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was used to stain nuclei (blue).

Figure 6 Confocal analyses of p53, Wip1 and Tax in MEF cells. (A) Ahalysis of cell endogenous Wip1 and Tax expression and localization by
immunofluorescence staining in MEF cells transfected with a Tax expression plasmid for 48 hours. Cells were stained with anti-Tax (red) and
anti-Wip1 {green) antibodies. The nuclei were stained with DAPI (blue). Arrows point to cell that expresses Tax {red) and a neighboring cell that
does not express Tax. The same two cells are shown to express equal intensities of Wip1 (green). DAPI (blue) stains cellular nuclei. (8) The
colocalization of cell endogenous p53 and Wip1 in MEF cells. Cells were stained with anti-p53 {red)) or ant-Wip1 (green) antibodies, and DAPI

. viruses; some encode proteins that repress p53 activity.
Hence, SV40 large T-antigen stabilizes, but inactivates,
p53; adenovirus E1B-55-kDa protein, and the E6 onco-
protein of human papilloma virus (HPV) types 16 and
18 target pb3 for ubiquitinylation and degradation
[91-93]. In the case of HTLV-1, our work here reaffirms
previous findings that Tax indeed attenuates p53's tran-
scriptional activity in cultured cells (Figure 3). However,
a perhaps more important implication to arise from our
study is that we compare for the first time the impact of
Tax inactivation of p53 wversus p53 inactivation by
genetic mutation for their relative contributions to
in vivo tumorigenesis in mice. To date, it generally has

been believed that Tax stringently inactivates p53 activity -

reducing the need for ATL cells to acquire p53 inactivat-
ing mutations. Our results are, however, incongruent
with this notion. Thus, we found that Tax induces
tumorigenesis in mice much more robustly in a p53™~
setting than in a p53*" context (Figure 2A), suggesting
that Tax inhibition of p53 in the latter context is signifi-
cantly less complete than p53 inactivation viz gene
mutation. Our findings differ somewhat from those
reported by Portis et al. [94]. The differences may be

due to variances in the mouse numbers, the mouse
strains, and the criteria used to determine twnor-free
survival and when euthanasias of mice are performed.
To date, in the published literature, only cross-sectional
findings are associated between p53 genetic mutations
and human ATLLs [54]. These findings do not offer clar-
ity on when p53 mutations occurred relative to HTLV-1
infection, Tax expression, and the onset of transform-
ation of ATLL cells. Our results in mice provide prospect-
ive analyses of the contribution of a p53™ genotype to the
initiation of i1 vivo tumorigenesis by Tax. Accordingly, ex-
trapolating our mouse findings to humans suggests that
early loss of p53 through a P53~ genetic mutation in cells
infected by HTLV-1 foretells a worse prognosis compared
to a corresponding infection in a counterpart pS3**
setting. ,

In our investigation of p53 inactivation, we report for
the first time a contributory role by Wipl in Tax-
tumorigenesis. Our insight into the role of Wipl arose
from the observation that loss of Wipl (i.e. Wipl™") sig-
nificantly reduced the frequency of tumor development
in Tax transgenic mice (Figure 4B). We linked this ob-
servation to a Wipl-mediated p53 effect because we
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found that Wipl™~ MEFs have significantly increased
P53 activity over their WipI** counterparts. Thus, a
parsimonious interpretation of the collective findings is
that loss of Wipl phosphatase (ie. Wipl™") increases
cell endogenous p53 activity (Figures 3D and E), and this
increase in p53 function reduces Tax-tumorigenicity in
Tax* Wipl™" mice (Figure 4B). Hence, the magnitude of
p53 activity is important in regulating the extent of
in vivo Tax tumorigenesis, and this view is further con-
sistent with the tumor-free survival results comparing
Tax*p53** and Tax*p53™" mice (Figure 1).

The potential value of inhibiting Wipl in moderating
cancer progression is not only limited to Tax—induced
tumors because a Wipl effect has also been suggested in
mamimary gland tumors [95], lymphdmas [96], colorectal
cancers [97], and other spontaneous tumors [98]. Going
forward further clarification is needed to understand
whether Wipl's effect on many cancers and its impact
on Tax-driven tumor formation are primarily due to its
effect on p53 signaling or may also arise from its known

effects on other pathways, such as ARF, ATM, and p38

MAPK signaling [96,99]. Studies that compare the in vivo
tumorigenesis frequencies seen in Tax"Wipl “p537"
versus Tax* WipI**p53™~ mice (two genotypes currently
being bred in our laboratory) may help to address whether
Wipl has important substrates other than p53 that con-
tribute to Tax-mediated transformation. In. other models
- of carcinogenesis, it has been shown that the singular
over-expression of Wipl is insufficient to initiate oncogen-
esis [100] and that Wipl mostly promotes tumors by
cooperating with known oncogenes [100]. Nevertheless,
amplification of the Wipl gene has been described for
numerous human primary tumors [101-112], with virtu-
ally all such tumors being genetically p53 wild-type
[71,72,113]. Based on this observation, one wonders if the
low selective pressure for p53 mutations in ATLL could
be due to Wip!l gene amplification in these cells. To our
knowledge, this important question has not yet been
investigated in ATLLs.

Conclusions

In summary, despite much progress in HTLV-1 research
over the past three decades [114], a salient finding to
emerge from this work is the new identification of Wipl
as' a cooperating cellular co-factor of Tax in p53-
inactivation and iz vivo tumorigenesis. Currently, our
confocal imaging results suggest a colocalization be-
tween Tax, Wipl, and p53 within the nucleus (Figure 6
and Additional file 2: Figure S2), but we still lack suffi-
cient data to decipher mechanistically how Tax and
Wipl cooperate to inactivate p53. Amongst several
plausible mechanisms, we remain unable to conclude
whether Tax can increase Wipl dephosphorylation of
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p53 and/or MDM2, a major inhibitor of p53 that has
been reported to also be a target of Wipl [99]. Nonethe-
less, the functional delineation here of a contribution by
Wipl to Tax tumorigenesis (Figure 4B) does raise the
possibility that future uses of small molecule Wipl
phosphatase-inhibitors [115] may benefit ATLL treatment.

Methods

Animals and genotyping

The Tax and Wipl+/- transgenic mice were previously
described [15,74]. The p53-mutant mice were purchased
from the Jackson lab (strain:B6.12952-TrpS3tml TyjlT)

- [68]. The Wipl and p53 knockout and 7Zax transgenic |

mice were all generated in C57BL/6 x 129/sv back-
grounds [15,68,74]. Genotypes of the mice were determined
by polymerase chain reactions (PCRs) using primers: Tax
(Tax-F-7511-7530: 5'-tcgg; ctmgctctacagttc—?; Tax-R-8044-
8025: S—tvagggttgagtgga"ac ga-3'), p53 (wit: 5’ —acagcotggtgg
taccttat~3 mutant:- 5'-ctatcaggacatagegttgg-3’ and com-
mon: tatactcagagccggcct -3") and Wipl (Wipl Exond
F: 5'-gtggagctatgatttcttcagtgg-3; Wipl Exon4d R: 5-g
atacgacacaagacaaacctce-3' \Vipl intron 3: 5'-acaagcttg
cagggctgtttgteg-3; PGK promoter: 5'-cttcccagectetgage
ccagaaage-3'). Experimental research on mice follows
NIH approved animal study protocols and guidelines.

Analyses of pathologies

Mice were necropsied and examined by mouse patholo-
gists. All of the internal organs (spleen, liver, pancreas,
kidney, stomach, intestine, lung, heart, brain, lymph node,
thyroid gland) were fixed, paraffin embedded, sectioned
and stained with H&E for analyses. Tissues that were
found to be grossly abnormal at time of necropsy were
multiply sectioned and stained by H&E (hematoxylin and
eosin) for microscopic histological analyses.

Cells and reagents

Human cervical cancer cell line HeLa and huran colorec-
tal carcinoma céll lines p53**HCT116 and p53~ "HCT116
[81] were cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum (FBS) and antibiotics.
Human T cell lines MT2, MT4, C8166, Jurkat, A301, CEM,
and H9 were maintained in RPMI 1640 with 10% FBS.

Antibodies

Mouse monoclonal anti-Tax (NIH AIDS Research and
Reference Reagent Piogram) was used to detect Tax pro-
tein in immunoblotting and by confocal microscopy.
Anti-Flag monoclonal antibody (M2; mouse; Sigma), anti-
Wipl polyclonal antibody (rabbit; Santa Cruz), anti-p53
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monoclonal antibody (mouse; Cell Signaling) and anti-
tubulin monoclonal antibody (DM1A; mouse; Sigma)
were purchased.

