel (16), pS0 (31, 46, 53), p52 (15, 57, 68), p65 (58,
65), RelB (66), and the Drosophila morphogen Dorsal (78).
Heterodimeric combinations of p50 and p65 constitute the
prototypical NF-kB complex (6), which stimulates transcrip-
tion by a mechanism involving a potent transactivation
domain located within the C-terminal half of p65 (8, 65, 69).
Both p50 and p52 are proteolytic cleavage products of larger
precursor proteins, termed p105 (NF-kB1 gene product) (14,
22, 31, 46, 53) and p100 (NF-kB2 gene product) (15, 51, 57,
68), respectively.

One unique feature of the NF-«kB/Rel transcription factor
system is that the involved factors are regulated posttran-
scriptionally through interactions with a set of cytoplasmic
inhibitory proteins termed IkB (3-5, 84). Each of these
inhibitors contains a domain remarkable for the presence of
multiple ankyrin motifs which appear to be essential for their
biological functions. The IkB proteins identified so far in-
clude IkBa (formerly called IkB/MAD?3) (36, 88), IxBp (88),
IkBy, which corresponds to the C-terminal half of p105 (37,
43, 49), Bcl-3 (24, 37, 59, 86), and the Drosophila maternal
protein Cactus (29, 45). Remarkably, the p105 (55, 63) and
p100 (52, 80) precursors of p50 and p52 also contain C-ter-
minal ankyrin repeats and have been shown to possess
IkB-like biological activities.

In this report, we demonstrate that HTLV-I Tax specifi-
cally interacts with the p100 protein product of the NF-«B2
gene. Surprisingly, only a weak interaction was detected
between Tax and the pl105 protein product of the NF-«B1
gene. Functionally, the interaction of p100 and Tax results in
the marked down-regulation of Tax-mediated activation of
the HTLV-I LTR. These inhibitory effects of pl00 are
correlated with the redistribution of Tax from the nuclear to
the cytoplasmic compartment. These findings suggest that
the formation of Tax-p100 complexes in virally infected cells
may play an important role in the establishment and main-
tenance of viral latency observed in HTLV-I-induced ATL.

MATERIALS AND METHODS

Plasmids. Tax, TaxM22, TaxM47 (71), p100, p52 (68),
IkBa (36), p105 (46), and p65 (65) cDNAs were subcloned
within the polylinker of the pCMV4 expression vector posi-
tioned downstream of the cytomegalovirus immediate-early
promoter (2). Reporter plasmids contained either the full-
length HTLV-I LTR (75) or the HIV-1 kB enhancer cassette
linked to a heterologous TATA box (76), cloned immediately
upstream of the gene encoding chloramphenicol acetyltrans-
ferase (CAT).

Immunoprecipitation analysis. Subconfluent monkey kid-
ney COS-7 cells were transfected by using DEAE-dextran
(41). Approximately 40 h after transfection, cells were
starved for 1 h in Dulbecco modified Eagle medium lacking
methionine and cysteine and then metabolically radiolabeled
for 3 h with [>**S]methionine and [**S]cysteine (300 wCi/ml).
Whole-cell extracts were prepared by resuspending these
cells in 500 pl of a low-stringency lysis buffer (20 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid [HEPES;
pH 7.9], 1 mM MgCl,, 0.2 mM EDTA, 10 pM ZnCl,, 10%
glycerol, 200 mM KCI, 0.2% Nonidet P-40, 0.5 mM dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride); 200 ul of each
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extract was diluted to 500 pl in the same buffer and pre-
cleared for 1 h at 4°C with 1 pl of normal rabbit serum (NRS)
and 20 pl of protein A-agarose beads (Boehringer, Mann-
heim, Germany). The precleared extract was then incubated
at 4°C with 1 pl of the specific antibodies and 10 pl of protein
A-agarose beads for 2 h. The agarose beads were then
washed twice in the low-stringency buffer and resuspended
in 30 pl of 2x loading buffer (0.125 M Tris [pH 6.8], 4%
sodium dodecyl sulfate [SDS], 10% B-mercaptoethanol, 30%
glycerol, 0.01% bromophenol blue). After heat denaturation,
15 pl of the sample was loaded on an SDS-9% polyacryl-
amide gel.

