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Human T-cell leukemia virus type 1 bZIP factor selectively suppresses the

classical pathway of NF-«kB

Tiejun Zhao,' Jun-ichirou Yasunaga,' Yorifumi Satou,' Mitsuyoshi Nakao,? Masahiko Takahashi,® Masahiro Fuiii,® and

Masao Matsuoka’

"Laboratory of Virus Control, Institute for Virus Research, Kyoto University, Kyoto; 2Departiment of Regeneration Medicine, institute of Molecular Embryology and
Genetics, Kumamoto University, Kumamoto; and 2Division of Virology, Niigata University Graduate School of Medical and Dental Sciences, Niigata, Japan

Adult T-cell leukemia (ATL) is a highly
aggressive T-cell malignancy caused by
human T-cell leukemia virus type 1 (HTLV-
1). The activation of NF-kB by Tax has
been reported to play a crucial role in
HTLV-1-induced transformation. The
HTLV-1 bZIP factor (HBZ), which is en-
coded by an mRNA of the opposite polar-
ity of the viral genomic RNA, is involved
in both T cell proliferation and suppres-
sion of Tax-mediated viral gene transcrip-

tion, suggesting that HBZ cooperates
closely with Tax. In the present study, we
observed that HBZ specifically sup-
pressed NF-kB—driven transcription medi-
ated by p65 (the classical pathway) with-
out inhibiting the alternative NF-xB
Signaling pathway. In an immunoprecipi-
tation assay, HBZ bound to p65 and dimin-
ished the DNA binding capacity of p65. In
addition, HBZ induced p65 degradation
through increasing the expression of the

PDLIM2 gene, which encodes a ubiquitin
E3 ligase for p65. Finally, HBZ actually
repressed the transcription of some clas-
sical NF-xB target genes, such as IL-8,
IL2RA, IRF4, VCAM-1, and VEGF. Selec-
tive suppression of the classical NF-«xB
pathway by HBZ renders the alternative
NF-kB pathway predominant after activa-
tion of NF-xB by Tax or other stimuli,
which might be critical for oncogenesis.
(Blood. 2009;113:2755-2764)

Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is an oncogenic
retrovirus that causes adult T-cell leukemia (ATL).!* A unique
sequence was found in the viral genome between env and the
3’ long terminal repeat (LTR). Denoted the pX region, this
sequence encodes the regulatory and accessory genes: tax, rex,
pl2,pl3, and p30.°> Among the proteins encoded by these genes,
Tax has been thought to play a central role in the leukemogen-
esis of ATL because of its pleiotropic actions.®” Another gene,
the HTLV-1 bZIP factor (HBZ) gene, is encoded by an mRNA of
the opposite polarity of the viral genomic RNA.#10 Two major
isoforms of the HBZ gene transcript have been reported: spliced
HBZ (sHBZ) and unspliced HBZ (usHBZ).''!3 Only sHBZ is
abundantly expressed.'* HBZ was found to inhibit Tax-mediated
transactivation of viral transcription from the 5'LTR by het-
erodimerizing with c-Jun and CREB2.!5!7 In addition, sHBZ
RNA promotes proliferation of ATL cells.!!

Tax-mediated nuclear factor-kB (NF-kB) activation plays a
pivotal role in the transforming activity of HTLV-1.18 Activation
of NF-kB by Tax involves both the classical and alternative
pathways, which use the NF-«B precursor proteins p105
(NF-kB-1) and p100 (NF-«kB-2), respectively. These proteins
are processed to the mature p50 NF-kB-1 and p52 NF-«kB-2
proteins that heterodimerize with other members of the NF-xB
family, RelA (p65), c-Rel, or RelB. Tax activates the classical
pathway by interacting with TKK~,'%20 which stimulates the
phosphorylation of IKKa and IKK; phosphorylated IKKa and
IKKp then induce the degradation of IxB by the proteasome,?!
leading to the release of p50/p65 from IkB. Tax also triggers
activation of the alternative pathway downstream of NF-«xB-

inducing kinase (NIK) by activating IKKa via IKK+y and
recruiting IKKa to p100, resulting in enhanced processing to
p52.22 In both pathways, the mature dimeric NF-kB proteins
translocate to the nucleus and activate genes involved in
anti-apoptosis, cell proliferation and angiogenesis. Although
NF-kB-1 and NF-kB-2 have similar structures, recent studies
strongly suggest that the classical and alternative pathways are
involved in the expression of different genes: the classical pathway
is mostly involved in innate immunity and inflammatory responses,
while the alternative pathway is involved in adaptive immunity and
the organogenesis of peripheral lymphoid tissues.?*24

NF-«B is activated in many viral infections, and is thought to
be important in the protective response of the host to the viral
pathogens. Thus, many viruses have evolved distinct strategies
to attenuate NF-«kB activation. Known mechanisms of NF-kB
suppression in virus-infected cells include (1) inhibition of the
IKK activity and IxB phosphorylation,?® (2) inhibition of the
NF-kB nuclear translocation,?0 (3) induction of the caspase-
mediated cleavage of the RelA subunit,?” and (4) inhibition of
NF-kB RelA transcriptional activation through protein-protein
interaction.?®

Although NF-xB activation by Tax has been reported, it
remains unknown whether other viral proteins act on the NF-«xB
pathway. In this study, we report that HBZ inhibits NF-kB activity
by inhibiting p65 DNA binding capacity and promoting expression
of PDLIM2 E3 ubiquitin ligase, which results in p65 degradation.
This HBZ mediated suppression of the classical NF-kB pathway
results in decreased expression of some genes associated with
innate immunity and inflammatory responses.
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Methods

Cell culture

Jurkat cells were grown in RPMI 1640 supplemented with 10% fetal bovine
serum (FBS) and antibiotics. Jurkat and Kit 225 cells stably expressing
sHBZ were maintained as described previously.!! 293FT and Hela cells
were cultured in Dulbecco modified Eagle medium (DMEM) supplemented
with 10% FBS and 500 pg/mL G418.

Plasmids

The xB-Luc construct contains 5 tandem repeats of an NF-«xB binding site
from the IL-2R «-chain gene linked to the firefly luciferase gene. The
AP-1-Luc construct contains 2 copies of the IL-8 AP-1 binding site
upstream of the IL-8 enhancer-less core promoter linked to the luciferase
gene.?® pSRF-Luc was purchased from Stratagene (Heidelberg, Germany).
phRL-TK was purchased from Promega (Madison, WI). Expression vectors
for usHBZ and sHBZ deletion mutants were generated by PCR using
PME18Sneo-HBZ as a template.!! These fragments were subcloned into
pME18Sneo and pcDNA3.1/myc-His(-) (Invitrogen, Carlsbad, CA). The
coding region of IKKy and p50 were amplified by RT-PCR from total RNA
derived from Jurkat cells and cloned into the vector pCMV-HA. To
construct vectors expressing wild type and deletion mutants of p65, we
amplified the coding sequence from Jurkat cell cDNA and subcloned it into
the pCMV-Tag 2 vector. The pEF-p52 expression vector, pCGN-HA-
ubiquitin, pCG-Tax, pCG-Tax M47 (Tax mutant unable to activate the
CREB/ATF pathway), and pCG Tax M22 (Tax mutant defective for NF-kB
activation) were described elsewhere.30-32

Luciferase assay

Jurkat cells were plated on 6-well plates at 3.5 X 10° cells per well. After
24 hours, cells were transfected with the indicated luciferase reporter
plasmid and expression plasmid, and/or empty expression vector (to
normalize the DNA dose) mixed with Transfectin (Bio-Rad, Hercules, CA).
After 48 hours, cells were collected and luciferase activities were measured
using the Dual-Luciferase Reporter Assay System (Promega). Luciferase
values were normalized to renilla luciferase and expressed as the mean of a
triplicate set of experiments plus or minus SD.