Plasmids and transfections

pG13-Luc, p53 (human wild type) (gifts from B. Vogelstein)
and Wip1 (gift from L.A. Donehower) expression plasmids
were previously described [73,116,117]. HeLa or p53*/*
HCT116 or p53"HCT116 cells were seeded into twelve-
well tissue culture plates for the luciferase assays and into
10 cm-dishes for Tax transfections. Transfections were per-
formed 24 h later, using Lipofectamine and Plus reagent
(Invitrogen) as described by the manufacturer. At 24 h after
transfection of the reporters, cell lysates were subjected to
luciferase assay. Total amounts of DNA to be transfected
were adjusted by the addition of empty vectors. To detect
luciferase and p-Gal activity, luciferase substrate (Promega)
and the Galacto-Star assay system (Applied Biosystems)
were used. Relative values of luciferase activity were calca-
lated using B-Gal activity as an internal control for
transfection.

Real-time PCR
For real-time quantitative reverse transcriptase~polymerase
chain reaction (QRTPCR), total cellular RNA from samples
was isolated using TriZol reagent according to the manu-
facturer’s instructions (Invitrogen Life technologies). Before
reverse transcription, RNA was treated by DNase (Invitro-
gen) to prevent DNA contamination. First-strand cDNA
was synthesized from 1 pg RNA using oligodT and Super-
script I11 reverse transcriptase (Invitrogen). RNA concentra-
tion and purity were determined by UV spectrophotometry
(nanodrop). The primer pairs were designed using the Uni-
.versal Probe Library website (Roche diagnostics) (Wipl-L
hs: 5™-cccatgttctacaccaccagt-3; Wipl-R hs: 5-tggtccttagaatt
cacccttg-3; p53-L hs: 5-ccccagccaaagaagaaac-3; p53-R
hs: 5'-aacatctcgaagegctcac-3s p21-L hs: 5-cgaagtcagttcct
tgtggag-3’; p21-R hs: 5'-catgggttctgacggacat-3'). The primers
of each pair were located in different exons to avoid gen-
omic amplification. Primer and probe sequences to detect
Tax in human T-cells [118] and Tax-SK43: 5'-cggata
cecagtetacgtgt-3 and Tax-SK44: 5'-gagccgataacgegtecateg-3”
to detect Tax in mouse spleens. GAPDH was used as
the reference gene for he normalization of results
(GAPDH-R: 5'-agtgggtgtcgctgttgaag-3; GAPDH-F: 5- tgg
tatcgtggaaggactca-3'). PCRs were performed using iQSu-
permix (Bio-Rad) (for quantification of Tax cDNAs in
human T-cells) and iQSYBR Green Supermix (for
quantification of other ¢cDNAs) on a CFX96 system
(Bio-Rad). A large amount of ¢cDNA was prepared
from the MT2, C8166, and MT4 cell lines prior to the
experiment. This ¢cDNA was 10 fold-diluted, aliquoted
_and used as a calibrator for Tax and other RT-PCR runs, re-
spectively. For relative quantification and normalization,
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the comparative Ct (or Eff-DDC) method was used
[119]

Immunofluorescence -

Cells were cultured on glass coverslips, and fixed in 4%
paraformaldehyde at 24 h after transfection. After block-
ing of nonspecific reactions with 1% bovine serum albu-
min {BSA), cells were then incubated with the indicated
primary antibodies, followed by a subsequent incubation
with the secondary antibodies conjugated with Alexa
Fluor 488 or 594 (Molecular Probes). DNA was counter-
stained with 0.1 pg/ml Hoechst 33342. Coverslips were
mounted in Prolong Antifade (Molecular Probes), and
cells were visualized with a Leica TCS SP2 confocal
microscope. t

Statistical anr;xlyses

The statistical analysis of tumor numbers, survival
curves, and- spleen weights were computed using the
PRISM software (version 5.03).

Additional files

Additional file 1: Figure S1. Analyses of Tax mRNA expression in Tax'
P53~ and Tax™ p53** mouse spleen tissues. Total RNAs from mouse
spleen tissues were extracted and reverse transcribed. The cDNAs were
used for real-time RT-PCR analyses of Tax and GAPDH (internal standard}
transcripts. The mRNA relative expression levels of Tax mRNA were
determined and normalized as multiples of the GAPDH mRNA. There was
no statistically significant difference in Tax mRNA expression lévels
between Tax™ p53™ and Tax™ p53™* mice {p=0.2758; unpaired
t-test). Each circle or square represents an independent mouse spleen
tissue.

Additional file 2: Figure S2, Confocal analyses of p53, Wip! and Tax in
MEF cells. (A) Analysis of cell endegenous Wipt and Tax expression and
localization by immunofluorescence staining in HCT-116 cells transfected
with a Tax expression plasrid for 48 hours. Celis were stained with anti-
Tax {red) and anti-Wip1 (green) antibodies. The nuclei were stained with
DAPI (blue), Arrows peint to cell that expresses Tax {red) and a
neighboring cell that does not express Tax. The same two cells are
shown to express equal intensities of Wip1 {green). DAPI (blue) stains
cellular nuclei. (B) The colocalization of cell endogenous p53 and Wipl'in
HCT-116 cells. Cells were stained with anti-p53 {red) or anti-Wip1 (green)
antibodies, and DAP! was used to stain the nuclei (blue).
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"HTLV-1 bZIP factor dysregulates the Wnt pathways to support
proliferation and migration of adult T-cell leukemia cells

G Ma', J Yasunaga', J Fan’, S Yanagawa® and M Matsuoka'

INTRODUCTION

Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent
of adult T-cell leukemia (ATL)."® HTLV-1 Tax is an important viral
transactivator, and has been thought to have a key role in the
pathogenesis of HTLY-1.%® However, the finding that expression of
functional Tax cannot be detected in ~60% of fresh ATL cases
indicates that other viral and/or cellular- factors. might alse be
implicated.>” We have reported that HTLV-1 bZIP factor (HBZ),
which is encoded by the minus strand of the HTLV-1 provirus,
promotes proliferation of ATL cells and is consistently expressed

in all ATL cells.® Recently, we also demonstrated that HBZ

transgemc mxce developed T-cell lymphomas and systemic
inflammation,’® indicating that HBZ has_an oncogenic property
and has important roles in HTLV-T-associated pathogenesis.

The Wnt signaling is a highly conserved cellular signaling path-
way in eukaryotes and has critical roles in embryonic development
and tissue homeostasis."" To date, 19 Wnt ligands have been
discovered and found to trigger the multiple pathways of
Wnt signaling.”’ The most wellstudied cascade is the so-called
canonical Wnt pathway (also known as the Wnt/B-catenin
pathway), which is B-catenin-dependent and mainly controls
cell differentiation, proliferation and apoptosis.'? In the absence
of the canocnical Wnt ligands, cytosolic B-catenin is subjected

to a destruction complex consisting of axis inhibitor, adeno-

matous polyposis coli, glycogen-synthase kinase 38 and casein
kinase 1, phosphorylated at Ser45/Thr41/Ser37/33 by casein
kinase 1/g!ycogeﬂ-synthase kinase 3B and finally degraded
by a proteasome.'? When a canonical Wnt ligand exists, it
binds to low-density lipoprotein-receptor-related protein and
frizzled membrane coreceptors and triggers the recruitment of
disheveled (Dvl) to the membrane, which then binds to axis

inhibitor, and thus prevents the formation of the destruction
complex. Consequently, free cytosolic -catenin accumulates and
is translocated into the nucleus, where it binds to T-cell factor/
lymphoid enhancer-binding factor (TCF/LEF) and coactivates the
transcription of target genes,''® Other branches of Wnt signaling,
such as the Wnt-Ca®* or planar cell polarity pathway, are
generally referred to as the noncanonical Wnt pathway, which
might only need frizzled membrane as a single receptor and
does not signal through B-catenin.’™ It is well accepted that the
noncanonical Wnt ligands antagonize the canomcal Wnt pathway,
although the mechanism is not clearly defined."

So far, aberrant activation of the canonical Wnt pathway has
been linked to many cancers, including some virus-induced
malignancies, such as hepatoceliu!ar carcinoma, Kaposi's sarcoma
and cervical cancer.'”™" It is also involved in hematological
malignancies.®* However, its roles in ATL have not been
clarified. In this study, we demonstrate that the canonical
Wnt pathway is actually not activated in HTLV-1-infected cells;
in addition, HBZ suppresses it through interacting with LEF1 and
impairing its DNA-binding ability. Meanwhile, HBZ upregulates the
expression of the noncanonical Wnt5a by enhancing its promoter
activity. Knockdown of Wnt5a impairs both proliferation and
migration of ATL cells, indicating that perturbation of the Wnt
signaling pathways by HBZ is associated with the Eeukemogenesxs
of ATL.