Jurkat cell transfection and CAT assay. Human Jurkat T
cells were cultured in RPMI 1640 medium supplemented
with 10% fetal calf serum, 2 mM glutamine, and antibiotics.
Cells were transfected with 0.5 or 2 ng of CAT reporter
plasmid and various amounts of expression plasmids, using
DEAE-dextran (41). DNA concentration was held constant
in all transfections, using the parental pCMV4 vector. Ap-
proximately 40 h after transfection, relative CAT activities
were determined as previously described (28).

Indirect immunofluorescence. COS-7 cells were cultured in
four-well chamber slides (Nunc, Naperville, Ill.) and trans-
fected with various expression plasmids, using DEAE-dex-
tran. Approximately 48 h after transfection, cells were fixed,
permeabilized, and stained for indirect immunofluorescence
as previously described (28). Cells were observed with a UV
light microscope (Leitz, Heerbrug, Switzerland).

Immunoblot analysis of ATL cell lines. The HTLV-I-
infected cell lines HUT102 and C8166 were cultured in RPMI
1640 medium supplemented with 10% fetal calf serum, 2 mM
glutamine, and antibiotics. Subcellular protein extracts from
these cells were prepared and immunoprecipitated with NRS
or anti-Rex, anti-p100, and anti-Tax antibodies.

Immunoprecipitates were fractionated on SDS-polyacryl-
amide gels, transferred to nitrocellulose, and immunoblotted
with anti-p100 or anti-Tax, using an enhanced chemilumines-
cence system as specified by the manufacturer (Amersham
International, Amersham, England).

RESULTS

Tax physically interacts with the NF-kxB2 gene product p100
through its N-terminal domain. To investigate the potential
interaction of Tax with p100 or its proteolytically processed
form, p52, coimmunoprecipitation experiments were per-
formed with whole-cell extracts from COS cells cotrans-
fected with combinations of expression vectors encoding
pl00, p52, and Tax (Fig. 1A). After transfection, the cells
were metabolically radiolabeled with [*>S]methionine and
[>*S]cysteine, and the cell lysates were immunoprecipitated
with an antiserum directed against either the C terminus of
Tax or the N terminus of p100. In cells transfected with Tax
alone, a specific band of 40 kDa corresponding to the Tax
protein was specifically immunoprecipitated with an anti-
Tax antiserum (lane 2); however, this antibody failed to
cross-react with either pl00 or p52 (lanes 3 and 4). In
contrast, in extracts from cells cotransfected with Tax and
p100 or p52, both p100 and p52 were coimmunoprecipitated
with Tax (lanes 5 and 6) by the anti-Tax antibody. Of note,
p52 was also detected in the extracts from p100-transfected
cells, apparently reflecting physiological processing of p100
to p52 (lane 5). Under these coimmunoprecipitation condi-
tions, Tax consistently bound p100 more avidly than p52 for
reasons that remain unclear (compare lanes 5 and 6). Com-
plementary coimmunoprecipitation experiments were per-
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FIG. 1. Physical interaction of HTLV-I Tax with the NF-«B2 gene product p100 and its processed product p52. (A) Coimmunoprecipi-
tation of Tax and p100 or p52. Subconfluent COS-7 cells were transfected with the parental control expression vector pCMV4 (lanes 1 and
7), Tax (lanes 2 and 8), p100 (lanes 3 and 9), pS2 (lanes 4 and 10), or combinations of Tax and p100 (lanes 5 and 11) or Tax and p52 (lanes
6 and 12). Approximately 40 h after transfection, cells were metabolically radiolabeled and whole-cell extracts were prepared. These extracts
were then subjected to immunoprecipitation with antiserum specific for the C terminus of Tax (amino acids 321 to 353; lanes 1 to 6) or the
N terminus of p100 (amino acids 1 to 21; lanes 7 to 12). Immunoprecipitates were analyzed by electrophoresis on an SDS-9% polyacrylamide
gel. The p100, pS2, and Tax proteins are identified by labeled arrows on the right; the migration of known molecular weight markers is
identified in kilodaltons on the left. (B) Coimmunoprecipitation studies of Tax and the NF-kB1 gene product p105. Subconfluent COS-7 cells
were transfected with the parental control expression vector pPCMV4 (lanes 1 and 5), Tax (lanes 2 and 6), p105 (lanes 3 and 7), or a combination
of Tax and pl05 (lanes 4 and 8). Cells were identically radiolabeled, and extracts were immunoprecipitated with anti-Tax (lanes 1 to 4) or
antibody specific for the N terminus of p105 (amino acids 1 to 21; lanes 5 to 8). The p105, p50, and Tax proteins are identified. (C) Mutant
TaxM22 fails to interact with p100 or p52, while mutant TaxM47 still binds to p100 and p52. Subconfluent COS-7 cells were transfected with
the parental expression vector pPCMV4 (lanes 1 and 13), Tax (lanes 2 and 14), TaxM22 (lanes 3 and 15), TaxM47 (lanes 4 and 16), p100 (lanes
5 and 17), p52 (lanes 6 and 18), Tax and p100 (lanes 7 and 19), TaxM22 and p100 (lanes 8 and 20), TaxM47 and p100 (lanes 9 and 21), Tax
and p52 (lanes 10 and 22), TaxM22 and p52 (lanes 11 and 23), or TaxM47 and p52 (lanes 12 and 24). The corresponding radiolabeled extracts
were subjected to immunoprecipitation with the anti-Tax antiserum (lanes 1 to 12) or the anti-p100 antiserum (lanes 13 to 24). p100, p52, and

