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Both the canonical and noncanonical
nuclear factor kB (NF-xB) pathways have
been linked to tumorigenesis. However,
it remains unknown whether and how the
2 signaling pathways cooperate during
tumorigenesis. We report that inhibition
of the noncanonical NF-«B pathway sig-
nificantly delays tumorigenesis mediated
by the viral oncoprotein Tax. One func-
tion of noncanonical NF-xB activation

was to repress expression of the WWOX
tumor suppressor gene. Notably, WWOX
specifically inhibited Tax-induced activa-
tion of the canonical, but not the nonca-
nonical NF-«kB pathway. Mechanistic stud-
ies indicated that WWOX blocked Tax-
induced inhibitors of kB kinasea (IKKa)
recruitment to RelA and subsequent
RelA phosphorylation at S536. In con-
trast, WWOX Y33R, a mutant unable to

block the IKKa recruitment and RelA
phosphorylation, lost the ability to inhibit
Tax-mediated tumorigenesis. These data
provide one important mechanism by
which Tax coordinates the 2 NF-kB path-
ways for tumorigenesis. These data also
suggest a novel role of WWOX in NF-xB
regulation and viral tumorigenesis.
(Blood. 2011;117(5):1652-1661)

Introduction

The nuclear factor kB (NF-kB) family of transcription factors
plays a central role in regulation of diverse biologic processes,
including immune responses, cell growth, and, cell survival.! The
NF-kB factors are usually sequestered in the cytoplasm as latent
complexes through physical interaction with the inhibitors of kB
(IkB), mainly IkBa and the IkB-like protein p100 (the precursor of
the mature form of NF-kB2, p52). Accordingly, inducible degrada-
tion of IkBa and selective degradation of the C-terminal IkB-like
sequences of pl100 (processing) to generate p52 represent 2 major
mechanisms leading to NF-kB activation: the canonical and
noncanonical NF-kB pathways, respectively.

In the canonical NF-kB pathway, IkBa degradation requires
inducible phosphorylation at serines S32 and S36 by a specific kB
kinase (IKK) complex that consists of 2 catalytic components,
IKKa (also known as IKK1) and IKK (or IKK2), and a regulatory
subunit, IKKy (NEMO). IKK-mediated phosphorylation results in
rapid ubiquitination and proteasomal degradation of IkBa, allow-
ing RelA (the prototypic member of NF-«kB, also known as p65)
and other NF-kB members to localize to the nucleus to induce gene
expression.! In the noncanonical NF-kB pathway, IKKa« is specifi-
cally recruited into the pl00 complex to phosphorylate p100,
leading to p100 ubiquitination and processing to p52. The newly
generated p52 together with NF-kB binding partners then translo-
cates into the nucleus, where they induce or repress gene
expression.>*

Through deregulation of its target genes, NF-kB has been
linked to various malignancies, such as adult T-cell leukemia (ATL)

caused by the human T-cell leukemia virus type I (HTLV-I).! This
retrovirus encodes a viral oncoprotein Tax, known to persistently
activate both the canonical and noncanonical NF-kB pathways. Tax
binds to and activates IKK via IKK+y to phosphorylate IkBa,
resulting in IkBa degradation and RelA nuclear translocation.>
Recent studies suggested that posttranslational modifications of
Tax, such as ubiquitination, are required for Tax binding to IKK<y
and subsequent IKK activation.!*!? Another important function of
Tax in the activation of the canonical NF-kB pathway is to promote
IKKa to phosphorylate S536 of RelA, which is required for RelA
transcriptional activity.!>!* In parallel, Tax specifically recruits
IKKa into the p100 complex to activate the noncanonical NF-kB
pathway.!>!1% Although the mechanisms of how the canonical and
noncanonical NF-kB pathways are regulated and activated under
both physiologic and pathogenic conditions have been extensively
studied, it remains largely unknown whether and how the 2 NF-kB
signaling pathways cooperate, particularly during tumorigenesis.
The WW domain—containing oxidoreductase (WWOX) gene,
also known as WOX1 or FOR, which is located at the second most
common human fragile site, FRAI6D, has been linked to many
different cancer conditions, including leukemia and lympho-
mas.'7!8 Recent evidence from both biochemical and genetic
studies has clearly demonstrated WWOX as a bona fide tumor
suppressor gene. Although reduction or loss of WWOX expression
is strongly associated with tumor genesis and aggressiveness, and
its restoration in the WWOX-deficient cancer cells leads to reversal
of their tumor phenotypes, targeted deletion of Wwox in mice
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results in an increased incidence of spontaneous and inducible
tumors.!”!8 The tumor spectrum in Wwox-deficient mice includes
leukemia/lymphoma, lung carcinomas, liver tumors, gastric tu-
mors, and many others. Although it has been suggested that the
tumor suppression function requires phosphorylation of Y33 within
the N-terminal WW domain,!”-!8 the mechanisms of how WWOX
functions as a tumor suppressor remain unclear. In addition, the
role of WWOX in viral tumorigenesis has not yet been investigated.

In the present study, we have demonstrated that the WWOX
tumor suppressor gene is a novel molecular link between the
canonical and nonanonical NF-kB pathways under HTLV-1/Tax
oncogenic regulation. The WWOX gene is a negative target of the
noncanonical NF-kB pathway, and a potent suppressor of Tax-
activated canonical NF-kB. WWOX specifically prevents Tax-
mediated IKKa recruitment to RelA and subsequent IKKoa—
mediated S536 phosphorylation, but has no effect on Tax-induced
IkBa degradation and p100 processing. Interestingly, the WWOX
Y33R mutant loses the ability to suppress Tax-mediated tumorigen-
esis, which is associated with its inability in prevention of
Tax-mediated RelA phosphorylation by IKKa. Studies suggest a
new tumor suppressor role of WWOX in HTLV-I/Tax-mediated
tumorigenesis. These studies also provide an example of how the
canonical and noncanonical NF-kB pathways coordinately act
together in tumorigenesis.