RESULTS

HBZ counteracts the canonical Wnt activation induced by Tax
Previously, we identified several cellular candidates of the HBZ
interactants by yeast two-hybrid screening®* Among them,
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we focused on one protein named Dvl-associating protein with a
high frequency of leucine residues (DAPLE) for two reasons; first,
it is a bZIP protein, suggesting that it can hetero-dimerize with
HBZ through their bZIP domains. Second, it has been reported
that this protein is associated with the Wnt/B-catenin pathway,?
which is a well-studied oncogenic signaling pathway. In our initial
experiment, we overexpressed HBZ and DAPLE in 293FT cells
and confirmed their interaction by co-immunoprecipitation (Co-IP)
assay (Supplementary Figure S1). In some previcus studies, it has
" been shown that HTLV-1 Tax and HBZ target the same cellular
molecules, such 2 NF-xB p65, CREB and p300/CBR, but exhibit
opposite effects.?*2® So we next asked if Tax also interacts with
DAPLE and has any effects on the Wnt pathway. We found that
Tax could bind to DAPLE and also Dvi2, the cellular partner of
DAPLE (Figure 1a). This association.was also confirmed to occur
_endogenously in an ATL cell line, ATL-T (Figure 1b). To further
reveal the impact of the association of Tax and DAPLE/DvI2, we
performed reporter assay in Jurkat cells, using Topflash and
Fopflash luciferase plasmids, which contain wild-type or mutant
TCF/LEF-binding motifs, respectively. Tax and Dvi2 induced
canonical Wnt activation, which was greatly enhanced by DAPLE
(Figure .1¢). As DvI2 is active upon phosphorylation,® we then
investigated the effects of Tax and DAPLE on its phosphorylation.
We found that DAPLE could induce the phosphorylation of
endogencus DvI2 (Figure 1d, lanes 1 and 6-9), while the amount
of DvI2 was increased when Tax was coexpressed (Figure 1d, lanes
7, 8, 10 and 11). Thus, these results showed that DAPLE and
Tax cooperatively enhanced DvI2 phosphorylation, which might
lead to the activation of the canonical Wnt pathway. When we
introduced HBZ to this interplay, we found that the activation
induced by Tax/Dvi2/DAPLE was dose-dependently suppressed
(Figure 1e). In particular, low dose of HBZ was able to abolish the
activation by Tax/DAPLE/DvI2, suggesting a strong suppressive
function of HBZ in the canonical Wit pathway. However, we found
that HBZ had no effect on Tax/DAPLE-induced Dvl phosphoryla-
tion (data ‘not shown), indicating that Wnt suppression by HBZ .
might not be a direct consequence of the HBZ-DAPLE interaction.

@ 2013 Macmillan Publishers Limited

Therefore, although we could not clarify the significance of the
interaction between HBZ and DAPLE in the Wnt pathway, we tried
to look for other possible targets of HBZ,

HBZ binds to TCF1/LEF1 and impairs DNA-binding ability of LEF1
To find out the mechanism of HBZ-induced canonical Wnt
suppression, we first analyzed the effect of HBZ on B-catenin,
which is a downstream effector of the Wnt/B-catenin pathway.
Surprisingly, both wild-typeé and constitutively active form of
B-catenin-induced hyperactivation of the pathway was greatly
suppressed by HBZ (Figure 2a). As constitutively active B-catenin
is resistant for the N-terminal phosphorylation and following
degradation, we suspected that HBZ-induced canonical Wnt
suppression might be independent of f-catenin stability.

p-catenin has to cooperate with its nuclear binding partners,

TCF/LEF proteins, to induce the canonical Wnt activation. We next

focused on the TCF/LEF proteins. We constructed the expression -

plasmids for LEF1 and TCF1, two members predominantly
expressed in T cells,'*3"32 and found that HBZ colocalized with
both proteins in the nucleus (Figure 2b), Co-IP analysis demon-
strated the physical interaction between HBZ and LEF1-or HBZ
and TCF1 (Figures 2¢ and d). Deletion of the AD or CD domain of
HBZ impaired the interaction, indicating that both domains are
implicated in interactions with LEF1/TCF1. These associations were
also confirmed in a stable transfectant of HBZ, Jurkat-MycHis-
HBZ, in which expression level of HBZ is comparable to ATL cells
(Figure 2e and Supplementary Figure S2).

Next, we further analyzed the association of HBZ and LEF1 or
TCF1. Because TCF1 and LEF1 are similar in structure and in most
cases functionally redundant in T cells,'**"** we chose LEF1 for
further analysis. We constructed deletion mutants of LEF1 that lack
the N-terminal B-catenin binding domain (ABBD), the central
context-dependent regulatory domain (ACRD) and the C-terminal
high-mobility- group DNA-binding domain (AHMG), respectively.
Co-IP experiments indicated that HBZ binds to the conserved
DNA-binding domain (HMG) of LEF1 (Figure 2f, lanes 3-5).

Oncogene (2013) 4222-4230
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canonical Wnt activation. (b) Colocalization of HBZ and LEF1 or TCF1 in Hela cells. (¢) Co-IP analysis of the interaction of HBZ or its mutants
with LEF1 in 293FT cells. (d) Co-IP analysis of the interaction of HBZ or its mutants with TCF1 in 293FT cells. (e) Endogenous interaction
between HBZ and LEF1 or TCF1 in Jurkat-MycHis-HBZ cells. (f) Co-IP analysis of the interaction of LEF1 or its mutants with HBZ in 293FT cells.
(g) Quantitative chromatin immunoprecipitation analysis of the association of LEF1 to specific binding sites in Topflash reporter in the
absence {dotted bar) or presence of HBZ (black bars). Result is shown as relative DNA-association capacity.

Speculating that HBZ might interfere with the DNA association of
LEF1, we evaluated the effect of HBZ on the DNA-binding ability of
LEF1 by quantitative chromatin immunoprecipitation assays. We
found that HBZ significantly suppressed the binding of LEF1 to
specific TCF/LEF-binding sites (Figure 2g), which accounted for
how HBZ could markedly suppress the Wnt/B-catenin pathway.

Thl? canonical Wnt pathway is not activated in HTLV-1-infected
cells

It has been reported that active canonical Wnt pathway in T-cell
leukemic cell lines, including CEM, Molt4 and SupT1, promotes
their proliferation®® Because of the strong Wnt-suppressing
capacity of HBZ, we .assumed that the canonical Wnt pathway
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might not be activated in HTLV-1-infected cells. We compared the
canonical Wnt activity in HTLV-1 nomnfected and infected cell
lines. In accordance with a previous study® CEM, Mokt4 and
SupT1 were found to have activated Wnt signaling. Other two
HTLV-1 rnoninfected T-cell lines tested in this study, Jurkat and
Hut78, were also active for the canonical Wnt pathway (Figure 3a).
On the contrary, the value of Topflash was equivalent to or lower
than that of Fopflash in all HTLV-1-infected cell lines (Figure 3a),
indicating that' the canonical Wnt pathway is not activated in
HTLV-1-infected cells. To prove the involvement of HBZ in this
nonactivated status, we suppressed HBZ expression in ATL-T,
Topflash reporter activity was elevated (Figure 3b), suggesting an
increase of canonical Wnt activity. However, no marked but only
mild increase of canonical Wnt activity was observed. It is possible
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Figure 3. The canonical Wnt pathway is not activated in HTLV-1-infected cells. (a) Top/Fop reporter analysis in five HTLV-1-negative T-cell
lines (CEM, Hut78, Jurkat, Molt4 and SupT1) and 5 HTLV-1-positive cell lines (ATL-2s, ATL-T, ED, MT-2 and MT-4). Mouse L cell lines expressing
Wnt3a (L/Wnt3a) or empty vector (L/Neo) were used as positive or negative control in the reporter assay. Values were shown as fold activity
with black bars being Topflash and striped bars being Fopflash. (b) Top/Fop reporter analysis in HBZ knockdown (shHBZ-6 and shHBZ-28)
of negative controf (shNC) ATL-T cells. HBZ knockdown efficiency is confirmed in’ the right panel. Statistical analysis was performed by
Students t-test with **P<0.01 and *P<0.05. (¢) The 3-(4,5-dimethythiazol-2-y()-2,5-dipheny! tetrazolium bromide (MTT) assay analysis of
B-catenin- (triangle) or mock-transfected (square) ATL-T cells. Transfection was performed by electroporation using Neon (Life Technologies).