Tax proteins are identified.

formed with an antiserum specific for the N-terminal region
of pl00. Consistent with results obtained with use of anti-
Tax, Tax was coimmunoprecipitated with both p100 (lane
11) and p52 (lane 12), although the overall level of Tax
recovery was less than the amounts of p100 and p52 recov-
ered in the anti-Tax immunoprecipitation experiment. To-
gether, these findings demonstrate that Tax physically inter-
acts with the NF-kB2 precursor gene product p100 and its
processed p52 counterpart.

Tax interacts very weakly with p105 compared with p100.
Hirai et al. (40) have recently reported that Tax physically
interacts with pl05, the product of the NF-kB1 gene and
precursor of the pS0 subunit of NF-«kB. Coimmunoprecipi-
tation studies were next performed to compare the p105-Tax
interaction with the p100-Tax interaction (Fig. 1B). Anti-Tax
immunoprecipitation of extracts from cells cotransfected

with both Tax and pl05 expression vectors revealed the
presence of Tax but only trace amounts of pl05 (lane 4).
Similarly, using a p105-specific antiserum, only a very faint
band corresponding to coimmunoprecipitated Tax was de-
tected (lane 8). These results suggest that the interaction of
Tax with pl05 is quite weak compared with the interaction
observed between Tax and p100.

Mutant TaxM22, which is unable to activate NF-xB, inter-
acts poorly with p100. Previous studies have resulted in the
identification of Tax mutants that functionally segregate
NF-«B/Rel-mediated transactivation of the HIV-1 LTR (NF-
kB) from CREB/ATF/HEB-1-mediated activation of the
HTLV-I LTR (71). Specifically, mutant TaxM22 (Gly
Leu—Ala Ser at residues 137 and 138) lacks the ability to
activate the HIV-1 LTR yet is fully functional with respect to
activation of the HTLV-I promoter. In contrast, mutant
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FIG. 2. Tax associates with pl00 in HTLV-I-infected T-cell
lines. Cytoplasmic extracts (CE; 400 ug) from the Tax-expressing
HTLV-I-infected C8166 (lanes 1 to 6) and HUT102 (lanes 7 to 12)
cell lines were prepared and subjected to immunoprecipitation (IP)
with either preimmune NRS (lanes 1, 5, 7, and 11), anti-Rex-specific
peptide antibodies specific for amino acids 173 to 186 (lanes 2 and 8),
anti-p100 antiserum (lanes 3 and 9), or anti-Tax antibodies (lanes 4,
6, 10, and 12). The immunoprecipitates were then electrophoresed
on SDS-9% polyacrylamide gels and subjected to immunoblotting
with the anti-p100 antibodies (lanes 1 to 4 and 7 to 10) or the anti-Tax
antibodies (lanes 5, 6, 11, and 12), using the enhanced chemilumi-
nescence system. Migration of the pl00 and Tax proteins is indi-
cated. Ig, immunoglobulin.