Methods

Expression vectors and reagents

Expression vectors encoding Tax, Myc-WWOX, and its Y33R mutant
pl00, serine to alanine (SS/AA) mutant plO0SS/AA, p52, IKKa, and
hemagglutinin (HA)-IkBaSS/AA have been previously described.!>!” The
Tax and WWOX cDNAs were also subcloned into retroviral vectors
pCLXSN, pQCXIP, pLHCX, and/or pTRIP by routine cloning strategies as
described.?® Tax, Myc, and WWOX antibodies were generated from
hybridomas as described.!®?! Antibodies against IKKa, IkBa, or S536
phosphorylated RelA were from Cell Signaling Technology. Heat shock
protein 90 (Hsp90) and HA antibodies were from Santa Cruz Biotechnology
and Roche, respectively. Proteasome inhibitor MG132 and protein synthe-
sis inhibitor cycloheximide (CHX) were from Biomol.

Cell culture and transfection

Human embryonic kidney 293 cells, HeLa cells, mouse embryonic
fibroblasts (MEFs), and Rat-1 fibroblasts were cultured in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum (FBS)
and 2mM L-glutamine.?’ Human T-lymphocyte Jurkat cells, CD40* lym-
phoma cell lines KM-H2 and L428, HTLV-I-transformed T-cell lines
C8166, HuT102, MT-2 and SLB-1, and established ATL cell lines TL-Om-1
and ED40515~ were maintained in suspension in RPMI 1640 medium
supplemented with 10% FBS and 2mM L-glutamine.?> 293, HeLa, and
HTLV-I-transformed T cells were transfected, respectively, with diethylami-
noethyl-dextran, Transfast reagent (Promega), and Lipofectamine 2000
(Invitrogen) as described previously.?%?3

Clinical samples

Peripheral blood was obtained from normal donors and ATL patients after
informed consent, approved by the Institutional Review Board of the
University of Pittsburgh. The diagnosis of ATL was established hematologi-
cally and by demonstration of monoclonal HTLV-I provirus integration into
host genome. Subtypes of ATL were defined as described.?* Peripheral
blood mononuclear cells (PBMCs) were purified from peripheral blood
using Ficoll Paque gradient centrifugation.”> Purified PBMCs contained
more than 90% leukemic cells. All patient samples were collected before
chemotherapy.
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Retroviral transduction and generation of stable cDNA or
shRNA transfectants

All the experiments involving virus were performed under Biohazard
Safety Level BSL 2* conditions. MEFs and Rat-1 cells were infected with
virus expressing Tax. The cells stably expressing Tax were also
reinfected with virus expressing p100, pl00SS/AA, p52, HA-IkBaSS/
AA, WWOX, or WWOX Y33R mutant for simultaneously expressing
Tax and these proteins. The viruses containing empty vector sequences
were used as a control. The stable transfectants were obtained by drug
selections using a detailed protocol previously described.?%2¢ Similarly,
293 and Rat-1 cells expressing short hairpin RNA (shRNA) against the
wwox gene were generated using the lentiviral vector pLentilox pLL3.7,
which expresses green fluorescent protein downstream of the shRNA. The
shRNA stable transfectants were obtained by cell sorting based on green
fluorescent protein expression. The target sequences were as follows:
human WWOX shRNA No. 1 (5'-AAGACTCAGTGGGAACATC-3"),
human WWOX shRNA No. 2 (5'-GCAGTGCATCCTGGAAATATG-3'),
mouse Wwox shRNA No. 1 (5'-GGATCCAAGATTGGCATTTAC-3'), rat
Wwox shRNA No. 1 (5'-GGATCCAAGATTGGCATTTAC-3’), mouse
Wwox shRNA No. 2 (5'-GGGCCATGCTGGCTTATAA-3"), rat Wwox
shRNA No. 2 (5'-GCATTTACCGTGGATGATAAT-3’), human WWOX
shRNA No. 3 (5'-GGCCAAGAATGTGCCTCTTCA-3’), and rat Wwox
shRNA No. 3 (5'-GGCCAAGAATGTGCCTCTTCA-3").

Induction of Tax in Jurkat inducible cell line

For Tax induction, Jurkat-TetOn inducible cells maintained in 10%
tetracycline-free FBS were treated with 0.1 pg/mL doxycycline for the
indicated time as described previously.? The cells were then lysed in RIPA
buffer (50mM Tris-HCI [pH 7.4], 150mM NaCl, ImM ethylenediamine-
tetraacetic acid, 0.25% [wt/vol] sodium deoxycholate, 1% [vol/vol] Non-
idet P-40, ImM dithiothreitol) supplemented with 1mM dithiothreitol and
1mM phenylmethylsulfonyl fluoride or TRIzol reagent for whole-cell lysate
and RNA extractions, respectively.

Immunoblotting and immunoprecipitation assays

Whole-cell extracts were subjected to sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and immunoblotting (IB), or immunoprecipitation (IP) using
the indicated antibodies before electrophoresis and IB as previously described.?’-?8

RT-PCR analysis

Regular reverse transcription—polymerase chain reaction (RT-PCR) or
real-time RT-PCR were performed as described.?>2° Primer pairs used for
RT-PCR were the following: human WWOX (forward) 5'-CGCGGCCGCCATG-
GCAGCGCTGCGC, (reverse) 5'-CGAATTCTTAGCCGGACTGGCTGCC;
mouse Wwox (forward) 5'-TCATCCCCCGCCCGTGTCAT, (reverse) 5'-
CCTCCAGCTCTGGGGCG ACT; rat Wwox (forward) 5'-GGGAGCAG-
GAGACCGACGA, (reverse) 5'-CACACTACGGAGCACG GCCA; TAX
(forward) 5'-GCCGGCCACAACCATGGCCCACTTCCCAGG, (reverse) 5'-
GGCGTCGACTCAGACTTCTGTTTCACGGAAAT; and human, mouse, and
rat glyceraldehyde-3-phosphate dehydrogenase ([Gapdh] forward) 5'-CA-
CAGTCCATGCCATCACTG, (reverse) 5'-CTTACTCCTTGGAGGCCATG.
Primer pairs used for real-time RT-PCR were the following: human WWOX
(forward) 5'-CTCCTGCCCGTGTCATTGTG, (reverse) 5'-GCATCGCCCAAT-
AGTCGTTT and human [BETAJ-ACTIN (forward) 5'-ATCAAGATCATT-
GCTCCTCCT, (reverse) 5'-GAGAGCGAGGCCAGGATGGA.