that HBZ has strong suppressive ability on the Wnt pathway, so
partial knockdown of HBZ might-not affect much on the Wnt
activity. Indeed, shHBZ-28 induced less-efficient knockdown of
HBZ than shHBZ-6, which also resulted in less increase of the
Whnt activity. To better understand the physiological importance
of the nonactivated canonical Wnt pathway in ATL cells, we

enforced activation of the pathway in ATL-T cells by consti-

tutively active B-catenin overexpression. Cell proliferation was
decreased (Figure 3¢), implying that activation of the Wnt/B-
catenin pathway might have suppressive effect on proliferatiol
of ATL cells. '
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Noncanonical Wnt5a expression is induced by HBZ

It is well established that noncanonical Wnt ligands, such as
Wnit5a, usually antagonize the cancnical Wnt pathway.’® Because
the latter is not activated in HTLV-1-infected cells, we further
investigated the status of the noncanonical Wnt pathway.
Quantitative analyses revealed increased expression of Wni5a in
HTLV-1-infected cell lines compared with noninfected ones
(Figure 4a). Knockdown of HBZ in HTLV-1-infected cells resulted
in downregulation of Wnt5a mRNA expression (Figure 4b),
suggesting the involvement of HBZ in the upregulated Wnt5a

expression.
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Figure 4. Noncanonical Wnt5a expression is induced by HBZ. {a) Quantitative analysis of WNT54 mRNA in HTLV-1-negative (open bars) and
-positive cell lines (black bars) by real-time PCR. (b} Quantitative comparison of WNT5A mRNA levels between HBZ knockdown (shHBZ-28,
black bars) and negative control {shNC, dotted bars) cells in one ATL cell line (ATL-T) and one HTLV-1-transformed cell line (MT-4) by real-time
PCR. Left panel shows expression of WNT54 mRNA, whereas right panel indicates the efficiency of HBZ knockdown. (¢} Reporter analysis in
HepG2 cells to assess the effect of HBZ on Wntba promoter activity, in the absence (black bars) or presence (striped bars) of TGF-B. SB431542

(5 um) is a spec:ﬁc inhibitor for TGF-f receptor.

It has been reported that TGF-f can induce Wnt5a expres-
sion.**3? Meanwhile, according to our previous report, HBZ
activates the TGF-B signaling pathway.® These reports suggest
that HBZ-induced Wnt5a expression is associated with the TGF-§
signaling pathway. We cloned a 2-kb fragment of the Wnt5a
promoter region into the pGL4.10 reporter plasmid and performed
reporter assay in a TGF-B-responsive cell line, HepG2. We found
that HBZ enhanced transcription from the Wnt5a promoter,
which was further enhanced by TGF-§ (Figure 4c, lanes 1 and 2).
An inhibitor of the TGF-B receptor, SB431542,>® suppressed the
activation of Wit5a promoter by HBZ, thereby indicating that the
TGF-B pathway is implicated in this activation (Figure 4c, lane 3).
These results suggest that HBZ can induce Wnt5a transcription
through activating its promoter via the TGF-f pathway.

erultSa supports proliferation and mlgrauon of HTLV-1-infected
cells

To clarify the physiological significance of upregulated Wni5a
expression in HTLV-1-positive cells, we knocked down Wnt5a by
short hairpin RNA (shRNA) in several cell lines, including ATL-T,
MT-2 and MT-4. Suppressing Wnt5a expression impaired cell
profiferation (Figure 5a). Recent studies have shown that Wnt5a
is involved in cancer metastasis,>”*® so we further analyzed cell
migration. We found that knockdown of Wnt5a impaired cell

Oncogene (2013) 4222 -4230

migration using a trans-well T-cell migration assay (Figure 5b).
As Wnt5a is a secreted ligand, we next studied effect of an
antibody to Wnt5a on migration of HTLV-1-infected cell lines.
Anti-Wnt5a antibody suppressed migrating abifity of ATL-T and
MT-2 cells (Figure 5¢). In addition, to confirm the specificity of the
shRNA and anti-Wnt5a antibody used in ATL cells, we performed
similar experiments in an HTLV-1-negative T-cell line, CEM, in
which Wnt5a is undetectable by real-time PCR. As expected,
neither cell proliferation nor migration was affected by inhibition
of Wnt5a (Supplementary Figure S3). Collectively, these results
demonstrated a supporting role of Wnt5a in the proliferation and’
migration of ATL cells.

DISCUSSION

Dysregulation of the Wnt pathways has been implicated in viral
transformation,’>™"® and several viral proteins are known to interact
with the key cellular factors of this pathway. The hepatltls B viral
X protein binds to adenomatous polyposis coli,’® and the
nonstructural 5A protein of hepatitis C virus targets the inter-
action between B-catenin and GSK-3B.'® Both hepatitis virus-
encoded proteins induce the nuclear accumulation of B-catenin,
which is associated with the pathogenesis of hepatocellular
carcinoma. Similarly, the Kaposi's sarcoma-associated herpesvirus
latency-associated nuclear antigen interacts with GSK-3f. and
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Figure 5. Wnt5a supports proliferation and migration of HTLV-1-infected cells. (@) MTT results in Wnt5a knockdown (shWnt5a, triangle) and
negative control (shNC, square) of ATL-T, MT-2 and MT-4 cells. Wnt5a knockdown was confirmed by real-time PCR and shown in the right
panel of each cell line (black bar for knockdown-and open bar for negative control). (b) Migrating ability analysis of Wnt5a knockdown
(shWnit5a, black bar) and negative control (shNC, open bar) of ATL-T, MT-2 and MT-4 cells. Migrated ATL-T cells that attached to the membrane
were stained and counted for at least five random fields under a microscope to obtain an average number. Migrated MT-2 and MT-4 cells were
collected and total cell numbers were counted. Values are shown as average migrated cell numbers of three independent wells. Statistical
analysis was performed with Student’s t-test with **P<0.01 and *P<0.05. {¢) To mimic the knockdown effect, negative control cells for Wnt5a

knockdown of ATL-T and MT-2 were treated with 0.2 ug/mi of anti-Wnt5a antibody (R&D systems, Minneapolis, MN, USA)

was measured.,

stabilizes B-catenin,” To our knowledge, all reported instances of
virus-induced Wnt dysregulation were the activation of the
canonical pathway due to the stabilization of -catenin. On the
contrary, here we demonstrate that HTLV-1 employs a unique
mechanism to inhibit the canonical. Wnt pathway. The viral
protein HBZ is able to potently suppress canonical Wnt activation
by targeting downstream of B-caténin. Because the canonical and
noncanonical pathways are mutually antagonistic, it is possible
that canonical Wnt suppression by HBZ facilitates noncanonical
Whnit activation, for proliferation and migration of ATL cells.

It has been reported that TCF1 and LEFT are predominantly
expressed in T cells.'>*'?? Targeted inhibition of LEF1/TCF1 by
HBZ and resulting inactivation of the target gene transcription is
an efficient way to block the canonical Wnt pathway in T cells.
In addition, HBZ has an alternate mechanism for the suppression
of the canonical Wnt pathway: it is able to induce transcription
of the noncanonical Wnt5a, which antagonizes the carionical
Whnt pathway.™ Although the canonical Wnt pathway is crucial for
T-cell development,’>™® its functional role in mature T cells is
barely understood so far, A recent study has shown that B-catenin
is a negative regulator of peripheral T-cell activation®® It is possible
that HBZ achieves canonical Wnt suppression in order to promote
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and migrating ability

cellular proliferation in the periphery. These multiple strategies by
HBZ could restrict HTLV-1-infected cells to inactive canonical Wnt
pathway and allow peripheral T cells to be activated.

Besides its contribution to canonical Wnt suppression as an
antagonist, HBZ-induced Wnt5a expression has another signifi-
cance. Although Wnt5a has been regarded as a tumor-suppressor
gene in various studies,' accumulating evidence suggests its
oncogenic capacity. Overexpression of Wnt5a in tumor cells has
been a predictor of poor prognosis for several cancers
Moreover, Wnt5a is also involved in promoting cancer invasion
and metastasis,*” 334 implying that Wnt5a contributes to
tumor progression. This study showed the oncogenic role of
Wnt5a in ATL and its involvement in ATL cell expansion, based on
our findings that knockdown of Wnt5a inhibits both cellular proli-
feration and migration. Indeed, through analyzing the microarray
data (available in the public Gene Expression Omnibus database)
provided by the project named Joint Study on Prognostic Factors
of ATL Development,*” we found that the transcription level of
Wnt5a was significantly elevated in ATL cases (Supplementary
Figure S4a), which strongly supports our conclusion.

