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ABSTRACT Human T-cell leukemia virus type 1 (HTLV-) is the etiological agent of adult
T-cell leukemia (ATL). Mutational analysis has demonstrated that the tumor suppressor,
F-box and WD repeat domain containing 7 (FBXW7/FBW7/CDC4), is mutated in primary
ATL patients. However, even in the absence of genetic mutations, FBXW7 substrates are
stabilized in ATL cells, suggesting additional mechanisms can prevent FBXW?7 functions.
Here, we report that the viral oncoprotein Tax represses FBXW7 activity, resulting in
the stabilization of activated Notch intracellular domain, c-MYC, Cyclin E, and myeloid
cell leukemia sequence 1 (BCL2-related) (Mcl-1). Mechanistically, we demonstrate that
Tax directly binds to FBXW?7 in the nucleus, effectively outcompeting other targets for
binding to FBXW?7, resulting in decreased ubiquitination and degradation of FBXW7
substrates. In support of the nuclear role of Tax, a non-degradable form of the nuclear
factor kappa B subunit 2 (NFkB2/p100) was found to delocalize Tax to the cytoplasm,
thereby preventing Tax interactions with FBXW7 and Tax-mediated inhibition of FBXW?7.
Finally, we characterize a Tax mutant that is unable to interact with FBXW7, unable to
block FBXW7 tumor suppressor functions, and unable to effectively transform fibroblasts.
These results demonstrate that HTLV-I Tax can inhibit FBXW?7 functions without genetic
mutations to promote an oncogenic state. These results suggest that Tax-mediated
inhibition of FBXW?7 is likely critical during the early stages of the cellular transformation
process.

IMPORTANCE F-box and WD repeat domain containing 7 (FBXW7), a critical tumor
suppressor of human cancers, is frequently mutated or epigenetically suppressed. Loss of
FBXW?7 functions is associated with stabilization and increased expression of oncogenic
factors such as Cyclin E, c-Myc, Mcl-1, mTOR, Jun, and Notch. In this study, we dem-
onstrate that the human retrovirus human T-cell leukemia virus type 1 oncoprotein
Tax directly interacts with FBXW7, effectively outcompeting other targets for binding
to FBXW?7, resulting in decreased ubiquitination and degradation of FBXW?7 cellular
substrates. We further demonstrate that a Tax mutant unable to interact with and
inactivate FBXW?7 loses its ability to transform primary fibroblasts. Collectively, our results
describe a novel mechanism used by a human tumor virus to promote cellular transfor-
mation.

KEYWORDS FBXW?7, HTLV, Notch, MYC, Cyclin E, Mcl-1, ATL, Tax, CDC4, IKK, NF-kB,
leukemia

uman T-cell leukemia virus type 1 (HTLV-I) is a complex human retrovirus etio-
logically linked to adult T-cell leukemia (ATL), lymphoma, and HTLV-I-associated
myelopathy/tropical spastic paraparesis. The prognosis of the disease is influenced by
multiple factors, including the specific HTLV-I viral subtype, the expression patterns
of viral genes, and various host-related elements, such as the complexity of the host
immune response to the invading virus (1-3). Genomic and epigenetic changes found in
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HTLV-l-infected cells are also associated with disease progression (4-6). The Tax protein
of HTLV-I plays a crucial role in the onset of ATL (7, 8) and employs a “random
mutagenesis” model to achieve an oncogenic state (9). Tax utilizes various mechanisms,
including increasing NF-kB (nuclear factor of kappa light polypeptide gene enhancer in
B-cells) activity, controlling the cell cycle, interfering with DNA repair, and altering cell
cycle checkpoints and apoptosis regulators (7, 10-13).