Protein stability assays

Cells were treated with 10uM CHX, followed by chase for the indicated
time periods in the presence or absence of MG132, and then subjected to IB
to detect the indicated proteins.?

Luciferase gene reporter assays

Cultured 293 cells were transfected with NF-kB—driven firefly luciferase
reporter,®” TK-driven Renilla luciferase reporter, and Tax in the presence of
increasing amounts of WWOX, WWOX Y33R mutant, or different wwox
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Figure 1. Noncanonical NF-kB is involved in Tax-
mediated cellular transformation and tumorigenesis.
(A) Kaplan-Meier plot of tumor-free mice. Tax* p100*/*
mice (n = 17), Tax* p100~/~ mice (n = 20), and Tax-free
p100*/* or p100~/~ mice (n = 9) were monitored daily for
tumor formation for up to 52 weeks. A representative
mouse with tumors is shown (right) and the tumors are
indicated by arrows. (B) Protein expression levels of
NF-kB proteins in Tax*p100*/* or Tax*p100~/~ tumor
cells. (C) Involvement of p52 for Tax-mediated colony
formation. The p100~/~ MEFs stably expressing Tax
alone or together with p100, p52, or p100SS/AA were
plated in soft agar for colony formation. The colony
formation efficiency is represented as a percentile of that
in p100*/* MEFs stably expressing Tax (arbitrarily set as
100). These data represent mean (= SD) for n =3
samples. **P < .01. (D) Protein expression levels of Tax,
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colony formation by IkBaSS/AA. The p100+/+*
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1 HA-IkBaSS/AA were plated in soft agar and subjected to
160 colony formation as described in panel C. (F) Protein
expression levels of Tax and HA-IkBaSS/AA in the MEFs
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shRNA constructs. For C8166 and MT-2 cells, the luciferase reporters were
transfected with increasing amounts of WWOX. At 40 hours after transfec-
tion, dual luciferase activities were measured as we described previously.’

Colony formation assays

Soft agar assays were performed as previously described.?2 Briefly, cell
suspensions in culture medium containing 0.6% SeaPlaque low melting agarose
were plated on the top of 1% agarose in culture medium. Colony growth was
scored after 21 days of cell incubation. All the colony formation assays presented
in this study were repeated in at least 3 independent experiments.

In vivo tumor formation

All experiments involving mice were approved by the Institutional Animal
Care and Use Committee of the University of Pittsburgh. Purchased
5-week-old female severe combined immunodeficient mice (Charles River
Breeding Laboratories) were challenged subcutaneously in the hind back
with the indicated Rat-1 stable cell lines. The recipient mice were
monitored daily, and killed for tumor evaluation at day 14 after injection.
Long terminal repeat (LTR)-Tax transgenic (Tax™) mice were mated with

Tax

HA-IkBaSS/AA

Hsp90

HA-IxBaSS/AA

p100 knockout (p100~'~) mice (generous gifts from J.E. Green and D.
Novack, respectively).’>3! The generated Tax™ pl100~/~ mice and their
cohort Tax* p100*/* mice were monitored daily for tumor formation for up
to 52 weeks and killed when overt tumor development was detected or
when signs of morbidity were evident.

Statistical analysis

Data were reported as mean (= SD). The Student 2-tailed ¢ test was used to
assess the significance of difference between 2 groups, and values for
P < .05 and P < .01 were considered statistically significant and highly
statistically significant, respectively.3233