Measurement of phosphorylation of IkBa

The FunctionELISA IkBa assay was performed according to the manufac-
turer’s instructions (Active Motif, Carlsbad, CA) using 100 pg freshly
prepared cytoplasmic protein extract from the samples.

Immunoprecipitation and immunoblotting

To examine protein-protein interaction in 293FT cells, subconfluent cells
were transfected with the indicated combinations of expression vectors.
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer 48 hours
later (50 mM Tris-HCI, pH8.0, 1% Triton X-100, 100 mM NaCl, 1 mM
MgCly, 0.5% Nonidet P-40, and protease inhibitors). Lysates were pre-
cleared by incubation with 20 pl of 50% slurry of protein G-agarose (GE
Healthcare Life Sciences, Piscataway, NJ) for 30 minutes at 4°C. Pre-
cleared cell lysates were incubated with anti-HA (clone 3C2) (MBL,
Nagoya, Japan), anti-c-Myc (clone 9E10, Sigma-Aldrich, St Louis, MO) or
anti-FLAG M2 (Sigma-Aldrich) antibodies for 1 hour at 4°C, and immune
complexes were collected by incubation for 1 hour at 4°C with protein
G-agarose. After extensive washing, immunoprecipitated proteins were
resolved by 5% to 20% SDS-PAGE and analyzed by western blotting with
HRP-conjugated anti-FLAG (Sigma-Aldrich), anti-His-Tag (PM002, MBL),
anti-Tax or anti-HA (Sigma-Aldrich) antibodies. Membranes were devel-
oped with enhanced chemiluminescence (GE Healthcare Life Sciences).
Other antibodies used were as follows: anti-mouse ImmunoglobulinG
(IgG) and anti-rabbit IgG were from GE Healthcare Life Sciences; anti-Sp1
and anti-lamin B were from Santa Cruz Biotechnology (Santa Cruz, CA).
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Immunofluorescence analysis

Hela cells were transfected with expression vectors using Lipofectamine
LTX (Invitrogen). Thirty-six hours after transfection, cells were stimulated
with phorbal myristate acetate (PMA) plus ionomycin for 8 hours. sHBZ
protein was detected using anti—-c-MYC Cy3 (clone 9E10’ Sigma-Aldrich).
p65 was detected using anti—Flag-biotin (Sigma-Aldrich) and secondary
Streptavidin-Alexa 488 antibody (Invitrogen). Fluorescence was observed
with a 63X/1.4-0.60 HCX PL APO objective on a DMIRE2-TCS SP2
AOBS confocal microscope system (Leica, Wetzlar, Germany) as de-
scribed.!” Images were acquired and analyzed using LCS 2.61 (Leica) and
processed using Photoshop CS2 (Adobe Systems, San Jose, CA).

NF-xB DNA-binding activity assay

Nuclear extracts were prepared using the NucBuster Protein Extraction Kit
(Novagen, Madison, WI) according to the manufacturer’s instructions. The
DNA-binding activity of NF-kB was assayed colorimetrically, using the
NoShift Transcription Factor Assay Kit and NoShift NF-«B (p65) reagents
(Novagen) according to the manufacturer’s instructions. To assess sequence-
specific binding activity, we incubated 15 pg of nuclear extract with various
combinations of biotinylated NF-kB wild-type dsDNA, specific NF-kB
competitor dsSDNA lacking biotin end labels, and nonspecific, nonbiontiny-
lated dsDNA with a mutant NF-«kB consensus binding motif. All assays
were performed in triplicate.

Measurement of apoptotic cell death

For detection of apoptosis, the annexin V-binding capacities of the treated
cells were examined by flow cytometry using an annexin V-PE Apoptosis
Detection Kit (Biovision, Mountain View, CA), according to the manufac-
turer’s instructions.

Ubiquitination assay

To analyze the ubiquitination of p65, we transfected 293FT cells with
expression plasmids encoding FLLAG-tagged p65, HA-tagged ubiquitin and
mycHis-tagged wild type or mutant SHBZ. Extracts were incubated with
anti-FLAG antibodies plus protein G-agarose, washed 5 times, and
analyzed by immunoblot with anti-HA antibody.

Synthesis of cDNA and semiquantitative RT-PCR

Total RNA was isolated using Trizol Reagent (GIBCO, Grand Island, NY)
according to the manufacturer’s instructions. We reverse transcribed 1 g
of total RNA into single-stranded ¢cDNA with SuperScript II reverse
transcriptase (Invitrogen). Using the forward (F) and reverse (R) primers
specific to the target genes, the cDNA was amplified by increasing number
of PCR cycles. The primers used for this study are shown in Table S1
(available on the Blood website; see the Supplemental Materials link at the
top of the online article). The intensity of PCR-amplified band was
quantified using ATTO densitography 4.0 (Atto Instruments, Tokyo, Japan).
The mRNA level of each product was normalized to the level of GAPDH
and calculated as a ratio to the level of the control. Representative results of
3 independent experiments are shown. ‘

Small interfering RNA (siRNA) transfection

siRNA targeted to human PDLIM2 was synthesized according to a previous
report.33 293FT cells were transfected with expression vectors and siRNA using'
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
Western blotting with anti-PDLIM?2 antibody (Abnova, Taipei, People’s Republic
of China) detected PDLIM2 protein 48 hours after transfection.

sHBZ transgenic mice

Transgenic mice expressing the spliced HBZ gene under control of CD4
specific promoter/enhancer/silencer have been reported previously.!!
CD4* cells were isolated from mice thymus using anti-mouse CD4
particles-DM (BD Biosciences, San Jose, CA) according to the manufactur-
er’s instructions. The experiments and protocols used were approved by the
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Animal Use and Care Committee of the Institute for Virus Research at
Kyoto University.

Statistical analyses

Statistical analyses were performed using the unpaired Student ¢ test.

Results
HBZ inhibits the classical NF-kB signaling pathway

To analyze the possible involvement of HBZ in several signaling
pathways in ATL, we first evaluated whether HBZ could influence
the AP-1, SRF and NF-«B pathways, which are activated by the
Tax protein, 335 using a transient transfection assay. There are
2 isoforms of the HBZ gene: spliced and unspliced HBZ. In most of
the experiments, we used sHBZ, because the protein derived from
sHBZ is more abundant and potent than that of usHBZ.!* As shown
in Figure 1A, the expression of sHBZ did not affect Tax-mediated
effects using SRF reporter. Consistent with the previous report,
sHBZ has ability to suppress Tax-induced AP-1 activation, and its
inhibitory effect was more significant than that of usHBZ (Figure
1B). In addition, sHBZ suppressed p65 mediated NF-«B activation
in a dose-dependent manner (Figure 1C).

Tax has been reported to activate NF-kB by several mecha-
nisms.*® sHBZ might have a negative regulatory effect on Tax-
mediated NF-kB activation. When co-expressed, sHBZ dramati-
cally repressed kB-Luciferase expression activated by wild type
Tax and Tax M47 mutant (Figure 2A,B). However, because Tax
M22 mutant did not activate NF-«B, HBZ expression had no effect.
The NF-kB suppressive effect mediated by usHBZ was much
weaker than that mediated by sHBZ. Although we previously
reported that sHBZ RNA was responsible for growth-promoting
activity,!! sHBZ RNA did not influence NF-kB (Figure 2A,
TTG-HBZ), indicating that HBZ protein has the suppressive
function on NF-kB. On the other hand, overexpression of Tax
overcame the sHBZ-mediated suppression of NF-«kB transcrip-
tional activation (Figure 2C).