It is of great interest to notice that HBZ counteracts Tax in many
signaling pathways, such as NF-kB, CREB and TGF-B.252%% Tax is a
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potent activator of both the canonical and noncanonical NF-xB
pathways and has an important role in cellular transformation
in vitro.5*® However, recently it has been reported that cellular
senescence is induced by Tax-mediated NF-kB activation.*® HBZ
inactivates p65 and inhibits selectively the canonical NF-xB
pathway,?® helpmg cells to evade senescence and supporting
cell proliferation.® This suggests a possible role of HBZ to
counteract against Tax and thus bypass underlying negative
effects by Tax in various signaling pathways. In this study, we
found that Tax is actually an activator of the Wnt/B-catenin
pathway through forming complex with DAPLE and Dvl, whereas
HBZ represses the pathway downstream of B-catenin, suggesting
that HBZ can avoid possible negative effects of Tax on this
pathway, as in-the interplay of HBZ and Tax in NF-«B regulation.
Indeed, it has been reported that the canonical Wnt pathway was
activated in an HTLV-1-transformed cell line C8166 and ex vivo
.cultured cells from one ATL patient.>® Because C8166 expresses
much higher amount of Tax protein than other HTLV-1-
transformed or ATL cell lines” and primary HTLV-1-infected
cells start expressmg Tax immediately after being subjected to
ex vivo culture,*? regulation of the Wnt pathway by Tax might be
dominant in such setting. We speculate that the Wnt signaling
cascades in HTLV-1-infected cells are dysregulated in different
ways under various conditions. Because HBZ harbors a strong

suppressive ablltty for -the canonical Wnt pathway and lts_

expression level is higher than that of Tax in fresh ATL cells,”®
we hypothesize that the canonical Wnt activity is suppressed by
HBZ in fully transformed ATL cells in vivo. In support of our
hypothesis, AXIN2, the most well-characterized canonical Wnt
target gene,'>** is downregulated in ATL patients compared with
normal controls (Supplementary Figure S4b), indicating the
inactive state of the canonical Wnt pathway. Nevertheless,
additional investigation will be needed to understand how HBZ
and Tax regulate the status of the Wnt pathways throughout the
leukemogenic processes of ATL.

In summary, we show that HBZ is able to suppress the canonical
Wnit pathway by multiple strategies, such as interaction with LEF1/
TCF1 and induction of Wnt5a. Importantly, we demonstrate that
Wnt5a, induced by HBZ in ATL cells, promotes both cellular
proliferation and migration. This study on the dysregulation of the
Wnt pathways by HBZ may unveil new molecular processes of
oncogenesis by HTLV-1 and contribute to the development of
novel therapeutic strategies.

MATERIALS AND METHODS

Yeast two-hybrid screen

A yeast two-hybrid screen was performed by Hybrigenics (httpy/www.
hybrigenics.com). on a random-primed Leukocytes and Activated Mono-
nuclear Cells cDNA library using full length of spliced form HBZ as the bait.

Cell culture

ATL-35T, ATL-2s, ATL-T, ED, MT-1, MT-2 and MT-4 are HTLV-T-infected
T-cell lines. Jurkat, CEM, Hut78, Molt4, SupT1 and Kit225 are HTLV-1-
negative T-cell lines. All T-cell lines were cultured in RPMI-1640
supplemented with 10% fetal calf serum and antibiotics (penicillin and
streptomycin). IL-2-dependent Kit225 was cultured with 85 p/ml IL-2 in the
medium. HEK293FT, Hela, HepG2, L/Wnt3a and L/Neo were cultured in
DMEM supplemented with 10% fetal calf serum and antibiotics. L/Wnt3a
and L/Neo were stable transfectants of mouse L fibroblast cell line used
as positive and negative control in our Top/Fop reporter assay.> Jurkat—
MycHis-HBZ is established by overexpressing MycHis-HBZ and subse-
quent G418 selection and is maintained in normal RPMI-1640 medium
supplemented with 1000 pg/ml G418.

Plasmids
Coding sequence of DAPLE was amplified using PCR using Herculase II
Fusion DNA polymerase (Agilent Technologies, Inc., Santa Clara, CA, USA)
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and cloned into pCMV-Tag2 (Agilent Technologies, Inc) to fuse FLAG
tags in the N terminus. Expression vectors for HBZ and it mutants, Tax, -
SuperTopflash, Superfopflash, pcDNA3/myc-Dvi2, pPollll~Ren|lla, pEF-wtbcat
and pEF-mmbcat, were described previously. 2656-53 Expression vectors for
LEF1 and its mutants were generated by PCR amplification from cDNA of
SupT1 and then subcloned into pCAG-FLAG vector to fuse FLAG tags In
the N terminals.3® Expression vectors for TCF1 were generated by PCR
amplification from cDNA of Jurkat and then subcloned into pCAG-FLAG or
pCAG-HA vector to fuse FLAG or HA tag in the N terminals.>®

Luciferase reporter assay

Generally, 2x 10° cells per well were seeded in a 12-well plate and
transfected with indicated combinations of plasmids using Lipofectamine
LTX reagent (Life technologies, Carlsbad, CA, USA). Twenty-four hours later,
cells were harvested and luciferase activities were measured using Dual-
Luciferase Reporter Assay System (Promega, Madison, Wi, USA) according
to the manufacturer’s instructions. All luciferase values were normalized
with the activity of Renilla luciferase and represented as the mean of a
triplicate set of experiments. CEM, Hut78, Molt4 and SupT1 were transfected
by electroporation using Neon (Life technologies).

Knockdown

Knockdown of HBZ in HTLV-1-infected cells was performed with a lentivirus-
based shRNA system, as described previously.® Knockdown of WntSa was
performed with a lentiviral vector pLKO.1-based shRNA system (Open
Biosystems, Lafayette, CO, USA). shRNA sequence specifically targeting
exon 5 of WntSa was 5"-CGTGGACCAGTTTGTGTGCAACTCGAGTTGCACACA
AACTGGTCCACG-3'.

Quantitative real-time PCR

Total RNA was isolated using TRIzol Reagent (Life technologies) according
to the manufacturer's instructions. An amount of 1 g of isolated total RNA
was used to synthesize cDNA using SuperScript i reverse transcriptase
(Life technologies). cDNA product was quantified with Power SYBR Green
PCR Master Mix and StepOnePlus Real Time PCR System (Life techno-
logies). Endogenous ACTB mRNA was quantified to normalize the amount
of <DNA load. Primer sequences from 5 to 3’ are: TAAACTTACCTAGACGG
CGG and CTGCCGATCACGATGCGTTT for HBZ; CATCCTCATGAACCTGCAC
AAC and AAGCGGCTGTTGACCTGTAC for WNT5A; and AGGCCAACCGCGAG .
AAGATG and CTATCCCTGTACGCCTCTGG for ACTB.

Lentiviral transduction

For packaging of the lentiviral vectors, 3 x 10° 293FT cells were seeded in a
10-cm dish and transfected with 7.5ug of pVSV-G, 15ug of pCMV-A8/9
(kindly provided by Dr Miyoshi H; RIKEN, Tsukuba, Japan) and 15ug
of transfer vector using TransiT-LT1 reagent {Mirus, Madison, Wi, USA).
Virus was harvested by collecting supernatant at both 48 and 72h and
concentrated by centrifugation at 250009 for 2h at 4°C.

3-(4,5-dimethythiazol-2-yl)-2,5-dipheny! tetrazofium bromide
assay

Cells were seeded in 96-well plates and at indicated time points, 10l
of 3-(4,5-dimethythiazol-2-y!}-2,5-diphenyl tetrazolium bromide solution
was added. Cells were incubated ‘at 37 °C for 2h and then lysed by 100ul
of lysis buffer (4% Triton X-100 and 0.14% HCl in 2-propanol). Absorbance
at 595nm was measured by using a Microplate Reader (BERTHOLD
TECHNOLOGIES GmbH & Co. KG, Bad Wildbad, Germany).