Results

Knockout of p100/p52 prevents tumorigenesis in Tax
transgenic mice

The Tax viral oncoprotein is a potent activator of both the canonical
and noncanonical NF-kB pathways. However, the individual role
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Figure 2. Tax represses WWOX expression through A | T Tax
the noncanonical NF-xB pathway. (A) WWOX repres-
sion by Tax. Jurkat Tax-TetOn cells were treated with . 120 2 e wwox
doxycycline (DOX) for the indicated times to induce Tax § M—HSPQO
expression. The induction of Tax protein was analyzed by ° 100 100 18 63_Percentile
direct IB (top). The relative levels of WWOX mRNAs in E 80 ——
the Tax inducible cells were analyzed by real-time <
RT-PCR and normalized according to B-actin mRNA E 60 =1—gapdh
level and represented as a percentile of that in un- E 40
treated cells (arbitrarily set as 100). These data repre- ° =y
sent mean (= SD) for n = 3 samples. (B) Requirement § 20 p100+’+ p100~
of p100/p52 in Tax repression of Wwox. Semiquantita- 0
tive RT-PCR analysis was performed to detect the DOX(h) 0 24 48 T2
expression levels of Wwox, TAX, and Gapdh in the D’a100
matched ear tissues from p100*/* mice, Tax*p100+/* >
mice, p100~/~ mice and Tax*p100~/~ mice. The rela- C E 80
tive levels of Wwox mRNAs based on Gapdh mRNAs in :\o‘ 100 °
Tax* cells were also represented as a percentile of the %’ 80 § 60~
levels in Tax~p100*/* cells (arbitrarily set as 100). 3 T 40
(C) Down-regulation of WWOX gene expression by <_t 60 E
CD40 activation. The CD40" cell lines KM-H2 and = o 20+
L428 were treated with anti-CD40 antibodies (10u.g/ nE: 40 § o
mL) followed by real-time RT-PCR analysis as de- § 20
scribed in panel A. (D) No significant effect on Wwox E -—Taxz
gene expression by Tax2. MEFs stably expressing 0
Tax2 or an empty vector were subjected to real-time a-CD40(h) O 8 24 O 8 24 -—Hsp90
RT-PCR analysis as described in panel A. Tax 2 expression KM-H2 Cells L428 Cells + Tax2
level was examined by IB. (E) RNA repression of WWOX
in HTLV-I-transformed T-cell lines and ATL cell lines. The
relative levels of WWOX mRNAs in the indicated HTLV- E 100 F
I-transformed T-cell lines and ATL cell lines were ana- A 1 2 3 4 5 6 7
lyzed by real-time RT-PCR analysis as described in panel ° § 80 — <«—WWOX
A. (F) Protein repression of WWOX in HTLV-I-trans- E <zr. o —— —
formed T-cell lines and ATL cell lines. Protein expression 2 & 100 22.4 28.9 21.1 11.8 51.3 3.95 Percentile
levels of WWOX were analyzed in the indicated cell lines ~ $ E 40
by IB. The relative levels of WWOX proteins based on % 5 P M‘— Hsp90
Hsp90 proteins were represented as a percentile of levels & § X
in Jurkat cells (arbitrarily set as 100). (G) WWOX repres- 0 < A &é‘ %\66 ‘éﬂ' Q'\ ,(\Qq' 0& ,\c,Q\
sion in freshly isolated ATL cells. The levels of WWOX & \‘66 & 0*" \»\Qq' ) ,\6‘,\h » d Q\‘) o’
mRNA in PBMCs directly from ATL patients or healthy Al Y S ,‘\;o &
donors were analyzed by real-time RT-PCR and repre- O
sented as a percentile of that in normal control No.
1 (arbitrarily set as 100).
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of these 2 protumorigenic pathways in Tax-mediated tumorigenesis
remains obscure. To address this important issue, we examined the
effect of p100/p52 knockout on tumor formation in transgenic mice
expressing the HTLV-I Tax gene (Tax™) driven by HTLV-I viral
promoter. In agreement with a previous study,?® Tax " p100*/* mice
started to develop visible tumors on their ears, mouths, noses, legs,
and/or tails at the age of 11 weeks, and all the mice had tumors by
18 weeks of age (Figure 1A). In contrast, the earliest onset of tumor
formation in Tax* p100~/~ mice, which lack expression of both the
p100 and p52 proteins, started at 24 weeks, and only 10% of mice
developed tumors by 25 weeks of age and 10% of mice remained
tumor-free during the 52-week observation period. Of note, control
mice with no Tax expression (either p100™/* or p100~/7) did not
develop any notable malignancies during the 1-year observation
period. Western blot assays further validated that with the excep-
tion of p100/p52, expression levels of other NF-k B members were
comparable in Tax®™ p100*/* and Tax™ p100~/~ tumors (Figure

ATL Patients

1B). These data indicated that p100 and/or p52 play an important
role in Tax-mediated tumorigenesis in vivo.

To define whether the defect in p100-deficient mice was a result
of deficiency of pl00 expression or p52 generation, we took
advantage of the MEFs from p100™/* and p100~/~ mice. Consis-
tent with our previous study,? neither p100*/* nor p100~/~ MEFs
were able to form colonies in soft agar (data not shown). Both
p100*/* and p100~/~ MEFs acquired the ability to form foci in soft
agar when transduced with Tax; however, the colony formation
efficiency of Tax expressing pl00~/~ MEFs was much lower
(Figure 1C). The discrepancy of the p100*/* and p100~/~ MEFs in
the sensitivity of Tax-induced transformation was not because they
were generated from different embryos, as re-expression of exog-
enous p100 could rescue the transformation of the p100~/~ MEFs
by Tax. Interestingly, reconstitution of the p100 processed product
pS52 alone was also able to restore Tax-induced transformation of
the pl00~/~ MEFs. In contrast, reconstitution with plO0SS/AA, a
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Figure 3. The Wwox knockdown enhances Tax-
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serine to alanine point pl00 mutant defective in inducible
phosphorylation and processing,!>1° failed to do so. It should be
pointed out that the expression levels of Tax, p100, pl100SS/AA,
or p52 were comparable in these MEFs (Figure 1D). To examine
the role of the canonical NF-kB pathway in Tax-mediated
cellular transformation, we performed the colony formation
assay using cells simultaneously expressing Tax and the
super repressor form of IkBa (IkBaSS/AA). As shown in Figure
1E-F, coexpression of IkBaSS/AA resulted in a significant
decrease of Tax-induced colony formation. These data sug-
gested that both the canonical and noncanonical NF-kB path-
ways are involved in Tax-mediated cellular transformation and
tumorigenesis.

Tax inhibits expression of the WWOX gene largely dependent
on p100/p52 expression

Our previous gene array studies indicated that aberrant expression
of p52 resulting from constitutive processing of pl00 represses
expression of the WWOX tumor suppressor gene.’* Thus, we
hypothesized that Tax activation of the noncanonical NF-kB
pathway may down-regulate expression of the WWOX gene and
thereby may enhance its tumorigenicity. To test this hypothesis, we
initially examined whether Tax represses WWOX expression using
a Tax-TetOn inducible Jurkat cell line. As shown in Figure 2A,
inducible expression of Tax indeed repressed expression of the
WWOX gene in a time-dependent manner. In agreement with our
previous finding identifying the WWOX gene as a negative target of
the noncanonical NF-kB activation, we found that deficiency of
p100/p52 resulted in almost complete recovery of the WWOX gene
from Tax-mediated repression (Figure 2B). In further support of
those findings, CD40 (activator of both canonical and noncanonical
NF-kB pathways'), but not Tax-2 encoded by HTLV-II (selective
activator of the canonical, but not the noncanonical, NF-kB
pathway®), could significantly down-regulate WWOX mRNA
levels (Figure 2C-D). These data suggested that one function of Tax
is to activate the noncanonical NF-kB pathway to repress expres-
sion of the WWOX tumor suppressor gene.