It has been reported that activation of the classical NF-«kB
pathway by Tax is mediated by its ability to physically bind to
IKK+y, which results in enhanced phosphorylation and subse-
quent degradation of IkB.?! We analyzed whether sHBZ could
modulate the Tax-driven phosphorylation of IkBa using a
FunctionELISA kit (Figure 2D). No effects on the Tax-
up-regulated phosphorylation level of IkBa were observed
when cells were cotransfected with sHBZ. In addition, we
investigated whether HBZ influenced the interaction between
Tax and IKKy. 293FT cells were transfected with various
combinations of Tax, HA-tagged IKK<y and mycHis-tagged
sHBZ expression vectors. As shown in Figure 2E, sHBZ did not
interfere with the formation of Tax/IKK~y complexes, and there
was no obvious binding of sHBZ to IKKy or Tax.

Two main pathways control the nuclear translocation of NF-«B:
the classical and alternative NF-kB pathways.?® Recently, constitu-
tive activation of the alternative NF-kB pathway has been reported
in several lymphoid malignancies, where it may play a critical
role.*” We next analyzed the effect of sSHBZ on the alternative (p52
mediated) pathway of NF-«B activation. Figure 3A demonstrates
that sHBZ was not capable of suppressing p52-mediated NF-«B
activation. In addition, sHBZ had no remarkable effect on Tax-
mediated up-regulation of p52 and its precursor protein pl00
(Figure 3B). Thus, HBZ-mediated suppression of NF-«B activation
occurs via inhibition of the classical pathway.
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Figure 1. sHBZ inhibited NF-xB and AP-1 activation but did not influence the
SRF pathway. Jurkat cells were cotransfected with phRL-TK and reporter plasmid
pSRF-Luc (A), AP-1-Luc (B), or «B-Luc (C), respectively, with or without 1 or 3 pg
pME18Sneo-sHBZ and 1 pg pCG-Tax (AB) or 1 ng pCMV-Tag 2-p65 (C). The total
amount of DNA for transfection was equalized by adding empty vectors. After 48 hours, a
dual luciferase reporter assay was preformed as described in “Methods.” All the data shown
are relative values of firefly luciferase normalized to Renilla luciferase and expressed as
mean of a triplicate set of experiments (= SD).*P < .05;**P < .01.
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Domains of sHBZ responsible for suppression of NF-kB p65

Next, we sought to identify the region of sHBZ responsible for the
repression of NF-«kB activation. To this end, we tested the sHBZ
deletion mutants shown in Figure 4A. As shown in Figure 4B,
wild-type sHBZ dramatically down-regulated p65-mediated NF-«B
activation. Compared with other mutants, only the sHBZ-
AD +bZIP mutant exhibited weak suppressive activity.
Accumulating evidence shows that the interaction between
bZIP proteins and Rel family proteins affects their subcellular
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localization and modulates transcription activation.?$3? Therefore,
we investigated whether sSHBZ can physically interact with NF-kB
p65. 293FT cells were transfected with vectors expressing sHBZ
and p65. Figures 4C through E illustrate the physical binding
between sHBZ and p65 or p50. HBZ has 3 domains, an activation
domain (AD), a central domain (CD) and a basic leucine zipper
domain (bZIP). To determine which portion of sHBZ is necessary
for the binding with NF-«kB p65 protein, we performed a coimmu-
noprecipitation assay. Three mutants (sHBZ-AAD, sHBZ-AbZIP,
and sHBZ-AD+bZIP) could bind to p65 (Figure 4C), indicating
that at least 2 of 3 main domains in sHBZ were necessary for the
binding between sHBZ and p63. However, only sHBZ-AD+bZIP
could suppress NF-«B activation as shown in Figure 4B, indicating
the significance of AD and bZIP domains for binding with p635.

To determine which part of p65 protein is necessary for binding
with sHBZ, we tested the ability of a series of FLAG-tagged
truncated p65 proteins to interact with the full length of sHBZ
(Figure 4D). The p65 (313-551) mutant, which did not contain the

Rel homology domain, was incapable of interacting with the sHBZ
protein. The truncated p65, 1 to 320, which lacked the transactiva-
tion domain but remained the Rel homology domain, still inter-
acted efficiently with sSHBZ. We conclude that sHBZ interacts with
the Rel homology domain of p65. Next, we studied the binding of
sHBZ to p50 by immunoprecipitation. As shown in Figure 4E,
HBZ did not bind to pS0, and did not interfere with the binding
between p65 and p50.

The HBZ-p65 interaction was further investigated by confocal
microscopy. HBZ exhibited a granular speckles pattern as previ-
ously reported!S (Figure 4Fi). After stimulating with PMA/
ionomycin, the cotransfected cells showed nuclear spots represent-
ing colocalization of sHBZ and p65 (Figure 4F iii-v, vi-viii).

Because sHBZ interacts with p65, we studied whether sHBZ
inhibits the ability of p65 to bind the kB binding site. As expected,
sHBZ dramatically decreased p65 DNA binding capability (Figure
4G). Furthermore, analysis using deletion mutants of sHBZ
revealed that sHBZ-AD+bZIP could also decrease the binding of
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Figure 3. sHBZ did not affect alternative NF-xB pathway. (A) The effect of sHBZ
on p52-mediated alternative NF-xB activation. Jurkat cells were cotransfected with
kB-Luc, phRL-TK, pEF-p52, and pME18Sneo-sHBZ. Luciferase levels were mea-
sured after 48 hours. (B) sHBZ did not influence p52 and p100 expression. Jurkat
cells were cotransfected with vectors that express Tax and sHBZ. After 48 hours, cell
lysates were then subjected to immunoblot with anti-p52, Tax, and a-tubulin.

p65 protein to DNA. The suppressive effects of deletion mutants
lacking AD or bZIP were not statistically significant. This result
suggests that both AD and bZIP domains are important for the
inhibition of p65 binding to its target sequence, and coincides with
the results of the luciferase assay.

Taken together, these observations demonstrate that sHBZ
represses p65-induced transcription through direct physical associa-
tion between sHBZ and p65 via the AD and bZIP domains, and this
interaction inhibits the binding of p65 to target sites in DNA.

HBZ promotes p65 degradation through a
ubiquitination-dependent pathway

A previous report showed that HBZ could bind to c-Jun, and
decrease c-Jun protein via proteasome dependent mechanism.!”
Therefore, we analyzed whether sHBZ could also affect the
turnover of NF-«kB p65 protein. Expression of sHBZ repressed the
level of p65 protein in a dose-dependent manner (Figure 5A). To
determine which domain of sHBZ is responsible for the down-
regulation of p65 protein levels, we analyzed the level of p65 when
co-expressed with each of the sSHBZ mutants (Figure 5B). The level
of p65 was slightly decreased when the sHBZ-AD+bZIP mutant
was expressed, again suggesting that the AD and bZIP domains of
sHBZ are required for suppression of p65. By semiquantitative
RT-PCR, we confirmed that the level of p65 mRNA did not differ
when co-expressed with sSHBZ and its mutants (Figure 5B). Taken
together, these results demonstrated that sHBZ reduced the level of
p65 protein by acting at a posttranscriptional level.
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To further elucidate the mechanism by which sHBZ reduces the
amount of p65, we measured p65 levels after blocking caspase
activity because caspase-mediated cleavage of the NF-kB p65/
RelA subunit has been reported as a mechanism of decreasing p65
levels.?” The activity of z-VAD-fmk caspase inhibitor was con-
firmed by the finding that z-VAD-fmk could block apoptosis
induced by TNFa (Figure 5C). Treatment with z-VAD-fmk caspase
inhibitor did not change the down-regulation of p65 by sHBZ
(Figure 5C top panel), indicating that caspase-mediated cleavage of
p65 was not involved in this inhibitory effect.