Co-immunoprecipitation

Co-P in 293FT cells was performed as previously reported.?® For the
endogenous interaction between Tax and Dvi2 or DAPLE, ATL-T total cell
lysate was incubated with anti-Tax (clone MI73)*° or normal mouse IgG
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) ovemight at 4°C, and
following procedures were same as in 293FT. For the endogenous
interaction between HBZ and LEF1 or TCF1, nuclear lysate of Jurkat-
Myc-HBZ was extracted by nuclear complex Co-IP kit (Active Motif,
Carlsbad, CA, USA) and incubated with anti-Myc (clone 4A6, Millipore,
Billerica, MA, USA} or normal mouse lgG ovérnight at 4°C. Following
procedures were same as in 293FT. Antibodies used were as follows:
anti-FLAG M2 (Sigma-Aldrich, St Louis, MO, USA), anti-Myc (clone 9E10,
Sigma-Aldrich), anti-Myc (clone 4A6, Millipore), anti-Tax (clone Mi73),%°
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anti-DVI2 (Cell Signaling Technology, Danvers, MA, USA) and anti-o-
tubulin (clone DM1A, Sigma-Aldrich). Horseradish peroxidase-conjugated
anti-mouse IgG was purchased from Sigma-Aldrich and horseradish
peroxidase-conjugated anti-rabbit 1gG was purchased from Cell Signaling
Technology. Polyclonal antibody for DAPLE was generated by MBL
International (Way Woburn, MA, USA).

Immunostaining

Hela cells were transfected with Myc-HBZ and FLAG-LEF1 or HA-TCF1,
respectively. After 48 h, cells were fixed with 4% formaldehyde, perme-
abilized with 0.1% Triton X-100 and blocked with 5% bovine serum
albumin. Antibody incubation was performed at room temperature for
Th using anti-Myc-FITC and anti-FLAG-Cy3 (Sigma-Aldrich) or. anti-HA-
Alexa488 (Cell Signaling Technology) and anti-Myc-Cy3 (Sigma-Aldrich).
Cells were mounted with Vectashield mounting medium (Vector Laboratories,
Burlingame, CA, USA) and observed under a Leica confocal microscope
(Leica Microsystems GmbH, Wetzlar, Germany).

Quantitative chromatin immunoprecipitation assay

Chromatin immunoprecipitation assay was performed as previously
described.®' Briefly, 203FT cells were seeded in a 10-cm dish and
transfected with 1pg of SuperTopflash and 1pg of FLAG-LEF1, with or
without 2 or 4 g of Myc-HBZ. After 48 h, cells were fixed and subjected
to iImmunoprecipitation with anti-FLAG (M2, Sigma-Aldrich) or normal
mouse IgG (Santa Cruz Biotechnology) overnight at 4°C. Precipitated
DNA was purified and subjected to real-time PCR amplification. Primer
sequences flanking the specific TCF/LEF-binding sites were 5-TAGGCTG
TCCCCAGTGCAAG-3' and 5'-TGCCAAGCTGGAATTCGAGC-3'.

Trans—we!l migration assay

A 24-well migration plate (BD Biosicences, San Jose, CA, USA) with 8um
insert pore size was used and all the procedures were performed following
the manufacturer’s instructions. Generally, 2 x 10° cells in RPMI-1640 with
1% fetal bovine serum were seeded onto the inserts and allowed for
migration toward 10% fetal bovine serum containing medium within 24 h.
In the case of ATL-T, migrated cells attached to the basolateral side of
the membrahe and were stained with Diff Quik (Sysmex, Kobe, Japan)
and counted under a microscope. In the case of MT-2 and MT-4, migrated
cells were collected and counted by an automated cell counter, Countess
(Life technologies). The number of migrated cells were calculated as an
average of three independent experiments.
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HTLV-1 bZIP factor impairs cell-mediated immunity by suppressing production

of Th1 cytokines

' Kenj‘i Sugata,’ Yorifumi Satou,' Jun-ichirou Yasunaga,' Hideki Hara,2 Kouichi Ohshima,3 Atae Utsunomiya,*
Masao Mitszama,Q and Masao Matsuoka'

'Laboratory of Virus Control, Institute for Virus Research, Kyoto University, Kyoto, Japan; 2Department of Microbiology, Kyoto University Graduate School of
Medicine, Kyoto, Japan; *Department of Pathology, School of Medicine, Kurume University, 67 Asahimachi, Kurume, Fukuoka, Japan; ‘Department of

Hematology, Imamura Bun-in Hospital, Kagoshima, Japan

Aduit T-cell leukemia (ATL) patients and
human T-cell leukemia virus-1 (HTLV-1)
infected individuals succumb to opportu-
nistic infections. Cell mediated immunity
is impaired, yet the mechanism of this
impairment has remained elusive. The
HTLV-1 basic leucine zipper factor (HBZ)
gene is encoded in the minus strand of
the viral DNA and is constitutively ex-
pressed in infected cells and ATL cells. To
test the hypothesis that HBZ contributes

we challenged transgenic mice that ex-
press the HBZ gene in CD4 T cells (HBZ-Ty
mice) with herpes simplex virus type 2 or
Listeria monocytogenes, and evaluated
cellular immunity to these pathogens.
HBZ-Tg mice were more vulnerable to
both infections than non-Tg mice. The
acquired immune response phase was
specifically suppressed, indicating that
cellular immunity was impaired in HBZ-Tg

* mice. In particular, production of IFN-y by

CD4 T cells was suppressed in HBZ-Tg

mice. HBZ suppressed transcription from
the /FN-y gene promoter ina CD4 T cell-
intrinsic manner by inhibiting nuclear fac-
tor of activated T cells and the activator
protein 1 signaling pathway. This study
shows that HBZ inhibits CD4 T-cell re-
sponses by directly interfering with the
host cell-signaling pathway, resulting in
impaired cell-mediated immunity in vivo.
(Blood. 2012;119(2):434-444)

16 HTLV-1-associated immunodeficiency,

Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is a retrovirus that
mainly infects CD4 T cells,! a critical cell population for the host
defense against foreign pathogens. HTLV-1 is known as the causal
agent of adult T-cell leukemia (ATL),2* a leukemia derived from
CD4 T cells, and chronic inflammatory diseases, including HTLV-
1-associated myelopathy/tropical spastic paraparesis,>S alveolitis,’
and uveitis. It has also been recognized that HTLV-1 infection is
complicated by opportunistic infections caused by Preumocystis
Jiroveci, herpes zoster virus, cytomegalovirus, or Strongyloides
stercoralis.® However, the mechanism by which HTLV-1 causes
immune deficiency has remained unknown.

~ Another human pathogenic retrovirus, HIV, replicates vigor-
ously in vivo and produces a large number of virions. As a result of
abundant viral production, HIV-infected CD4 T cells proceed to
apoptosis, a phenomenon that eventually results in AIDS. In
contrast, HTLV-1 increases its copy number primarily in the form
of a provirus, by promoting the clonal proliferation of infected host
CD4 T cells.%10 Despite this opposite effect on CD4 T-cell
homeostasis compared with HIV, HTLV-1 infection and ATL are
frequently accompanied by a deficiency of cellular immunity
resembling that seen with AIDS. )

HTLV-1 encodes several regulatory and accessory genes in the
viral genome.b!! The viral proteins expressed by the integrated
provirus control viral gene transcription and induce host cell
proliferation, enabling HTLV-1 to achieve persistent infection.
Among the viral genes of HTLV-1, HTLV-1 bZIP factor (HBZ),
which is encoded in the minus strand,'? is a constitutively

expressed viral gene.'? It has been reported that there are 2 major
transcripts of the HBZ gene: spliced HBZ (sHBZ) and unspliced
HBZ (usHBZ).' Based on the findings that sHBZ is more
abundantly expressed than usHBZ' and that sSHBZ has a function-
ally stronger effect than usHBZ,'® we focused on sHBZ in
this study.

Recently, we have reported that SHBZ expression increases the
number of regulatory T cells (Tregs) by inducing transcription of
the Foxp3 gene in transgenic mice that express the HBZ gene in
CD4 T cells (HBZ-Tg mice).” An increase in Tregs might be
implicated in the immunodeficiency observed in ATL patients.
Furthermore, previous studies have reported that HBZ suppresses
host cell-signaling pathways that are critical for T-cell receptor
signaling in the immune response, such as the NF-xB!# and AP-1
pathways.!® These findings led us to hypothesize that HBZ might
have important roles in the dysregulation of cellular immunity
agsociated with HTLV-1 infection.

To verify this hypothesis, we used HBZ-Tg mice that express
sHBZ in CD4 T cells and studied well-established infection models
of 2 pathogens. The first model involves intravaginal viral infection
with herpes simplex virus type-2 (HSV-2). IFN-y production by
CD4 T cells is critical for the exclusion of HSV-2 from the host202!
The other model involves infection with the Gram-positive intracel-
lular bacterium, Listeria monocytogenes (LM), which is known as
an opportunistic pathogen. In LM infection, CD4 T cells play
pivotal roles in the acquired immune response by producing IFN-y
and inducing the activation of macrophages, which eliminate LM
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by phagocytosis and subsequent bactericidal activity.?>?* Indeed,
previous reports have shown that some ATL patients are infected
with these 2 pathogens.?*?’ Using these 2 infection mmodels, we
demonstrated that sHBZ suppresses cell-mediated immunity.
Furthermore, we determined the molecular mechanism of this
HBZ-mediated immune suppression.