To check whether the repression of the WWOX gene is
associated with HTLV-I-mediated leukemogenesis, we exam-

O

Colony percentile

n
(=]
o

4
300

mediated cellular transformation. (A) Enhancement of
Tax-mediated colony formation by Wwox knockdown.
Rat-1 cells stably expressing Tax alone or together with
different Wwox shRNA constructs were plated in soft agar
for colony formation. Photographs were taken at day 21
after plating. Original magnification was x100. (B) Sum-
mary of colony formation efficiency performed in panel A.
These data represent mean (+ SD), and values for
P were obtained using Student t test. **P < .01.
(C) Knockdown efficiency of Wwox by shRNAs. Semi-
quantitative RT-PCR analysis and IB assay were per-
formed, respectively, to examine the RNA and protein
expression levels of Wwox and TAX in the Rat-1 stable
cell lines used in panel A. (D). Restoration of Tax-
mediated transformation of p100~/~ MEFs by Wwox
knockdown. p100~/~ MEFs stably expressing Tax alone
or together with different Wwox shRNA constructs were
subjected to soft agar colony formation and IB assays as
described in panel A.

wwox shRNA #3

00

Vec #1
wwox shRNA
Tax

#2

ined WWOX expressions under different HTLV-1 pathogenic
conditions. Compared with Jurkat cells, an HTLV-I-negative
leukemic cell line, all HTLV-I transformed T-cell lines and
established ATL cell lines that we examined expressed signifi-
cantly lower expression of WWOX at both RNA and protein
levels, although to different extents (Figure 2E-F). It should be
pointed out that repression of WWOX expression was stronger at
the protein level. Our data suggested that WWOX proteins
undergo ubiquitination and proteasomal degradation through
both Tax-dependent and -independent mechanisms (data not
shown and see Figure 6D). To further confirm the pathophysi-
ologic significance of these findings, we examined WWOX
expression in primary ATL cells directly isolated from
9 different patients. Compared with normal T cells from healthy
donors, approximately 78% (7 of 9) ATL samples showed
significantly decreased WWOX expression (Figure 2G). These
data strongly suggested that wwox repression is an HTLV-I
pathophysiologic event.

The WWOX knockdown increases the transforming potential
of Tax

To define the significance of the WWOX repression, we examined
the effect of WWOX knockdown by shRNA on Tax-mediated in
vitro cellular transformation. In correlation with its tumor suppres-
sion function, Wwox knockdown significantly increased Tax-
induced anchorage-independent cell growth (Figure 3A-B). Similar
results were obtained when 3 different shRNAs were used for the
Wwox knockdown (Figure 3A-B). It was noteworthy that the Wwox
knockdown had no effect on Tax expression at both RNA and
protein levels (Figure 3C). In addition, the cells we used for the
colony formation assay did not form colonies in soft agar in the
absence of Tax, whether Wwox was knocked down or not (data not
shown). Interestingly, Wwox knockdown was able to restore
Tax-induced transformation of p100~/~ MEFs (Figure 3D). These
data suggested that the noncanonical NF-kB—dependent repression
of Wwox is an important mechanism contributing to Tax-mediated
cellular transformation.
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Figure 4. WWOX suppresses Tax-mediated cellular A
transformation and tumor formation. (A) Generation of
Rat-1 stable cell lines expressing Tax alone or together
with Myc-WWOX or Myc-WWOX Y33R. IB analysis was
used to detect protein expression levels of Tax, Myc-
WWOX and Myc-WWOX Y33R in the Rat-1 stable cell
lines. (B) WWOX inhibition of Tax-mediated colony forma-
tion. The indicated Rat-1 stable cells were plated in soft
agar for colony formation. These data represent mean
(+ SD), and values *P < .05 or **P < .01 were using the
Student ¢ test. (C) WWOX inhibition of Tax-mediated Vec.
tumorigenesis. The Rat-1 stable cells were subcutane-

-‘
n
=
8 8

WT Y33R
Myc-WWOX

ously inoculated into to the left and right hind back of
severe combined immunodeficient mice. Photographs Tax
were taken at day 14 after inoculation. (D) Summary of

tumor weight expressed in panel C. These data represent

mean (= SD) for n = 3 samples. *P < .05 or **P < .01

using the Student ttest.

WWOX IN Tax TUMORIGENESIS 1657

Tax

)
o
3
@
o
> 60
c
=
[}
(]

40
20
Vec. WT Y33R
Myc-WWOX
Tax

WWOX coexpression suppresses Tax-mediated cellular
transformation and tumor formation

To validate the knockdown studies, we examined whether WWOX
expression decreases Tax-mediated cellular transformation. Be-
cause it has been reported that the WWOX Y33R mutant loses its
tumor suppression function,!”-'$ we also included this mutant in the
experiments. In support of the Wwox knockdown studies suggest-
ing no involvement of WWOX in Tax expression, coexpression of
WWOX or its Y33R mutant also did not affect Tax expression
(Figure 4A). More importantly, coexpression of WWOX was able
to significantly block the anchorage-independent growth of Tax
expressing cells (Figure 4B). In sharp contrast, expression of
WWOX Y33R mutant actually increased the Tax transforming
ability, suggesting a dominant negative function of the mutant in
inhibiting endogenous WWOX. Thus, both knockdown and overex-
pression studies suggested that WWOX suppresses the transform-
ing ability of Tax.

To extend these in vitro findings, we performed in vivo tumor
formation assays using the stably transfected Rat-1 cells. In results
consistent with our in vitro colony formation assays, WWOX
significantly suppressed Tax-mediated tumorigenesis in mice,
whereas the WWOX Y33R mutant dramatically enhanced the
oncogenic ability of Tax (Figure 4C-D). Taken together, these data
clearly suggested that Tax represses WWOX expression through
the noncanonical NF-kB pathway, which in turn contributes to
Tax-mediated cellular transformation and tumorigenesis.