Protein ubiquitination is a crucial modification, which induces
degradation of proteins in the proteasome and controls the activity
of many signaling molecules, including transcription factors such
as p53, c-Jun, and p65.4942 We therefore studied whether expres-
sion of sSHBZ could induce the polyubiquitination of p65 and
trigger the degradation of p65 protein. Immunoprecipitation studies
showed that expression of sHBZ induced heavy ubiquitination of
p65 (Figure 5D). In the presence of a proteasome inhibitor, SHBZ
remarkably accelerated the ubiquitination of p65 (Figure 5D). This
effect was far stronger than that of usHBZ (Figure 5E). Analysis of
sHBZ deletion mutations showed that only sHBZ-AD-+bZIP
induced polyubiquitination of p65, while other mutants had no
effect on p65 ubiquitination (Figure 5E).

Several ubiquitin E3 ligases have been shown to specifically
induce the ubiquitination of p65, including SOCS-1, Cul2, Elongin
B/C, and PDLIM2414% To identify the ubiquitin E3 ligase
responsible for polyubiquitination of p65 in Kit 225 cells, we
analyzed transcriptional profiles of these ubiquitin E3 ligase genes
in sHBZ-transfected and control cells. Expression of these candi-
date genes was analyzed by semiquantitative RT-PCR with differ-
ent cycles of amplification, which indicated that transcription of the
PDLIM?2 gene was up-regulated in sHBZ-transfected Kit 225 and
293FT cells (Figure 6A).

To confirm whether increased PDLIM2 expression is associated
with degradation of p65, we suppressed PDLIM?2 expression by
siRNA. When PDLIM?2 expression was inhibited, p65, decreased
by sHBZ, partially recovered, indicating that PDLIM2 acts in the
degradation of p65 induced by sHBZ (Figure 6B). A previous
report showed that PDLIM2 targets p65 to discrete intranuclear
compartments (insoluble nuclear fraction) where polyubiqutinated
p65 is degraded by the proteasome.*! We measured p65 levels in
soluble and insoluble nuclear fractions of 293FT cells transfected
with p65 and sHBZ expression vectors. The down-regulation of
p65 protein in the insoluble nuclear fraction was more significant
than that in the soluble fraction. Moreover, p65 levels in the
insoluble fraction, but not in the soluble fraction, were partially
restored by MG132 treatment (Figure 6C). These observations
suggested that the insoluble p65 mainly underwent proteasomal
degradation and were consistent with the idea that sHBZ acts on
p65 levels via PDLIM2. It remains to be elucidated whether HBZ
accelerates the ubiquitination of p65 by PDLIM2 in addition to
increasing the expression of the PDLIM?2 gene.

sHBZ partially represses selected classical NF-xB target genes

It is well established that the activation and translocation of NF-«xB
is associated with increased transcription of genes encoding
chemokines, cytokines, adhesion molecules, and inhibitors of
apoptosis. Recent studies showed that the classical and alternative
pathways of NF-«B influence the expression of different sets of
genes.?* Because HBZ suppresses the classical NF-«kB pathway, we
checked the effect of sSHBZ on the expression of p65-specific target
genes using Jurkat cells stably expressing sHBZ. Expression of
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Figure 4. Domains of sHBZ responsible for suppression of NF-kB p65. (A) Schematic diagram of HBZ and its mutants used in this study. Characteristic domains of HBZ
are indicated as follows: activation domain (AD), central domain (CD) and basic leucine zipper domain (bZIP). (B) Analysis of HBZ deletion mutants for the effect on
p65-mediated NF-«B activation. Jurkat cells were cotransfected with kB-Luc and phRL-TK, with or without 1 p.g of pCMV-Tag 2-p65, and with 1 or 5 g pME18Sneo-sHBZ or
sHBZ mutant. After 48 hours, luciferase levels were measured. *P < .05; **P < .01. Error bars represent SD. (C) Determination of the region of HBZ responsible for the
interaction with p65. 293FT cells were transfected with the indicated mycHis-sHBZ mutants along with the FLAG-p65 vector. Cell lysates were subjected to
immunoprecipitation (IP) using anti-c-Myc followed by immunoblotting (IB) using anti-FLAG. The expression levels of p65 and sHBZ mutants were detected. (D) Mapping the
region of the p65 protein necessary for the interaction with sHBZ. The schema of p65 deletion mutants has been shown. The locations of the Rel homology domain, the nuclear
localization signal (NLS), and the transactivation domain are indicated. 293FT cells were transfected with mycHis-sHBZ along with full-length or mutant FLAG-p65. At 48 hours
after transfection, total cell lysates were subjected to IP using anti-FLAG followed by IB using anti-His. (E) HBZ did not influence p65/p50 interaction. 293FT cells were
transfected with the indicated expression vectors. Cell lysates were subjected to IP using anti—c-Myc or anti-FLAG followed by IB using anti-HA. The expression levels of p65,
p50, and sHBZ were detected. (F) sHBZ colocalizated with p65 in the cell nucleus. Hela cells were transfected with mycHis-sHBZ together with (panels iii-viii) or without
(panels i,ii) FLAG-p65. sHBZ was detected using anti-MYC Cy3 antibody (panels i,iii,vi). p65 was detected using anti-Flag-biotin and secondary Streptavidin-Alexa 488
antibody (panels iv,vii). The overlay of sHBZ and p65 is shown (panels v,viii). DAPI (4,6 diamidino-2-phenylindole) was used to counterstain the nucleus (panel ii). (G) sHBZ
decreased p65 DNA binding capability. 293FT cells were transfected with FLAG-p65 together with either mycHis-sHBZ or one of its mutants. Cell lysates were subjected to the
enzyme-linked immunosorbent assay (ELISA)-based NoShift assay to measure the DNA binding capability of p65. The absorbance at 450 nm indicated the binding ability of
p65 (top panel). The bottom panel shows the amount of p65 and sHBZ in the 20% of input for analysis. *P < .05; **P < .01. Error bars represent SD.
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Figure 5. sHBZ promotes p65 degradation through a ubiquitination-dependent pathway. (A) sHBZ repressed the level of p65 in a dose-dependent manner. 293FT cells
were transfected with 1 pg pEF-p65 and various amounts of mycHis-sHBZ (0.2, 0.5, 1, 2, and 5 pg). After 36 hours, the cell lysates were subjected to immunoblotting.
(B) Activation and leucine-zipper domains of sSHBZ were necessary for suppression of p65. 293FT cells were transfected with 50 ng pEF-p65 and 250 ng either mycHis-sHBZ
or its mutants. At 36 hours after transfection, the level of p65 mRNA was analyzed by semiquantitative RT-PCR. The levels of GAPDH mRNA are shown as internal control (top
panel). Whole cell lysates were subjected to immunoblotting (bottom panel). (C) sHBZ-mediated suppression of p65 protein is caspase independent. Top panel: 293FT cells
were transfected with FLAG-p65 together with mycHis-sHBZ. The caspase inhibitor z-VAD-fmk was added 2 hours before transfection. At 48 hours after transfection, cell
lysates were subjected to immunoblotting. Bottorn panel: Jurkat cells were cultured in the presence of indicated drugs for 24 hours. Cell death was analyzed by annexin V
staining. (D,E) sHBZ accelerated the ubiquitination of p65. 293FT cells were transfected with FLAG-p65, HA-ubiquitin, and either mycHis-sHBZ or its mutants. After 24 hours,
cells were treated with or without MG 132 for 12 hours. Cell lysates were subjected to IP using anti-FLAG followed IB using anti-HA.