Our previous findings indicate that approximately 25% of all ATL patients have
mutations in F-box and WD repeat domain containing 7 (FBXW?7) (14). An analysis of
the COSMIC (catalog of somatic mutations in cancer) database showed that the overall
mutational rate of FBXW7 in all human tumors is nearly 8% (15). FBXW?7 is a tumor
suppressor that functions in the phosphorylation-dependent ubiquitination of target
proteins harboring a CPD (CDC4 phosphodegron) sequence (16, 17). Known substrates
include master regulators of cellular proliferation, including oncogenes: Notch, Cyclin
E, c-Myc (MYC proto-oncogene, BHLH transcription factor), Mcl-1 (MCL1 apoptosis
regulator, BCL2 family member), mTOR (mechanistic target of rapamycin kinase), c-Jun
(Jun proto-oncogene, AP-1 transcription factor subunit), and BRAF (B-Raf proto-onco-
gene, serine/threonine kinase) (18-21). Target substrates are phosphorylated on the
CPD by GSK3-B (glycogen synthase kinase 3 beta) and CDK2 (cyclin-dependent kinase
2) to promote interactions with FBXW7 (22, 23). Once bound, FBXW?7 recruits the
SCF (complex of SKP1, CUL1, and F-box protein) ubiquitin ligase complex, leading to
ubiquitination and degradation by the proteasome (23). This facilitates the degradation
of highly oncogenic substrates, such as c-MYC and activated Notch, thereby inhibit-
ing cellular transformation. Several known substrates of FBXW7 are relevant to HTLV-I
pathobiology. Notch1, c-MYC, Cyclin E, p53, and Mcl-1 are all overexpressed in ATL cells,
and targeted inhibition of these pathways has been shown to induce rapid apoptosis in
HTLV-I-transformed cells (20, 24-27).

Our published data demonstrate that FBXW7 expression is reduced in ATL cells and
that both genetic and non-genetic mechanisms are responsible for the inactivation
of FBXW7 functions (14). While previous studies have reported a high frequency of
mutation at residues R465, R479, and R505 in FBXW?7, resulting in a complete loss
of substrate interaction, FBXW7 mutations identified in our studies are phenotypically
different and demonstrate a selective loss of binding of some but not all FBXW7
targets (14, 28). We have found that specific FBXW7 mutations reduce the binding and
degradation of Notch by FBXW?7 in ATL patient cells (14). In addition, ATL patients’ cells
frequently harbor high rates of Notch-1-activating mutations (24). Finally, we also found
that Notch signaling can be activated in ATL cells independently of genetic mutation by
over-expressing the JAG1 (jagged canonical Notch ligand 1) receptor (29). Therefore, a
combination of non-genetic host mechanisms and viral-induced Notch/FBXW7 genetic
mutations can over-activate Notch signaling in ATL cells.

FBXW?7 inactivation has been linked to the resistance of cancer cells to drug therapy,
microtubule-targeting agents, and anti-PD1 immunotherapies (30-32). Furthermore,
FBXW?7 plays a key role in preserving genome integrity. In response to DNA damage,
FBXW?7 is recruited to DSB where it ubiquitinates XRCC4 (X-ray repair cross complement-
ing 4) and stimulates DNA repair (33). Furthermore, FBXW?7 targets the degradation of
factors such as Cyclin E, AURKA (aurora kinase A), and c-Myc, which have been implicated
in supernumerary centrosomes and genome instability (34, 35). These functions are
clearly in opposition to Tax functions in HTLV-I-infected cells. For instance, Tax was shown
to localize to centrosomes during mitosis and induced supernumerary centrosomes (36).
Tax impairs DNA replication forks, resulting in the accumulation of DSBs, and simulta-
neously, Tax-mediated NF-kB activation was associated with the inhibition of HR DNA
repair (11, 37). In this study, we report that HTLV-I Tax interacts with and inactivates
the tumor suppressor FBXW?7, resulting in elevated expression of oncogenic proteins
such as Notch intracellular domain (NICD), c-MYC, Cyclin E, and MCLT1. In contrast, HTLV-I
HBZ protein did not affect FBXW?7. Using specific mutants, we further demonstrate that
neither the activation of the CREB (cAMP responsive element binding protein) nor the
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NF-kB pathway is solely responsible for FBXW?7 inactivation. Although Tax expression led
to the stabilization of FBXW?7, the latter did not influence Tax expression levels. Moreover,
a Tax mutant incapable of interacting with FBXW?7 failed to hinder its functions and
exhibited diminished transforming activities. These findings suggest that Tax-mediated
inactivation of FBXW?7 is a pivotal event in the HTLV-I transformation process.