TaxM47 (Leu Leu—Arg Ser at residues 319 and 320) fails to
activate the HTLV-I promoter but retains the capacity to
stimulate the HIV-1 LTR. In light of these distinct pheno-
typic properties, we next tested each Tax mutant for its
ability to interact with p100 (Fig. 1C). As shown in lanes 8
and 11, TaxM22 only weakly associated with p100 or p52,
respectively. In contrast, as shown in lanes 9 and 12,
TaxM47 interacted strongly with p100 and p52 in a manner
similar to that found for the wild-type Tax protein (lanes 7
and 10). TaxM22 was only weakly coimmunoprecipitated
with p100 (lane 20) or p52 (lane 23) when anti-p100 antiserum
was used. In contrast, TaxM47 was readily coimmunopre-
cipitated by the anti-p100 antibody (compare lanes 21 and 24
with lanes 19 and 22). These coimmunoprecipitation studies
thus indicate that the Tax-p100 interaction is quite specific,
since a missense mutation affecting only two residues in the
primary sequence of Tax appears to markedly impair this
interaction. In addition, the finding that TaxM22 both fails to
activate NF-«kB and only weakly interacts with p100 suggests
that this interaction may be functionally important in the
mechanism by which Tax deregulates the normally inducible
pattern of NF-kB expression in CD4 T cells.

Tax is physically associated with p100 in HTLV-I-infected
T-cell lines. To ensure that the Tax-p100 interaction detected
in transfected COS cells was not an artifact of the overex-
pression conditions, two Tax-expressing HTLV-I-infected
T-cell lines were used for coimmunoprecipitation studies
(Fig. 2). Cytoplasmic extracts prepared from C8166 or
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HUT102 cell lines were immunoprecipitated with NRS or
with anti-Rex, anti-p100, or anti-Tax serum and then immu-
noblotted with p100-specific antiserum. As shown in lanes 4
and 10, a band comigrating with pl00 was coprecipitated
with anti-Tax from both the C8166 and the HUT102 extracts
but not with either NRS (lanes 1 and 7) or anti-Rex (lanes 2
and 8). Of note, the amount of p100 coprecipitated with Tax
in HTLV-I-infected cells appeared significantly less than
that observed in extracts from transfected COS cells. This
finding could suggest that the interaction between Tax and
p100 in these cell lines is comparably weaker; however, this
difference likely reflects higher steady-state levels of the
pl00 protein in transfected COS cells compared with the
levels of endogenous pl00 protein in the HTLV-I-infected
cell lines. The expression of Tax in the C8166 and HUT102
cytoplasmic extracts was confirmed by submitting the im-
munoprecipitates to immunoblotting with anti-Tax anti-
serum. As shown in lanes 6 and 12, a band corresponding to
Tax was precipitated with anti-Tax from both the C8166 and
HUT102 cytoplasmic extracts.

p100 inhibits Tax-induced activation of the HTLV-I LTR.
To assess the functional consequences of the interaction of
p100 and Tax, the effect of coexpression of pl00 on Tax-
mediated activation of the HTLV-I LTR was studied in
Jurkat T cells. As shown in Fig. 3, p100 produced dose-
dependent inhibition of Tax-induced stimulation of the
HTLV-I LTR-CAT reporter plasmid. In contrast, coexpres-
sion of Tax and p52 did not lead to inhibition of Tax
activation of the HTLV-I LTR even though p52 and Tax
readily interact with each other. Consistent with the weak
association observed between p105 and Tax, p105 failed to
alter Tax activation of the HTLV-I LTR.