Methods
Mice

Wild-type C57BL/6] mice were purchased from CREA Japan. Transgenic
mice expressing the sHBZ gene under control of the CD4 promoter/enhancer/
silencer have been described previousty.!? All HBZ-Tg mice were heterozy-
gotes for the transgene. All mice used in this study were maintained in a
specific pathogen-free facility and handled according to protocols approved
by Kyoto University.

s

Herpes simplex virus type 2 infection

The HSV-2 wild-type strain UW268 and thymidine kinase (TK)-negative
strain UWTK (a gift from T. Suzutani, Fukushima Medical University) used
in this study were propagated and titrated on Vero cells.?® Acyclovir was
used for propagation of UWTK to block emergence of TK™* revertant. To
increase their susceptibility to HSV-2, we injected mice subcutaneously
with medroxyprogesterone acetate, Depo-provera (Sigma-Aldrich),
(2 mg/mouse). Fivé days after this hormone injection, mice were anesthe-
tized using Avertin (Sigma-Aldrich), preswabbed with a type 2 Calgiswab
(Puritan), and inoculated intravaginally with 10% or 10* plaque-forming
units (PFU) of UW268. For studies of secondary infection, mice were first
immunized intravaginally with 106 PFU of UWTX, and 4 weeks later, they
were inoculated intravaginally with 105 PFU of UW268. Vaginal secretions
were collected by 3 pipettings with 15 L of PBS, swabbed with a
Calgiswab, and added to 955 L of 5% FCS-DMEM and stored at —80°C.
HS V-2 titers were determined by plaque assay on Vero cells. Five days after
primary infection, lavage fluid from the vaginal tract was harvested
similarly by 3 pipettings with 20 wL of PBS. '

* At 6 days after infection, the vaginal tissues of infected mice were fixed
in 10% formalin in phosphaté buffer and embedded in paraffin. H&E
staining was performed according to standard procedures. The presence of
HSV-2 antigen in tissues was detected using rabbit polyclonal anti-herpes
simplex virus type 2 (Dako North America). Images were captured using a
Provis AX80 microscope (Olympus) equipped with OLYMPUS DP70
digital camera, and detected using a DP manager system (Olympus; original
total magnification X200). '

Splenic CD4 T cells from HSV-2 primary-infected mice were stimu-
lated in a 96-well plate coated with CD3 mAb (1 pg/mL) and CD28 mAb
(1 pg/mL) for 24 hours. For antigen specific stimulation, CD4 T cells were
cocultured for 48 hours in the presence of irradiated T cell-depleted
splenocytes as antigen-presenting cell (APC) and heat-inactivated HSV-2
(heat inactivated at 56°C for 2 hours) at a multiplicity of infection of 1.
Supernatant was collected and stored at —20°C until assay.

Evaluation of resistance and immune response to LM in mice

Wild-type LM strain EGD was used in this study. The bacterial suspension
was prepared as described previously.?” For primary infection, mice were
inoculated intravenously with 10? colony-forming units (CEUs) of LM and
the bacterial burden in the spleen was determined on day 2 or 5 after
infection.

For studies of secondary infection, mice were immunized intravenously
with 10* CFUs of LM. Frem day 3 through day 6.5 after immunization, the
drinking water supplemented with ampicillin (2 mg/mL) was given to clear
any remaining LM. On day 7, mice were challenged with 10% CFUs of LM,
and the spleens and sera were harvested after 3 or 12 hours. Spleens were
homogenized in PBS, and the number of viable bacteria was determined by
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plating 10-fold serial dilutions on tryptic soy agar plates and counting the
CFUs.

For cytometric assays, immunized mice were re-inoculated with
107 CFUs of LM. Splenccytes were harvested after 12 hours, cultured in the
presence of protein transport inhibitor for 6 hours, and evaluated by the
FACSCanto IT (BD Biosciences) for cell surface and intracellular markers.

To determine the functional dei'elopmem of CD4 T cells in immunized
mice, we purified splenic CD4 T cells and then stimulated them in a 96-well
plate coated with CD3 mAb and CD28 mAb. For LM specific stimulation,
CD4 T cells were cocultured with mouse bone marrow—derived macro-
phages (BMDMs) differentiated in the presence of 100 ng/mL of M-CSF
and pulsed with viable LM at a multiplicity of infection of 10. Supernatant
after stimulation for 24 hours was collected and stored at —20°C until assay.

Analysis of virus vector-transduced CD4 T cells

Retroviral transduction was performed as described previousty.!? The
spliced HBZ gene was cloned into a retroviral vector, pMXs-Ig (a gift from
T. Kitamura, The University of Tokyo), to generate pMXs-Ig-HBZ. This
plasmid DNA was transfected into the packaging cell line, Plat-E. For
retroviral transduction, CD25-CD4*t cells were emiched by a CD4
enrichment kit (BD Biosciences thirMingen) and were activated by
anti-CD3 Ab (0.5 pg/ml) and (IL-2 (50 U/mL) in the presence of
T cell-depleted and x-irradiated (20 Gy) C57BL/6J splenocytes as APCs in
12-well plates. After 16 hours, activated T cells were transduced with viral
supernatant in the presence of 4 pg/mL polybrene and centrifuged at 1700g
for 60 minutes. Then; transduced CD4 T cells were stimulated by phorbol
12-myristate 13-acetate (PMA; 50 ng/mL) and ionomyein (1 pg/mL) or
plate-coated CD3 mAb (1 pg/mL) and CD28 mAb (I pg/mL) in the
presence of protein transport inhibitor and analyzed by a flow cytometry as
shown, in Figure 3. Dead cells were excluded using forward and side scatter
and LIVE/DEAD Fixable Dead Cell Stain Kit (Invitrogen) by flow
cytometry. Thereafter, intracellular cytokines were measured.

For generation of the lentivirus vector, sHBZ ¢DNA was cloned into
pCS2-EE-GFP (a gift from_ H. Miyoshi, RIKEN BioResource Center) as
previously described.' In brief, 293FT cells were cotransfected with the
lentivirus vector, pCMV-A8/9 and pVSVG and supernatant containing
virus was used for transduction. The lentivirus titer was determined on
293FT cells. .

Empty vectors that express only GFP were used as controls for
retroviral and lentiviral transductions.

{IFN-y promoter assay

Nucleotides —670 to -+64 of the IEN-vy promoter region were amplified by
PCR using human genomic DNA as a template, and cloned into pGL4.22
(Promega). The PathDetect pAP-1-Luc and pNFAT-Luc Cis-Reporter
Plasmids were purchased from Promega. Transfection and luciferase assay
were performed according to supplemental Methods (available on the
Blood Web site; see the Supplemental Materials link at the top of the
online article).

ChiP assay

sHBZ-expressing Jurkat cells were stimulated with PMA and jonomycin.
ChIP assay was performed as reported previously.?® ChIP DNA samples
were subjected to the StepOnePlus real-time PCR system using Power

SYBR Green PCR Master Mix (Applied Biosystems). The sequences of the

primers for the human IFN-y promoter were: 5'-TACCAGGGC-
GAAGTGGGGAG-3' (sense) and 5'-GGTTITGTGGCATTTGGGTG-3'
(anti-sense).

Statistical analysis

For in vitro and in vivo experiments, multiple data comparisons were
performed using the Student unpaired 7 test.
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High susceptibility of HBZ-Tg mice to HSV-2 infection

We first evaluated the susceptibility of HBZ-Tg mice to HSV-2
infection. Recently, we reported that HBZ-Tg mice frequently
develop T-cell lymphoma and dermatitis after 10 wecks.!” There-
fore, HBZ-Tg mice without skin symptoms at 7 to 10 weeks of age
were used in this study. It has been reported that the host immune
response against primary HSV-2 infection can be divided into
2 stages: the innate immune response plays a dominant role by day
2 after infection, whereas cellular immunity plays an important role
later, after day 5 after infection.?? IFN-vy production by CD4 T cells
is known as a critical factor in the cellular immune response against
pathogens.? To determine whether cellular immunity is impaired
in HBZ-Tg mice, we pretreated HBZ-Tg and non-Tg mice with
Depo-provera for efficient infection and inoculated them with
HSV-2 through the vaginal route.*® The viral titer of HSV-2 in the
lesion was measured. Tn this primary infection assay, there was no
significant difference in the viral titers between non-Tg and
HBZ-Tg mice at day 2 after inoculation (Figure 1A), when innate
immunity is responsible for the host defense. In contrast, at day
6 after infection, when acquired immunity becomes important,
HBZ-Tg mice showed significantly higher viral titers of HSV-2
than non-Tg mice (Figwe 1A). Immunohistochemical analysis
revealed that abundant viral antigens were detected in the vaginal

epithelial cells and ganglia of HSV-2 challenged HBZ-Tg mice but

not in non-Tg mice (Figure 1B).