WWOX inhibits HTLV-l/Tax-mediated NF-kB activation

To investigate possible mechanisms by which WWOX suppresses
Tax-mediated tumorigenesis, we performed the dual luciferase

O
8888838

Tumor Weight (mg)
) 8

o

Vec. WT Y33R
Myc-WWOX

Tax

gene reporter assays to examine the possible role of WWOX in
Tax-induced NF-kB transcriptional activation. In accordance with
their roles in Tax-mediated tumorigenesis, WWOX inhibited
Tax-mediated NF-«kB activation in a dose-dependent manner,
whereas the WWOX Y33R mutant increased Tax-mediated NF-kB
activation also in a dose-dependent manner (Figure 5A). This result
was further verified using the HTLV-I-transformed T cell lines
C8166 and MT-2 (Figure 5B-C). The inhibition of NF-«kB activa-
tion by WWOX seemed specific to Tax, as overexpression of
WWOX had no effect on TNFa-induced NF-kB activation (supple-
mental Figure 1; available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). In
addition to NF-kB activation, WWOX also repressed Tax-mediated
HTLV-I LTR activation, another key function of Tax in HTLV-I
pathogenesis.? In results consistent with these overexpression
studies, knockdown of endogenous WWOX further up-regulated
Tax-mediated NF-kB activation (Figure 5D). As a matter of fact,
NF-kB activity induced by Tax was inversely correlated with the
knockdown efficiency of WWOX. These data suggested that
WWOX, a negative target of NF-kB, is a novel inhibitor of NF-kB
induced by Tax. These data also suggested that WWOX suppres-
sion of HTLV-I/Tax-mediated tumorigenesis may be mediated
through inhibition of NF-«B activation.

WWOX selectively blocks Tax-mediated IKKa recruitment and
RelA S536 phosphorylation

We next examined the possible interaction between WWOX and
Tax, as they both are well known for their activities in protein
interactions and signaling complex assembly.!71836 When coex-
pressed together in 293 cells, WWOX and Tax formed a stable
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Figure 5. WWOX prevents Tax-induced NF-kB tran-
scriptional activation. (A) WWOX prevention of Tax-
induced NF-kB activation. 293 cells were transfected
with plasmids expressing Tax, A kB-driven firefly lucif-
erase reporter and a TK-driven Renilla luciferase
reporter in the presence of an increasing amount of
Myc-WWOX or Myc-WWOX Y33R, followed by mea-
sure of luciferase activity. The luciferase activity was
presented as the percentile of that activated by Tax

C8166 Cells

. —ll sl alone (set as 100). Protein expression levels of trans-
WWOXWT WWOX Y33R

fected Tax, Myc-WWOX, and its mutant were examined
by IB. (B-C) WWOX prevention of NF-kB constitutive
activation in HTLV-I-transformed T cells. The indicated
HTLV-I-transformed T-cell lines were transfected with
a kB-driven firefly luciferase reporter and a TK-driven
Renilla luciferase reporter in the presence of an increas-
ing amount of Myc-tagged WWOX or WWOX Y33R,
followed by measure of luciferase activity as described
in panel A. (D) Enhancement of Tax-induced NF-xB
activation by WWOX knockdown. The 293 cells were
transfected with Tax and kB-driven luciferase reporter
in the presence or absence of different WWOX shRNA
followed by measure of luciferase activity. The RNA
and protein expression level of WWOX and Tax was
examined by RT-PCR and IB assays, respectively.

293 Cells

mRNA

Hsp90
i ——t e Vec #1 #2 #3
WWOX WT WWOX Y33R wwox shRNA
Tax

complex, as evidenced by coimmunoprecipitation assays (Figure
6A). As a matter of fact, endogenous WWOX and Tax also formed
a complex in HTLV-I-transformed T cells (Figure 6B). Although
the WWOX Y33R mutant loses the ability to suppress Tax-
mediated NF-«kB activation and tumorigenesis, it still retained the
ability to bind to Tax (Figure 6C). These data thus suggested that
binding to Tax is not sufficient for WWOX to suppress the
oncogenic actions of Tax. Detailed coimmunoprecipitation analysis
indicated that the WWOX-Tax interaction occurred both in the
cytoplasm and in the nucleus (supplemental Figure 2A). Moreover,
WWOX could also interact with Tax M22 and M47, 2 mutants well
known for their selective defects in the NF-kB or HTLV-I LTR
activation, respectively (supplemental Figure 2B).>” These data
provided mechanistic insights into the functions of WWOX on
suppression of Tax-induced NF-kB and HTLV-I LTR activations
(Figure 5 and supplemental Figure 1B).

Although our previous studies showed that WWOX knock-
down or expression has no effect on Tax expression at both RNA
and protein levels (Figures 3,5), we still examined the potential
effect of WWOX and its Y33R mutant on Tax protein stability,
as our recent studies have shown that the signaling protein
PDLIM2 physically interacts with and recruits Tax to the
nuclear matrix for proteasomal degradation.?%38 Consistent with
a previous study showing that WWOX is relatively unstable,
both WWOX and its Y33R mutant underwent proteasomal
degradation in the presence of Tax (Figure 6D). But more
importantly, either WWOX or its Y33R mutant had no obvious
effect on Tax stability. These data suggested that WWOX does
not target Tax for degradation.

As WWOX is a negative target of the noncanonical NF-kB
activation and WWOX repression provides a feed-forward mecha-
nism for the persistent activation of NF-kB by Tax, we initially
compared the potential effects of WWOX with its Y33R mutant on

Tax-induced pl00 processing. As shown in Figure 6E, both
WWOX and its Y33R mutant failed to prevent Tax-mediated p100
processing, suggesting that the noncanonical NF-kB pathway is not
a target of WWOX for the suppression.

We next compared the effects of WWOX with its Y33R mutant
on Tax-induced phosphorylation and degradation of IkBa, 2 key
steps for the activation of the canonical NF-kB pathway. Unexpect-
edly, neither WWOX nor its Y33R mutant was able to block
Tax-mediated IkBa phosphorylation and degradation (Figure 6F).
As discussed in the “Introduction,” phosphorylation of RelA at
S536 is critical for the transcriptional activation of the canonical
NF-«kB pathway mediated by Tax.!>!* We thus examined whether
WWOX inhibits Tax-induced S536 phosphorylation of RelA.
Indeed, coexpression of WWOX resulted in inhibition of Tax-
induced S536 phosphorylation of RelA (Figure 6G). Interestingly,
the WWOX Y33R mutant lost this ability. These data suggested
that the different abilities of WWOX and its Y33R mutant in
suppression of inducible RelA phosphorylation may account for
their different functions in suppression of Tax-induced NF-kB
activation and subsequent tumorigenesis.