The effects of pl00 on Tax-induced activation of the
HIV-1 «B enhancer were similarly studied. As shown in Fig.
4, Tax alone produced >350-fold activation of the B
enhancer element, while pl100, p105, and IkB alone were
without effect. Cotransfection of Jurkat T cells with combi-
nations of Tax and p100 inhibited Tax-induced activation, as
did cotransfection of IkBa. Of note, p100 was consistently
more effective in inhibiting Tax-mediated activation of the
HIV-1 LTR (80% inhibition at a ratio of 1:1) than the
HTLV-I LTR (25% at a ratio of 1:4). In contrast, pl05
exerted only weak inhibitory effects on Tax. Similarly, the
same inhibitory effects of pl00 were observed for p65-
mediated induction of the HIV-1 kB enhancer (52, 80). These
data raise the possibility that this inhibition of p65 function
could contribute to the pl00 inhibitory effect on Tax-medi-
ated activation of the HIV-1 «B enhancer element.

pl00 alters the subcellular pattern of Tax expression.
HTLV-I Tax has been described as principally a nuclear
protein that contains a unique nuclear localization signal
(74). In contrast, the expression of p100 is restricted to the
cytoplasmic compartment (52). Indirect immunofluores-
cence studies were next performed to assess the effects of
coexpression of p100 on the subcellular distribution of Tax.
As shown in Fig. 5, expression of Tax alone revealed a
predominantly nuclear pattern of anti-Tax staining, whereas
coexpression of p100 and Tax led to a cytoplasmic pattern of
expression (compare Fig. SA and F). This redistributed
pattern of expression was not due to an immunological
cross-reaction of the anti-Tax antibody with p100, since cells
transfected with p100 alone failed to show any fluorescence
(Fig. 5B)..In contrast to the marked subcellular retargeting
effects of pl00, neither p52 nor pl05 altered the nuclear
pattern of Tax expression (compare Fig. 5A, G, and H).
Localization of mutants TaxM22 and TaxM47 was also
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FIG. 3. pl00 inhibition of the Tax-mediated transcription activation of the HTLV-I LTR. Human Jurkat T cells were transfected with the
indicated plasmids together with 0.5 pg of a CAT reporter plasmid containing the HTLV-I LTR (75). A 0.5-p.g amount of the Tax-expressing
plasmid was used, and the numbers following the slash signs represent the amounts in micrograms of p100-, p52-, and pl05-expressing
plasmids used. CAT activities, measured approximately 40 h after transfection, are presented as the relative fold induction over the basal level
obtained with the parental pCMV4 expression vector. The data shown are representative of a single experiment; however, four independent
CAT assays were performed and showed the same inhibition of Tax responsiveness by p100.

studied in the presence of pl00. Consistent with the weak
association of TaxM22 and pl00 (Fig. 1C), TaxM22 re-
mained nuclear (compare Fig. 5D and I), while TaxM47,
which effectively binds to pl00, was retargeted to the
cytoplasm (compare Fig. 5E and J). Using antisera directed
against p100 and p105, we controlled that p100 (Fig. 5K, N,
and O), p52 (Fig. SL), and pl05 (Fig. SM) were readily
expressed in the coexpression experiments.
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FIG. 4. pl00 inhibition of the Tax-mediated transcnptlonal acti-
vation of the HIV-1 B enhancer. Human Jurkat T cells were
transfected with 2 pg of the indicated plasmids together with 2 pg of
a CAT reporter plasmid containing the HIV-1 kB enhancer (xB-
TATA-CAT) (76). CAT activities, measured approximately 40 h
after transfection, are presented as the relative fold induction over
the basal level obtained with the parental pCMV4 expression vector.
The data shown are representative of a single experiment; however,
three independent experiments were performed and showed the
same results.