To explore the mechanism of this immune deficiency, we
examined cytokine production by CD4 T cells stimulated with
antibodies to CD3 and CD28 or with heat-inactivated HSV-2 and
APC. On day 6 after infection, the production of Thl effector
cytokines, including IFN-y, IL-2, and TNF-«, was significantly
reduced in CD4'T cells from HBZ-Tg mice compared with non-Tg
mice (Figure 1C). Furthermore, IFN-y concentration in vaginal
wash fluids at day 5 after infection was significantly suppressed in
‘HMBZ-Tg compared with non-Tg mice (Figure 1D). When we
challenged mice with a 50% lethal dose of HSV-2, the survival rate
of non-Tg mice at day 20 after infection was 53%. In contrast,
HBZ-Tg mice could not survive a viral challenge at the same dose
(Figure 1E).

To study acquired immunity against HSV-2, we immunized and
challenged mice as shown in Figure 1F. First, mice were immu-
nized by TK-negative HSV-2 strain, the attenuated mutant of
HSV-2, and then they were challenged with wild-type HSV-2. The
vaginal virus titer in HBZ-Tg mice at day 3 after challenge was
similar to that in nonimmune non-Tg mice (Figure 1F), whereas
HSV-2 was not detected in immune non-Tg mice. The difference in
viral titer between non-Tg and HBZ-Tg mice was much more
remarkable in these secondary infection experiments than in the
previous primary infection experiments, implicating impaired
acquired immunity in HBZ-Tg mice. These results demonstrate
that expression of SHBZ in CD4 T cells induces a deficiency in the
immune response against HSV-2 and impairs the production of
IFN-v, IL-2, and TNF-c.

HBZ-Tg mice have an impaired T cell-dependent immune
response to LM :

We next evaluated the susceptibility of HBZ-Tg mice to infection
with LM via an intravenous route. As with HSV-2 infection,
production of TFN-y by CD4 T cells plays a crucial role in the
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growth inhibition and elimination of LM in vivo.3»* On day 2 or
3 after primary infection with LM, we removed spleens and
evaluated the bacterial burdens in the organs. The number of LM
recovered from HBZ-Tg spleen on day. 2 was comparable to that
from non-Tg mice, yet the bacterial burden in HBZ-Tg mice at day
5 was higher than that in non-Tg mice (Figure 2A), suggesting a
reduced protection in HBZ-Tg mice against LM, especially when
acquired immunity is being established. We next a performed
secondary infection experiment to evaluate the T cell-dependent
immunity that developed after primary infection. Non-Tg mice
immunized with a small dose of LM and later challenged with a
high dose exhibited a significant level of bacterial elimination
12 hours after challenge compared with nonimmunized mice
(Figure 2B). By contrast, such a significant level of bacterial
elimination was not observed in immunized HBZ-Tg mice (Figure
2B), indicating that acquired LM-specific immunity is impaired in
HBZ-Tg mice.

Characterization of cytokine production in the LM-infected
mice

We next measured the concentration of several cytokines in the sera
and homogenized spleen supernatant of HBZ-Tg and non-Tg mice
during secondary infection with LM. IFN-y, TNF-«, IL-2, IL-6,
and TL-10 were decreased in HBZ-Tg mice (Figure 2C) compared
with non-Tg mice. On- the other hand, TL-12, which is mainly
secreted by APCs, was increased in HBZ-Tg at 12 hours. To
explore whether impaired production of Thl cytokines by CD4 T
cells is responsible for the decrease in levels of IFN-y, TNF-«, and
IL-2 in the serum, we enriched CD4 T cells from the spleens of
immunized mice and then stimulated the cells ex vivo nonspecifi-
cally (with mAbs to CD3 and CD28) or specifically (with BMDMs
pulsed with viable LM). The ability of CD4 T cells from HBZ-Tg
mice to produce TFN-y and IL-2 in response to either kind of
stimulation was markedly impaired compared with that of cells
from non-Tg mice (Figure 2D). In contrast, a considerable amount
of TNF-a production was detected in tests of both HBZ-Tg and
non-Tg CD4 T cells after stimulation with LM-pulsed BMDMs.
However, this level of TNF-n was alinost comparable with that
observed in the culture of LM-pulsed BMDMs alone (Figure 2D).
Therefore, the TNF-« detected in this experiment was probably
produced by the macrophages, not by the CD4 T cells. These
results strongly suggest that the ability of CD4 T cells to produce
Th1 cytokines is impaired in HBZ-Tg mice.

Because IFN-y is reported to play a pivotal role in the acquired
protection of mice against LM,?*%3 we focused on IFN-y produc-
tion by LM-specific CD4 T cells. Splenic cell suspensions were
prepared from 2 groups of mice immunized and challenged
according to the protocol shown in Figure 2B. Cells were cultured
for 6 hours in the presence of protein transport inhibitor and then
subjected to flow cytometric analysis for IFN-y production by
intracellular cytokine staining. The number of IEN-y-producing
CD4 T cells in HBZ-Tg mice was remarkably reduced compared
with that in non-Tg mice (Figure 3A). In contrast, IFN-vy produc-
tion by CD8 T cells showed no significant difference between
non-Tg and HBZ-Tg mice (Figure 3A). In addition, there were no
differences between HBZ-Tg mice and control littermates in both
total and CD4* splenocytes (supplemental Figure 1).

We recently réported that the proportion of Foxp3*t CD4*
T cells is increased in HBZ-Tg mice.'” A previous study reported
that Foxp3 expression inhibits the production of IFN-y,% suggest-
ing that a decreased proportion of effector T cells in HBZ-Tg mice
might be responsible for the low number of IFN-y--producing CD4
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Figure 1. Transgenic mice expressing sHBZ in CD4 T cells are highly susceptible to intravaginal infection with HSV-2. (A) Virus titer in vaginal washes in primary
infection. (B) Histologic analysis of epithelia and ganglion in vaginal tissue from mice infected with HSV-2. Uninfected vaginal tissues are presented as controls. HE indicates
H&E stain; and HSV, immunohistochemical analysis for the viral antigen. Arrowheads indicate HSV-2-positive cells. (C) Cytokine production by splenic CD4 T cells from mice
infected with 104 plaque-forming units (PFU) of HSV-2. Cells were stimulated with mAbs to CD3 and CD28 or APC plus heat-inactivated HSV-2 (HIH2) in ex vivo culture.
(D) IFN-vy concentration in vaginal wash fluid harvested at day 5 after infection. (E) Survival curve of non-Tg or HBZ-Tg mice infected with 103 PFU of HSV-2. *P < .05 (log-rank
test). (F) Viral titer in vaginal washes during HSV-2 secondary infection. To evaluate adaptive immunity against HSV-2 infection, mice were immunized and infected with the
virus as shown in the upper panel. Bars represent the mean = SD of all mice per genotype. Two or 3 independent experiments have been performed. N.D. indicates not

detected.

T cells. However, the impairment of TFN-y production was still
observed in the Foxp3-negative effector CD4 Tecell population
‘(Figure 3B), indicating that the reduction in IFN-y production is
independent of Foxp3 expression. These results collectively indi-
cate that transgenic expression of sSHBZ in CD4 T cells results in a
reduction in effector cytokine production by CD4 T cells.

sHBZ directly inhibits IFN-y production in a CD4 T cell-intrinsic
manner

To determine whether sHBZ-mediated IFN-y suppression was
induced by a cell-intrinsic effect of sHBZ in CD4 T cells or by a

dysregulated immunologic status in vivo indirectly. caused by
sHBZ expression, we used a retrovirus vector to express SHBZ in
naive CD4 T cells. Wild-type CD4 T cells transduced with sSHBZ
showed lower IFN-vy production than empty vector-transduced
cells (Figure 4A-B), demonstrating that sHBZ directly suppresses
IFN-y production in CD4 T cells. It is noteworthy that sHBZ
suppressed IFN~y production in human CD4 T cells as well as
mouse T cells. This suppression was not limited to IFN-vy but was
also observed for TNF-a (Figure 4C) and IL-2 (Figure 4D).
Expression level of the HBZ gene transcript was much higher than
that of HBZ-Tg mice (supplemental Figure 2). IL.-4 production was