genes was analyzed by semiquantitative RT-PCR (Figure 7A).
Expression of sHBZ was associated with suppression of some
selected target genes, which are normally up-regulated after
PMA/ionomycin treatment, such as IL-8, IFN-vy, IL2RA, IRF4,
VCAM-1, and VEGF. Because PMA/ionomycin treatment activates
NF-«xB mainly by the classical pathway, this observation indicates

that HBZ expression modulates the transcription of genes activated
by the classical pathway. However, overexpression of sHBZ gene
might influence these results. Indeed, the level of sHBZ mRNA in
sHBZ expressing Jurkat cells was much higher than that in an ATL
cell line, MT-4 (Figure 7B). However, the level of sHBZ expression
in MT-4 cells is comparable to that of CD4* Tcells from
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HBZ-transgenic mice. In this transgenic mouse, sHBZ gene is
expressed by a mouse CD4-specific promoter/enhancer/silencer. To
investigate HBZ-mediated suppression of genes activated by the
classical NF-«B pathway in vivo, we studied the expression of
p65-specific target genes in thymus CD4+ cells from sHBZ
transgenic mice. After stimulating the cells with PMA/ionomycin,
expressions of IL2RA, IRF4, and VCAM-1 genes were suppressed
in sHBZ transgenic mice as observed in sHBZ transfected Jurkat
cells (Figure 7C).

Discussion

Activation of the NF-kB signaling pathway, which has been
reported in various cancer cells, plays an important role in the
development and progression of tumor cells.*47 In oncogenesis by
HTLV-1, the tax gene has been extensively studied. Tax can
activate various transcription pathways and functionally inhibit p53
and MAD1.7 Furthermore, various tumors have been observed in
fax gene transgenic animals, depending on the promoter used.4849
These findings show the oncogenic potential of Tax in vivo.
Although Tax can transform Rat-1 cells in vitro, a Tax mutant
lacking the ability to activate NF-kB lost its transforming activity,
indicating that NF-kB activation is indispensable for Tax mediated
transformation.'® Tax can activate NF-xB by both the classical and
alternative pathways via its interactions with IKK-y?® and p100.22
Although they are often activated concurrently, the classical and
alternative NF-xB pathways have distinct regulatory functions.
Accumulating evidence suggests that the alternative NF-kB path-
way is more important in several cancers.? It has been reported that
the classical and alternative NF-«xB pathways differentially control
genes with anti-apoptotic functions in lymphoma cell lines.5 In
transformation by Tax, it has been reported that the alternative
pathway is critical.>! This study demonstrates the selective suppres-
sion of the classical NF-«kB pathway by HBZ, a phenomenon that
selectively modulates NF-kB activation by Tax. In many ATL cells,
Tax is not expressed, while the HBZ gene is expressed in all ATL
cases. Even in ATL cells without Tax expression, NF-kB is
constitutively activated.>? Recently, elevated expression of NIK has
been reported in ATL cells.> Because NIK activates both the
classical and alternative NF-kB pathways, HBZ might modulate
the classical NF-kB pathway even in the absence of Tax, leading to

predominant activation of alternative pathway, and perhaps to
oncogenesis.

The classical NF-«kB pathway is still potently activated by Tax
in the HTLV-1 transformed T-cell lines, such as MT-4 and MT-2,
regardless of HBZ expression. Because these cell lines express
large amount of Tax, it is likely that HBZ does not have strong
suppressive effect on classical pathway of NF-«kB due to excess Tax
expression. However, the effect of HBZ on the classical NF-«B
pathway may be more pronounced when the level of Tax expres-
sion is down-regulated or silenced as in chronically infected T cells
in infected people and ATL cells.

Many viruses have developed strategies to manipulate NF-kB
signaling through the use of multifunctional viral proteins. For
example, the HIV-1 encoded Tat protein enhances NF-xB
mediated LTR activation while HIV-1 Nef induces the expres-
sion of NF-«B inhibitor, IkBa, to suppress this pathway.3
In Epstein-Barr virus, the LMP-2 viral protein activates the
NF-xB pathway by the recruitment of cellular adaptor proteins,
TNF receptor-associated factor families and TNF receptor—
associated death domain, to the C-terminal domain. Like HBZ,
the EBV bZIP protein inhibits the classical NF-kB pathway
through interacting with p65.28 Similar suppression of NF-kB
has been reported for other viruses, including African swine
fever virus, hepatitis C virus, and human herpesvirus-8. These
findings show that NF-kB suppressive activities are common
among different viruses, suggesting that these activities are
important for viral infection. In this regard, it is noteworthy that
transcription of the /FNvy and IRF4 genes, which is induced by the
classical pathway, is suppressed by HBZ as shown in this study. A virus
might facilitate escape from the host immune system by suppressing the
classical NF-«B pathway in such a manner.

Viruses have evolved to sneak through the innate and adaptive
antiviral response both at the cellular and whole organism levels,
for survival and successful spread of infection. One mechanism
used by some viruses to avoid immune surveillance is to control the
level of cellular transcription factors by sorting them for degrada-
tion through ubiquitination. In all instances of which we are
currently aware, this modulation process takes place at the level of
E3 ligase, that is, at the step where the substrate specificity is
critically defined. Some viral proteins act as E3 ligases, and others
redirect host ubiquitin E3 ligases to target new substrate proteins.
For example, the E6 oncoprotein of human papilloma virus binds
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Figure 7. Suppressed expression of selected classical NF-«B target genes in
vitro and in vivo by sHBZ. (A) Transcriptional changes of selected classical NF-xB
target genes in sHBZ-expressing Jurkat cells. After stimulating the cells with PMA
plus ionomycin, the levels of TNF-«, IL-8, IFN-y, IL2RA, CCR7, IRF1, IRF4, BCL3,
ICAM-1, VCAM-1, VEGF, TAP1, and GAPDH mRNA were analyzed by increasing

cycles of semiquantitative RT-PCR, represented by the ramp on the left.
(B) Comparison of the HBZ gene transcripts in an ATL cell, MT-4, in HBZ-transfected
Jurkat cells, and in CD4* thymocytes from HBZ transgenic mice. All samples were
amplified over the same number of PCR cycles as shown. (C) Transcriptional
changes of selected classical NF-«B target genes in CD4* thymocytes from sHBZ
transgenic mice. After stimulating the cells with PMA plus ionomycin, the levels of
TNF-«, IL2RA, IRF1, IRF4, VCAM-1, and GAPDH mRNA were analyzed by
increasing cycles of semiquantitative RT-PCR, represented by the ramp on the left.
*P<.05"P < .01.

the tumor suppressor p53 through its interaction with another
cellular protein, E6-associated protein, leading to the degradation
of p53 via the ubiquitin-mediated pathway.>> VIF encoded by
HIV-1 connects APOBEC3G and APOBECSF as a substrate to the
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multisubunit E3 ligase for polyubiquitination and degradation.’
Our study is the first to report that a viral protein enhances
expression of the cellular ubiquitin E3 ligase, PDLIM2, resulting in
the degradation of p65. In T cells, PDLIM2 can interact with STAT
and p65 transcription factors and promote their polyubiquitination
and subsequent degradation, thereby negatively regulating STAT
and NF-kB-dependent signaling.*!*” We have not yet clarified
whether HBZ can negatively regulate the JAK/STAT pathway.
Because PDLIM?2 is expressed not only in T cells but also in innate
immune cells,”” we speculate that the positive effect of HBZ on
PDLIM2 expression might also influence T-cell proliferation and
immune responses.