DISCUSSION

In this report, we provide evidence for a physical and
functional interaction between the HTLV-I Tax transactiva-
tor and p100, the Rel-related product of the NF-kB2 gene.
This interaction is mediated through sequences located in
the N-terminal half of p100 since p52, a processed form of
p100 that lacks the C-terminal ankyrin repeat domain, re-
tains the capacity to associate with Tax. This interaction of
Tax and p100 is not restricted to cells transfected with Tax
and p100 expression vectors but has also been detected in
the more physiological cellular context of HTLV-I-infected
human T-cell lines. In sharp contrast to the strong p100-Tax
interaction detected in these coimmunoprecipitation assays,
only a very weak association of Tax and p105, the product of
the NF-«kB1 gene, was demonstrated. This result contrasts
with the prior report of Hirai and colleagues (40), who have
described both in vitro and in vivo evidence for the associ-
ation of Tax and pl05; pl00 was, however, not similarly
studied. The bases for these disparate results remain unex-
plained but may simply reflect differences in the sensitivity
of the various detection assays. In addition, the p105 expres-
sion vector used in our studies contains wild-type sequences
at the extreme N terminus, while the p105 vector used by
Hirai and coworkers is remarkable for a deletion within this
region. Whether this difference contributes to the efficacy of
pl05 binding to Tax remains to be determined. Notwith-
standing, it is clear that the association of p100 with Tax is
far stronger than that observed with p105. More importantly,
no functional consequences have yet been attributed to the
p105-Tax interaction, while as noted below, the formation of
p100-Tax complexes leads to inhibition of Tax function.

These findings regarding the physical interaction of Tax
with the Rel-related pl00 protein extend earlier reports
regarding the physical association of Tax with transcription
factors such as members of the CREB/ATF family and
HEB-1 (9, 81, 89, 90). These cellular proteins directly engage
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FIG. 5. Subcellular localization of Tax in the presence and absence of pl100. COS-7 cells were transfected with Tax (A), p100 (B), p105
(C), TaxM22 (D), TaxM47 (E), Tax plus pl00 (F and K), Tax plus p52 (G and L), Tax plus p105 (H and M), TaxM22 plus p100 (I and N), or
TaxM47 plus p100 (J and O). After 48 h, the cells were fixed, incubated with the antiserum specific for the C terminus of Tax (A to J), the
N terminus of p100 (K, L, N, and O), or the N terminus of p105 (M) and then subjected to indirect immunofluorescence staining using Texas
red-conjugated anti-rabbit immunoglobulins.

the three 21-bp repeats present in the HTLV-I LTR. Pre-
sumably, the indirect tethering of Tax to these factors
endows this complex with unique functional properties that
underly Tax-mediated transactivation of the HTLV-I LTR.

In contrast to Tax-CREB/HEB-1, studies of the p100-Tax
interaction have revealed a very different functional conse-
quence. Indeed, the association of Tax with p100 leads to the
marked inhibition of Tax-induced activation of both the
HTLV-I LTR and the HIV-1 kB enhancer. The dose-
response difference observed for pl00 inhibition of Tax-
mediated activation of the HTLV-I LTR versus the HIV-1
LTR may stem from differences in the sensitivity of these
two promoters to the HTLV-I Tax protein. Specifically, the
HTLV-I LTR may respond well at lower concentrations of
Tax. As judged from results from indirect immunofluores-
cence studies, this inhibition by p100 is correlated with
retargeting of Tax expression from the nuclear to the cyto-
plasmic compartment. In this regard, these inhibitory effects
of the cytoplasmic p100 protein are not recapitulated by p52,
which when expressed alone accumulates in the nucleus.
These findings suggest that the C-terminal sequences re-
moved in the processing of pl00 to p52 are critical for
functional inhibition of Tax and retargeting of this viral
transactivator to the cytoplasm. These deleted sequences
are notable for the presence of the multiple ankyrin repeats
known to be required for the retention of pl00 in the
cytoplasm (52). These ankyrin repeats also play a critical
role in pl00-mediated inhibition of NF-kB p65 function, a
response that similarly involves cytoplasmic sequestration
of the p65 subunit (52, 80). Recent studies have demon-
strated that both pl00 and p105 can function as IkB-like
molecules for various Rel family members, including p65 and
c-Rel (52, 55, 63, 80). Thus, p100 not only sequesters Tax in

Tax + p105
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Tax M47

p105 Tax M22

Tax M22 + p100 Tax M47 + p100

Tax M22 + p100 Tax M47 + p100

the cytoplasm but also sequesters p65 and c-Rel, leading to
the inhibited function of these Rel-related transcription
factors. ;