It has been reported that IKKa is the kinase that mediates S536
phosphorylation of RelA in response to Tax,'? although the
evidence for the interaction between IKKa and RelA is still
lacking. Because it is known that Tax and RelA interact with each
other, we hypothesized that Tax recruits IKKa to RelA for its S536
phosphorylation. We also hypothesized that WWOX, but not its
Y33R mutant, would be able to block the IKKa recruitment of
RelA induced by Tax. To test our theories, we performed a series of
protein-protein interaction assays. In the absence of Tax, IKKa
hardly interacted with RelA (Figure 6H). However, a strong
association between IKKa and RelA was detected in the presence
of Tax, suggesting an adaptor function of Tax in the IKKa and

20z aunr g0 uo 3senb Aq Jpd'zG91001 1 5008UZ/88LEVEL/ZGIL/S/LL L /4Pd-BloIE/POOIQ/ABU  Suolelgndysey/:dny woly papeojumoq



BLOOD, 3 FEBRUARY 2011 - VOLUME 117, NUMBER 5

Figure 6. WWOX selectively inhibits Tax-mediated A 1
IKKa recruitment into RelA and subsequent RelA

S$536 phosphorylation. (A) Interaction between Tax and IP-IB
WWOX. The 293 cells were transfected with Tax alone or
together with Myc-WWOX, followed by IP using Myc Input
antibody and IB using Tax antibody. The inputs of Myc-
WWOX and Tax were analyzed by direct IB. (B) In vivo
interaction between Tax and WWOX. Endogenous Tax
proteins of the indicated HTLV-I-transformed T cells were ;Tax
pulled down by Tax antibody, and the endogenous WWOX IP: anti-Myc
proteins that bound to Tax were examined by WWOX C

antibody. Jurkat cells were used as a negative control.

. (C) Interaction between Tax and

WWOX Y33R. 293 cells were transfected with Myc-

WWOX wild-type or its Y33R mutant in the presence or Input
absence of Tax, followed by IP using Tax antibody and 1B
using Myc antibody. The inputs of Tax, Myc-WWOX, and
its Y33R mutant were analyzed by direct IB. (D) Effect of
WWOX on Tax stability. The 293 cells were transfected
with Tax in the presence or absence of Myc-WWOX or
Myc-WWOX Y33R, and were mock treated or treated
with CHX alone or CHX plus MG132 for 5 hours. The
expression levels of Tax, Myc-WWOX, Myc-WWOX Y33R,
and Hsp90 were detected by IB. (E) Effect of WWOX on
Tax-induced p100 processing. The 293 cells were trans-
fected with the indicated plasmids, followed by IB to
examine protein levels of p100/p52, Tax, WWOX, and its
Y33R mutant. (F) Effect of WWOX on Tax-induced IkBa
phosphorylation and degradation. Hela cells were trans-
fected with Tax in the presence or absence of Myc-
WWOX or Myc-WWOX Y33R, followed by IB to examine
phosphorylation-modified or unmodified phosphorylated
IkBa. Protein levels of Tax, Myc-WWOX, and its Y33R -

1 2 3 4
The inputs of endogenous WWOX and Tax were ana- |pg -—Myc-WWOX
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RelA interaction. Consistent with their different roles in Tax-
induced S536 phosphorylation of RelA, WWOX completely pre-
vented Tax-mediated IKKa recruitment to RelA, whereas the
WWOX Y33R mutant actually increased, although slightly, IKKa
recruitment. These data suggested that WWOX suppresses Tax-
mediated NF-kB activation and subsequent tumorigenesis through
selectively preventing Tax-induced IKKa recruitment to RelA and
subsequent S536 phosphorylation of RelA.

Discussion

Activation of the canonical and noncanonical NF-kB pathways is
often associated with human cancer.! Although many NF-kB target
genes have been identified that may contribute to oncogenesis, the
individual and coordinated roles of the 2 pathways in tumorigen-
esis remains obscure and relatively few genes have been identified
that link the 2 NF-kB pathways to each other, as well as to cancer.
WWOX is arecently demonstrated haploinsufficient tumor suppres-
sor that has been linked to various types of tumors.!”!8 Currently,
the mechanisms by which WWOX functions as a potent tumor

WT Y33R
anti-IKKa

Myc-WWOX
IP: I1gG

suppressor remain largely unknown. The role of WWOX in viral
tumorigenesis has also not been studied. These data show that the
noncanonical NF-kB pathway plays an important role in the
cellular transformation and tumorigenesis mediated by the HTLV-
I—encoded Tax viral oncoprotein. Notably, one function of nonca-
nonical NF-kB activation is to repress transcriptional expression of
the wwox tumor suppressor gene, which in turn acts as a specific
inhibitor of Tax-mediated canonical NF-kB. These data established
a molecular link between the WWOX tumor suppressor and the
pro-oncogenic functions of NF-kB.

The Tax oncoprotein is a potent activator of both canonical and
noncanonical NF-kB signaling pathways and therefore provides a
powerful model system to study the oncogenic actions of NF-kB in
tumorigenesis.! Although the molecular mechanisms by which Tax
activates NF-kB have been well defined, the relative significance of
the alternative pathways of NF-kB activation in Tax-mediated
tumorigenesis has not been determined. Most functional studies
have been focusing on the in vitro effects on Tax-induced cell
growth and immortalization using different NF-«kB inhibitors (most
of them not completely NF-«kB specific) or Tax mutants defective
in NF-kB activation. The most impressive in vivo data supporting a
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role of NF-kB in Tax-mediated pathogenesis is from studies on
transgenic mice conditionally expressing in a lymphocyte-
restricted manner either Tax or its mutant forms that selectively
compromise NF-kB (M22) or CREB/ATF (M47) activation.?” In
these studies, Tax or Tax M47 expressing mice, but not Tax M22
expressing mice, develop aggressive skin disease that shares
several features in common with the skin disease occurring
during the preleukemic stage in HTLV-I-infected patients.
However, these mice do not develop fully malignant pheno-
types. Moreover, Tax also has many functions beyond NF-«kB
and CREB/ATF activation, such as serum response factor
activation and induction of genetic instability that may also
play a role in oncogenesis.*’ Thus, the studies presented here
provide the first in vivo evidence that directly demonstrates an
important role of NF-«kB in Tax-mediated tumorigenesis.
Genetic knockout of the nf-kb2 gene can significantly reduce
Tax-mediated tumor formation in Tax transgenic mice driven
by the viral promoter (Figure 1). Rescue studies further
suggest that the processed product p52, but not its precursor
p100, is actually involved in the cellular transformation induced
by Tax. These findings strongly suggest a critical role of
activation of the noncanonical NF-kB pathway in Tax-mediated
tumorigenesis.