There are 2 transcripts of the HBZ gene. The transcript of the
sHBZ gene is more abundant than that of usHBZ as reported.!*
Inhibitory effect of sHBZ on Tax mediated transcription from
5'LTR was much stronger than that of usHBZ, and sHBZ has a
much longer half-life than usHBZ. Therefore, the protein level of
sHBZ is much higher than that of usHBZ,3? which leads to stronger
inhibitory activity of the classical NF-«kB pathway as shown in this
study. Taken together, SHBZ, rather than usHBZ, is more important
in HTLV-1 infected cells.

As shown in this study, HBZ downmodulates the classical
NF-kB pathway by 2 mechanisms, (1) inhibition of DNA binding
by p65 and (2) enhanced degradation of p65, leading to decreased
expression of some RelA specific target genes. Such a function of
HBZ in cooperation with Tax-mediated activation might be benefi-
cial for proliferation of infected cells and oncogenesis. Further
studies are necessary to clarify the significance of HBZ in
proliferation of infected cells and oncogenesis.

Acknowledgments

This work was supported by a Grant-in-aid for Scientific Research
from the Ministry of Education, Science, Sports, and Culture of
Japan, a grant from the Uehara Memorial Foundation, a grant from
the Naito Foundation, and a grant from the Sumitomo Foundation
to M.M.

Authorship

Contribution: T.Z., J.Y., Y.S., M.N., M.E, and M.M. designed the
research; T.Z., J.Y., Y.S., and M.T. performed the research; T.Z.,
M.N., M.E, and M.M. analyzed the data; and T.Z.,J.Y., M.N.,, M.F,,
and M.M. wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Masao Matsuoka, MD, PhD, Laboratory of
Virus Control, Institute for Virus Research, Kyoto University, 53
Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan; e-mail:
mmatsuok @virus.kyoto-u.ac.jp.

1. Uchiyama T, Yodoi J, Sagawa K, Takatsuki K,
Uchino H. Adult T-cell leukemia: clinical and he-
matologic features of 16 cases. Blood. 1977,50:
481-492. 4

2. Poiesz BJ, Ruscetti FW, Gazdar AF, Bunn PA, Minna
JD, Gallo RC. Detection and isolation of type C retro-
virus particles from fresh and cultured lymphocytes
of a patient with cutaneous T-cell lymphoma. Proc
Natl Acad SciU S A. 1980;77:7415-7419. 5

3. HinumaY, Nagata K, Hanaoka M, et al. Adult T-celt

2031-2035.

leukemia: antigen in an ATL cell line and detection of
antibodies to the antigen in human sera. Proc Natl
Acad SciU S A. 1981;78:6476-6480.

. Yoshida M, Miyoshi |, Hinuma Y. Isolation and 6
characterization of retrovirus from cell lines of
human adult T-cell leukemia and its implication in
the disease. Proc Natl Acad Sci U S A. 1982,79:

. Seiki M, Hattori S, Hirayama Y, Yoshida M. Hu-
man adult T-cell leukemia virus: complete nucleo-

tide sequence of the provirus genome integrated
in leukemia cell DNA. Proc Natl Acad Sci U S A.
1983;80:3618-3622.

. Franchini G, Fukumoto R, Fullen JR. T-cell con-
trol by human T-cell leukemia/lymphoma virus
type 1. Int J Hematol. 2003;78:280-296.

7. Grassmann R, Aboud M, Jeang KT. Molecular
mechanisms of cellular transformation by HTLV-1
Tax. Oncogene. 2005;24:5976-5985.



2764

8.

14.

15.

16.

20.

21.

22.

ZHAO et al

Larocca D, Chao LA, Seto MH, Brunck TK. Hu-
man T-cell leukemia virus minus strand transcrip-
tion in infected T-cells. Biochem Biophys Res
Commun. 1989;163:1006-1013.

. Gaudray G, Gachon F, Basbous J, Biard-

Piechaczyk M, Devaux C, Mesnard JM. The
complementary strand of the human T-cell leuke-
mia virus type 1 RNA genome encodes a bZIP
transcription factor that down-regulates viral tran-
scription. J Virol. 2002;76:12813-12822.

. Amnold J, Yamamoto B, Li M, et al. Enhancement

of infectivity and persistence in vivo by HBZ, a
natural antisense coded protein of HTLV-1.
Blood. 2006;107:3976-3982.

Satou Y, Yasunaga J, Yoshida M, Matsuoka M.
HTLV-| basic leucine zipper factor gene mRNA
supports proliferation of aduit T-cell leukemia
cells. Proc Natl Acad Sci U S A. 2006;103:720-
725.

. Cavanagh MH, Landry S, Audet B, et al. HTLV-I

antisense transcripts initiating in the 3'LTR are
alternatively spliced and polyadenylated. Retrovi-
rology. 2006;3:15.

. Murata K, Hayashibara T, Sugahara K, et al. A

novel alternative splicing isoform of human T-cell
leukemia virus type 1 bZIP factor (HBZ-SI) tar-
gets distinct subnuclear localization. J Virol.
2006;80:2495-2505.

Usui T, Yanagihara K, Tsukasaki K, et al. Charac-
teristic expression of HTLV-1 basic zipper factor
(HBZ) transcripts in HTLV-1 provirus-positive
cells. Retrovirology. 2008;5:34.

Basbous J, Arpin C, Gaudray G, Piechaczyk M,
Devaux C, Mesnard JM. The HBZ factor of hu-
man T-cell leukemia virus type | dimerizes with
transcription factors JunB and c-Jun and modu-
lates their transcriptional activity. J Biol Chem.
2003;278:43620-43627.

Lemasson |, Lewis MR, Polakowski N, et al. Hu-
man T-cell leukemia virus type 1 (HTLV-1) bZIP
protein interacts with the cellular transcription fac-
tor CREB to inhibit HTLV-1 transcription. J Virol.
2007;81:1543-1553.

. Matsumoto J, Ohshima T, Isono O, Shimotohno

K. HTLV-1 HBZ suppresses AP-1 activity by im-
pairing both the DNA-binding ability and the sta-
bility of c-Jun protein. Oncogene. 2005;24:1001-
1010.

. Yamaoka S, Inoue H, Sakurai M, et al. Constitu-

tive activation of NF-kappa B is essential for
transformation of rat fibroblasts by the human
T-cell leukemia virus type | Tax protein. EMBO J.
1996;15:873-887.

. Jin DY, Giordano V, Kibler KV, Nakano H, Jeang

KT. Role of adapter function in oncoprotein-medi-
ated activation of NF-kappaB. Human T-cell leu-
kemia virus type | Tax interacts directly with Ikap-
paB kinase gamma. J Biol Chem. 1999;274:
17402-17405.

Chu ZL, Shin YA, Yang JM, DiDonato JA, Ballard
DW. IKKgamma mediates the interaction of cellu-
lar IkappaB kinases with the tax transforming pro-
tein of human T-cell leukemia virus type 1. J Biol
Chem. 1999;274:15297-15300.