NF-«kB p65, Tax, and p100 are also functionally linked in
another potentially related regulatory pathway. Among its
many effects, Tax expression leads to the activation of
nuclear NF-kB expression. Our recent studies demonstrate
that the p65 subunit of NF-«kB in turn stimulates not only
IkB-a expression (79) but also NF-«kB2 gene expression,
leading to increased p100 protein levels (80). Similarly, two-
to threefold-higher levels of pl00 protein and NF-«B2
mRNA are detectable in Tax-expressing ATL cells com-
pared with ATL cells that lack this retroviral function (data
not shown). The ensuing binding of p100 to both Tax and p65
serves to down-regulate the functional activity of each, thus
highlighting a negative feedback loop involving a single
cytoplasmic inhibitor that affects both Tax and p65 action.

One potential implication from these studies is that the
observed inhibitory effects of p100 on Tax-mediated function
may play a role in the profound state of viral latency
characteristic of HTLV-I-infected cells in vivo. Even by
using sensitive approaches involving reverse transcription
coupled with PCR amplification, it has been difficult to
demonstrate viral RNA expression in circulating leukemic T
cells (10). However, given that a severalfold excess of p100
appears necessary to inhibit Tax-mediated activation of the
HTLV-ILTR, this effect may play only a marginal role in the
latency associated with HTLV-I infection. These inhibitory
effects of pl00 are probably only one of the mechanisms
responsible for the viral latency; however, we believe that
they are highly significant. Indeed, transfected cells only
partially reflect what occurs in the infected cells and partic-
ularly the very tight regulation of pl00 expression by Tax
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itself. This state of viral latency also suggests that viral gene
expression is not necessary for maintenance of the trans-
formed state. Rather, the virus might have played its pivotal
role at an earlier juncture in the transformation process. On
the other hand, antibody responses to Tax and other viral
proteins appear to persist throughout the entire period of
clinical latency, which may span 20 to 30 years. This finding
suggests that viral gene expression must be occurring in
some compartment of the body even though it is undetect-
able in the circulating leukemic T cells. It is possible that this
response reflects the fine regulation of viral expression
controlled by the inhibitory effect of p100 on Tax-mediated
activation and the positive effect of Tax on p100 expression
through the activation of p65. The importance of the inter-
action between pl00 and Tax in viral latency raises the
question of what percentage of Tax is associated with p100 in
HTLV-I-infected cell lines. Using nuclear and cytoplasmic
extracts, we have observed that Tax is shared equally
between the cytoplasm and the nucleus, suggesting that only
half of the protein is associated with p100 in the HTLV-I-
infected cells. However, these experiments do not take into
account the remarkable dynamics of Tax production and
transport into the nucleus versus association with p100 in the
cytoplasm and the up-regulation of p100 production by Tax.

While this present study clearly demonstrates that the
interaction between Tax and p100 is functional, the observed
inhibitory effects of pl00 on Tax fail to provide definitive
insights into the mechanism by which Tax activates nuclear
expression of members of the NF-kB/Rel family. Specifi-
cally, our finding that mutant TaxM22, which cannot induce
NF-«B expression, binds only weakly to pl00 or p52
strongly suggested that the interaction of Tax and p100 or
p52 might be critically involved in the induction of NF-«B.
In this context, we considered several mechanistic explana-
tions including, that (i) Tax binding to p100 might accelerate
its posttranslational cleavage to p52, which in turn facilitates
the nuclear expression of this Rel family member, and (ii)
Tax binding to p100 inhibits its IkB-like function, perhaps by
releasing p100 from known transactivating subunits such as
p65 or c-Rel, thereby allowing their nuclear import. Thus far,
however, we have been unable to show that Tax accelerates
pl00 posttranscriptional cleavage to p52. Furthermore, re-
cent in vitro studies suggest that Tax does not displace p65
bound to p100 (data not shown). As such, the mechanism by
which Tax induces the constitutive nuclear expression of
NF-«B/Rel in virally infected cells remains enigmatic. Not-
withstanding, it has become increasingly clear that HTLV-I
Tax participates in a diverse array of protein-protein inter-
actions within host CD4 T cells, some of which potentiate its
transcriptional activating properties, while others, notably
its binding to pl00, appear to antagonize its biological
actions.
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