Until the NF-kB target genes that play a role in oncogenesis are
clearly and comprehensively identified, the full significance of the
noncanonical NF-kB pathway in tumorigenesis will still be un-
known. A plethora of genes have been identified as noncanonical
NF-kB target genes, but they are generally positively regulated by
noncanonical NF-kB activation and importantly most of them do
not have a direct role in tumorigenesis.*! Consistent with the fact
that p52 may down-regulate gene expression because of its
intrinsic lack of transcriptional activity,! our data show that Tax
represses expression of the wwox tumor suppressor gene
through the noncanonical NF-«kB pathway (Figure 2). Impor-
tantly, wwox repression seems to be one key mechanism of
Tax-mediated tumorigenesis because WWOX coexpression is
able to prevent Tax-mediated cellular transformation and tumori-
genesis, whereas wwox knockdown enhances the tumorigenicity
of Tax (Figures 3,4). These findings identify the wwox tumor
suppressor gene as a novel noncanonical NF-kB target gene and
also make Tax the first viral agent known to target wwox as part
of its oncogenic action.

The mechanisms by which WWOX contributes to tumor
suppression currently remain elusive. A clue is provided by the
structure of WWOX. WWOX harbors 2 N-terminal WW domains
and a central short chain deydrogenase/reductase (SDR) do-
main, that gives WWOX its name.!7'8Although WW domains
mediate protein-protein interactions, the known function of the
SDR is involved in sex-steroid metabolism. Given the role of
WWOX in suppressing both hormone-related and -unrelated
tumors,!”!8 we can speculate that the SDR enzyme activity is
not the critical element for its tumor suppression. Instead,
WWOX may bind to and regulate key signaling proteins for
tumor suppression. It has been reported that through the WW
domain, WWOX physically associates with several known
proto-oncogenes such as activator protein 2y and c-Jun, seques-
ters them in the cytoplasm and hence inhibits their transcrip-
tional ability.!”-!® Recent biochemical studies suggested that
WW domain—-mediated interactions are regulated by phosphory-
lation of Y33, present in the first WW domain. Although the
involved kinase(s) remain unknown, inhibition of this important
phosphorylation by substitution of Y33 with arginine results in
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loss of WWOX-mediated tumor suppression in certain cellular
tumorigenesis models.!7-18

Our studies show that the Tax viral oncoprotein is another
binding target of WWOX (Figure 6 and supplemental Figure 2).
Different from its cellular targets, WWOX does not affect Tax
subcellular localization (data not shown and supplemental Figure
2). Moreover, Tax binding activity of WWOX does not require a
functional WW domain, as the Y33R mutant still retains the ability
to bind to Tax (Figure 6). In further support of this finding,
N-terminal deletion of both WW domains does not affect WWOX
binding to Tax (data not shown). These data substantiate a WW
domain-independent binding activity of WWOX.*? Interestingly,
the WWOX Y33R mutant not only completely loses the ability to
suppress Tax-mediated tumorigenesis but also has a dominant
negative function in this regard. Like the wwox knockdown,
expression of the WWOX Y33R mutant increases Tax-mediated
cell anchorage-independent growth in soft agar and tumor forma-
tion in mice (Figure 4). In agreement with the role of NF-kB in
Tax-mediated tumorigenesis, the opposite functions of wild-type
WWOX and its Y33R mutant in Tax-mediated tumorigenesis is
highly consistent with their different abilities in regulating Tax-
induced NF-kB transcriptional activation; wild-type WWOX inhib-
its Tax-mediated NF-«kB activation, whereas Y33R mutant en-
hances this ability of Tax (Figure 5). Because wwox expression is
repressed by Tax-activated noncanonical NF-kB (Figure 2), this
finding not only demonstrates WWOX as a new inhibitor of NF-kB
activation but also suggests a novel feed-forward mechanism for
Tax-mediated NF-kB activation and subsequent tumorigenesis.
Notably, WWOX selectively prevents Tax activation of the canoni-
cal NF-kB, but has no effect on Tax-mediated activation of the
noncanonical NF-kB (Figure 6). Our mechanistic studies further
indicate that WWOX does not affect Tax-induced phosphorylation
and degradation of IkBa, a key step for the initiation of the
canonical NF-kB activation (Figure 6). Instead, WWOX specifi-
cally blocks Tax-promoted IKKa recruitment to RelA and subse-
quent IKKa-mediated S536 phosphorylation of RelA, a posttrans-
lational modification required for the transcriptional activity of the
prototypic NF-kB factor. Consistent with its role as a dominant
negative form of WWOX, the WWOX Y33R mutant enhances the
IKKa recruitment and the IKKa-mediated RelA S536 phosphory-
lation induced by Tax (Figure 6). These findings suggest a novel
mechanism of WWOX tumor suppression activities and provide an
additional explanation for the loss-of-function in tumor suppres-
sion and the gain-of-function in tumor promotion of the Y33R
mutation of WWOX.

In summary, these data demonstrate that an important function
of the noncanonical NF-kB activation by the Tax viral oncoprotein
is to repress transcriptional expression of the wwox tumor suppres-
sor gene, which in turn facilitates Tax-induced activation of the
canonical NF-kB signaling and subsequent tumorigenesis. These
studies provide mechanistic insights into the oncogenic actions of
Tax, as well as the tumor suppressor function of WWOX. They also
provide the first example of how WWOX is involved in the
suppression of viral tumorigenesis and how the canonical and
noncanonical NF-kB signaling pathways delicately cooperate for
tumorigenesis.
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