Iha H, Kibler KV, Yedavalli VR, et al. Segregation
of NF-kappaB activation through NEMO/IKK-
gamma by Tax and TNFalpha: implications for
stimulus-specific interruption of oncogenic signal-
ing. Oncogene. 2003;22:8912-8923.

Xiao G, Cvijic ME, Fong A, et al. Retroviral onco-
protein Tax induces processing of NF-kappaB2/
p100in T cells: evidence for the involvement of
IKKalpha. EMBO J. 2001;20:6805-6815.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

BLOOD, 19 MARCH 2009 - VOLUME 113, NUMBER 12

Beinke S, Ley SC. Functions of NF-kappaB1 and
NF-kappaB2 in immune cell biology. Biochem J.
2004,382:393-409.

Bonizzi G, Karin M. The two NF-kappaB activa-
tion pathways and their role in innate and adap-
tive immunity. Trends Immunol. 2004;25:280-288.

Cook JL, Walker TA, Worthen GS, Radke JR.
Role of the E1A Rb-binding domain in repression
of the NF-kappa B-dependent defense against
turmnor necrosis factor-alpha. Proc Natt Acad Sci
U S A. 2002;99:9966-9971.

Friess M, Engelhardt P, Dobbelaere D,
Zurbriggen A, Grone A. Reduced nuclear translo-
cation of nuclear factor (NF)-kappaB p65 in the
footpad epidermis of dogs infected with distemper
virus. J Comp Pathol. 2005;132:82-89.

Neznanov N, Chumakov KM, Neznanova L,
Almasan A, Banerjee AK, Gudkov AV. Proteolytic
cleavage of the p65-RelA subunit of NF-kappaB
during poliovirus infection. J Biol Chem. 2005;
280:24153-24158.

Morrison TE, Kenney SC. BZLF1, an Epstein-
Barr virus immediate-early protein, induces p65
nuclear translocation while inhibiting p65 tran-
scriptional function. Virology. 2004;328:219-232.

Okamoto S, Mukaida N, Yasumoto K, et al. The
interleukin-8 AP-1 and kappa B-like sites are ge-
netic end targets of FK506-sensitive pathway ac-
companied by calcium mobilization. J Biol Chem.
1994;269:8582-8589.

Fujisawa J, Toita M, Yoshimura T, Yoshida M. The
indirect association of human T-cell leukemia vi-
rus tax protein with DNA results in transcriptional
activation. J Virol. 1991;65:4525-4528.

Honda Y, Tojo M, Matsuzaki K, et al. Cooperation
of HECT-domain ubiquitin figase hHYD and DNA
topoisomerase |I-binding protein for DNA damage
response. J Biol Chem. 2002;277:3599-3605.

Yoshida M, Satou Y, Yasunaga Ji, Fujisawa Ji,
Matsuoka M. Transcriptional control of spliced
and unspliced HTLV-1 bZIP factor gene. J Virol.
2008;82:9359-9368.

Loughran G, Healy NC, Kiely PA, Huigsloot M,
Kedersha NL, O’Connor R. Mystique is a new
insulin-like growth factor-I-regulated PDZ-LIM
domain protein that promotes cell attachment and
migration and suppresses Anchorage-indepen-
dent growth. Mol Biol Cell. 2005;16:1811-1822.

Azran |, Schavinsky-Khrapunsky Y, Aboud M.
Role of Tax protein in human T-cell leukemia virus
type-l leukemogenicity. Retrovirology. 2004;1:20.

Jeang KT. Functional activities of the human T-
cell leukemia virus type | Tax oncoprotein: cellular
signaling through NF-kappa B. Cytokine Growth
Factor Rev. 2001;12:207-217.

Sun SC, Yamaoka S. Activation of NF-kappaB by
HTLV-I and implications for cell transformation.
Oncogene. 2005;24:5952-5964.

Keats JJ, Fonseca R, Chesi M, et al. Promiscu-
ous mutations activate the noncanonical NF-kap-
paB pathway in multiple myeloma. Cancer Cell.
2007;12:131-144,

Gutsch DE, Holley-Guthrie EA, Zhang Q, et al.
The bZIP transactivator of Epstein-Barr virus,
BZLF1, functionally and physically interacts with
the p65 subunit of NF-kappa B. Mol Cell Biol.
1994;14:1939-1948.

Stein B, Baldwin AS Jr, Ballard DW, Greene WC,
Angel P, Herrlich P. Cross-coupling of the NF-
kappa B p65 and Fos/Jun transcription factors
produces potentiated biological function. EMBO
J.1993;12:3879-3891.

Dornan D, Wertz |, Shimizu H, et al. The ubiquitin

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

ligase COP1 is a critical negative regulator of
p53. Nature. 2004;429:86-92.

Tanaka T, Grusby MJ, Kaisho T. PDLIM2-medi-
ated termination of transcription factor NF-kap-
paB activation by intranuclear sequestration and
degradation of the p65 subunit. Nat Immunol.
2007,8:584-591.

Wertz IE, O'Rourke KM, Zhang Z, et al. Human
De-etiolated-1 regulates c-Jun by assembling a
CULA4A ubiquitin ligase. Science. 2004;303:1371-
1374.

Maine GN, Mao X, Komarck CM, Burstein E.
COMMD?1 promotes the ubiquitination of NF-kap-
paB subunits through a cullin-containing ubiquitin
ligase. EMBO J. 2007;26:436-447.

Ryo A, Suizu F, Yoshida Y, et al. Regulation of
NF-kappaB signaling by Pin1-dependent proly!
isomerization and ubiquitin-mediated proteolysis
of p65/RelA. Mol Cell. 2003;12:1413-1426.
Saccani S, Marazzi |, Beg AA, Natoli G. Degrada-
tion of promoter-bound p65/RelA is essential for
the prompt termination of the nuclear factor kap-
paB response. J Exp Med. 2004;200:107-113.

Pikarsky E, Porat RM, Stein |, et al. NF-kappaB
functions as a tumour promoter in inflammation-
associated cancer. Nature. 2004;431:461-466.

Karin M. Nuclear factor-kappaB in cancer devel-
opment and progression. Nature. 2006;441:431-
436.

Grossman WJ, Kimata JT, Wong FH, Zutter M,
Ley TJ, Ratner L. Development of leukemia in
mice transgenic for the tax gene of human T-cell
leukemia virus type I. Proc Natl Acad SciU S A.
1995;92:1057-1061.

Hasegawa H, Sawa H, Lewis MJ, et al. Thymus-
derived leukemia-lymphoma in mice transgenic
for the Tax gene of human T-lymphotropic virus
type |. Nat Med. 2006;12:466-472.

Bernal-Mizrachi L, Lovly CM, Ratner L. The role
of NF-{kappa}B-1 and NF-{kappa}B-2-mediated
resistance to apoptosis in lymphomas. Proc Natl
Acad Sci U S A. 2006;103:9220-9225.

Higuchi M, Tsubata C, Kondo R, et al. Coopera-
tion of NF-kappaB2/p100 activation and the PDZ
domain binding motif signal in human T-cell leu-
kemia virus type 1 (HTLV-1) Tax1 but not HTLV-2
Tax2 is crucial for interleukin-2—independent
growth transformation of a T-cell line. J Virol.
2007;81:11900-11907.

Mori N, Fujii M, lkeda S, et al. Constitutive activa-
tion of NF-kappaB in primary adult T-cell leuke-
mia cells. Blood. 1999;93:2360-2368.

Saitoh Y, Yamamoto N, Dewan MZ, et al. Overex-
pressed NF-kappaB-inducing kinase contributes
to the tumorigenesis of adult T-cell leukemia and
Hodgkin Reed-Sternberg cells. Blood. 2008;111:
5118-5129.

Qiao X, He B, Chiu A, Knowles DM, Chadburn A,
Cerutti A. Human immunodeficiency virus 1 Nef
suppresses CD40-dependent immunoglobulin
class switching in bystander B cells. Nat Immu-
nol. 2006;7:302-310.

Scheffner M, Werness BA, Huibregtse JM, Levine
AJ, Howley PM. The E6 oncoprotein encoded by
human papillomavirus types 16 and 18 promotes
the degradation of p53. Cell. 1990;63:1129-1136.
Yu X, YuY, Liu B, et al. Induction of APOBEC3G
ubiquitination and degradation by an HIV-1 Vif-
Culs-SCF complex. Science. 2003;302:1056-
1060.

Tanaka T, Soriano MA, Grusby MJ. SLIM is a
nuclear ubiquitin E3 ligase that negatively regu-
lates STAT signaling. Immunity. 2005;22:729-736.



Molecular Aspects of Medicine 31 (2010) 359-366

Contents lists available at ScienceDirect

‘Molecular As"pects
"~ - of Medicine

Molecular Aspects of Medicine _—

journal homepage: www.elsevier.com/locate/mam

Review
HTLV-1 bZIP factor gene: Its roles in HTLV-1 pathogenesis

Masao Matsuoka

Institute for Virus Research, Kyoto University, 53 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan

ARTICLE INFO ABSTRACT
Keywords: The HTLV-1 bZIP factor (HBZ) gene is transcribed as an anti-sense transcript of HTLV-1
Human T-cell leukemia virus type 1 (HTLV-1) from the 3’ long terminal repeat (LTR). Recent studies showed that the HBZ gene was
Tax expressed in all ATL cases, suggesting its critical role in leukemogenesis. In addition, only
}]fli‘l:,e' rLgZ:!l:]efi;:Stor(HBZ) the HBZ gene sequence remains intact, unaffected by nonsense mutations and deletion.
E HBZ mRNA promotes proliferation of adult T-cell leukemia (ATL) cells. The HBZ protein
has three domains: activation, central, and bZIP domains. HBZ interacts with a variety of
cellular factors, and modulates not only cellular functions, but also viral gene transcription
from 5'LTR. The complex functions of HBZ modulate T-cells, and promote their prolifera-
tion, which is likely indispensable for leukemogenesis by HTLV-1.
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1. Introduction

Human T-cell leukemia virus type 1 (HTLV-1) was first reported in 1980 (Poiesz et al., 1980). Thereafter, its causative
association with adult T-cell leukemia (ATL) was clarified (Hinuma et al., 1981). The whole sequence was reported by
Yoshida’s group (Seiki et al., 1983), who revealed the unique region between env and 3’ long terminal repeat (LTR), desig-
nated the pX region. The pX region encodes regulatory genes, tax and rex, in addition to accessory genes, p12, p13, and
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Fig. 1. Spliced and unspliced HBZ genes. Schema of the spliced and unspliced HBZ genes is.shown (A). Structure of tax gene is also shown. The coding
sequences of the HBZ and tax gene do not overlap. The N-terminal region of predicted amino acid sequences are shown in (B).

p30. At that time, researchers of HTLV-1 noticed an open reading frame in the minus strand. The presence of an anti-sense
transcript of HTLV-1 was first detected by Northern blot in HTLV-1-infected cell lines (Larocca et al., 1989). However, the
function and exact structure of this gene product remained unknown. This is because researchers naturally focused on
Tax, a fascinating viral protein with pleiotropic actions, and the concept of anti-sense transcription was not so common
at that time. In 2002, a viral protein that binds to CREB-2 was found by yeast two-hybrid screening, and named HTLV-1 bZIP
factor (HBZ). HBZ was first found to inhibit viral gene transcription of the sense strand (Gaudray et al., 2002). In a separate
study, we analyzed HTLV-1 provirus in ATL cells, and reported that Tax expression was frequently disrupted by several
mechanisms (Matsuoka and Jeang, 2007). However, the HBZ gene sequence, as well as the 3'LTR that is its promoter, re-
mained intact (Fan et al., 2010; Yoshida et al., 2008). In addition, the spliced form of the HBZ gene transcript was identified
and was expressed in all ATL cases. Importantly, HBZ gene expression promoted proliferation of ATL cells (Satou et al., 2006).
Thus, HBZ is now recognized as a critical gene for ATL cells. In this review, recent findings on HBZ are summarized, and its
roles in HTLV-1 infectivity and oncogenesis discussed.

2. Structure and transcription of the HBZ gene

Transcription start sites of the HBZ gene were identified by 5' RACE (Cavanagh et al., 2006; Murata et al., 2006: Satou et al.,
2006). These studies revealed different transcripts of the HBZ gene: a spliced form (sHBZ) and an unspliced form (usHBZ)
(Fig. 1). The first exon of the sHBZ gene transcript is present in U3 and R regions of the 3'LTR. The difference between sHBZ
and usHBZ is only a few amino acids, as shown in Fig. 1B. Transcription start sites of the spliced HBZ gene were scattered in
the U5 and R regions of the 3'LTR, which is consistent with the finding that the predicted promoter was TATA-less (Yoshida
et al., 2008). Analyses of transcription factor binding sites of the promoter region showed that three Sp1 binding sites were
critical for transcription of the HBZ gene while the third Sp1 site was most important.

Binding of Sp1 to this site was proved by chromatin immunoprecipitation. It has been reported that Sp1 is critical for
many TATA-less promoters (Boam et al., 1995; Liu and Cowell, 2000). Since Sp1 is a well-known regulator of housekeeping
genes, transcription of the sHBZ gene may be relatively constant. Taken together, Sp1 is critical for transcription of the HBZ
gene. As described below, the HBZ gene transcript is better correlated with provirus load than the tax gene transcript (Saito
et al., 2009), indicating that the HBZ gene is constantly expressed in HTLV-1 infected cells. Thus, transcription from the minus
strand contrasts with that from the 5'LTR on the plus strand, which is highly inducible by Tax. Viral genes other than the HBZ
gene are transcribed by the 5'LTR and HBZ suppresses transcription from the 5'LTR. This is an ingenious mechanism to con-
trol expression of viral proteins. Tax can activate transcription of the HBZ gene through a Tax responsive element (TRE) (Lan-
dry et al, 2009; Yoshida et al., 2008). However, its enhancement is not so significant, and Tax expression is usually controlled
in vivo. Therefore, the significance of Tax mediated upregulation of the HBZ gene transcription remains to be determined.

Quantitative analyses of the HBZ gene transcripts were reported by two groups (Saito et al., 2009 Usui et al., 2008). Tran-
scripts of the spliced form of the HBZ gene were fourfold more abundant than those of the usHBZ gene (Usui et al., 2008). This
observation correlates with the finding that the promoter activity of the sHBZ gene was much higher than that of the usHBZ
gene (Yoshida et al,, 2008). Relative expression level of the HBZ gene that was adjusted by provirus load was almost equiv-
alent among HTLV-1 carriers, HAM/TSP patients, and ATL patients (Saito et al., 2009). A previous study reported that HTLV-1
provirus load was correlated with the expression level of the tax gene (Yamano et al., 2002). However, the HBZ gene tran-
script was more closely correlated with provirus load than was the level of the tax gene transcripts (Saito et al., 2009). Kinetic
study of the sHBZ gene transcripts in rabbits shows that sHBZ gene transcription was detected one week post-infection and