MATERIALS AND METHODS
Cell lines and plasmids

HTLV-I cell lines, MT4, C91PL, and C8166, and T-cell line, Jurkat, were maintained in
RPMI (Roswell Park Memorial Institute medium) and obtained from the ATCC (38-40).
293T and Rat1 cells were maintained in DMEM (Dulbecco’s modified Eagle medium).
All media were supplemented with 10% FBS (fetal bovine serum). Cyclohexamide was
added at 100 pg/mL for indicated times. Protein half-life was determined through the
quantification of western blot bands by ImageJ software. The following plasmids were
used: pcTax, Flag-FBXW7, myc-NICD, HA-Mcl-1, HA-c-MYC, HA-HBZ was cloned into the
pSI-H1 vector, pCDNA-G148V Tax, pcDNA-M47 Tax, p65DN [gift from W. C. Greene (41)],
p100DN [gift from Gutian Xiao (42)], IKKa K44M [gift from Richard B. Gaynor (42, 43)],
HA-tagged Ub (K48) [gift from Edward W. Harhaj (44)], and Tax-GFP vector [gift from
R. Mahieux (45)]. GSK3B was cloned into the UBC vector. Site-directed mutagenesis
was performed to introduce the mutation S9A, using the QuikChange Mutagenesis Kit
(Stratagene).

Generation of Tax mutants

Tax-J was derived from the Tax mutant, JPXM, inducible cell line (46). The QuikChange Il
Site-directed Mutagenesis Kit (Stratagene) was used on 0.025 ug of pcTax to generate Tax
mutants: addition of Ser63, and mutations of R222K, L308H, Ser63/R222K (2T-R222K),
Ser63/L308H (2T-L308H), and Ser63/R222K/L308H (TaxM3). Sequencing of wild-type
pcTax demonstrated a methionine to isoleucine mutation at position 206 (M206l), which
was replicated in all newly generated mutants. Appropriate Tax-mutagenized primers
were generated for Tax mutants, and PCR was performed according to the manufactur-
er's instructions. DNA was digested with Dpnl and transformed into XL1 Blue compe-
tent cells. Positive colonies were amplified, and DNA was purified and subsequently
sequenced to verify mutations. For double and triple Tax mutants, one mutation was
made at a time, sequenced, and then plasmid DNA was subsequently used as a template
for the second or third mutations.

Transfections, western blots, nuclear/cellular extraction, and immunoprecipi-
tation

Transient transfection assays were performed in 293T or Ratl1 cell lines. Cells were
transfected with Polyfect Transfection Reagent (Qiagen) or calcium phosphate (Invitro-
gen). Lysates were collected after 24 hours for c-MYC and Mcl-1 or 48 hours for Notch
and Cyclin E. Cells were lysed in RIPA lysis buffer [Tris-HCl: 50 mM, pH 7.4, NaCl 150 mM,
1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), EDTA 1 mM,
10 mg/mL phenylmethylsulfonyl fluoride, aprotinin (2 pg/mL), and 100 mM sodium
orthovanadate], and cell lysates were separated by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE). Primary antibodies used were as follows: myc
(9E10) (Owl Laboratories), Flag (M2; Sigma), HA (3F10; Roche), Actin (C-4), Tax (1A3),
Cyclin A and NF-kB p52 (C5; Santa-Cruz), GSK3p (Cell Signaling), and FBXW?7 (Proteintech
and Santa-Cruz). When possible, blots were stripped and re-probed for loading controls.
Cytoplasmic and nuclear extracts were obtained by lysing cells in hypotonic lysis buffer
(10 mM HEPES, pH 7.9, 1T mM MgCl,, 0.5 mM NaCl, and 0.5% NP-40) and hypertonic
buffer (5 mM HEPES, pH 7.9, 5 mM MgCl,, 0.1 mM EDTA, 0.4 M NacCl, and 1T mM DTT),
respectively. Cyclin A was used as a control. For immunoprecipitations, whole cell lysates
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or transfected lysates were prepared in NP-40 lysis buffer (150 mm KCl, 10 mM Tris, pH
8.8, 5 mM MgCl5, and 0.65% NP-40). An equal amount of cell lysates were pre-cleared and
then immunoprecipitated with the appropriate antibody overnight at 4°C. Lysates were
then mixed with recombinant protein A/G beads (MicroProtein Technologies) for 2 hours,
washed, and resuspended in 2x SDS-protein loading buffer. Non-immunoprecipitated
protein lysates served as controls.

Green fluorescent protein analysis

293T cells were transfected with Tax-GFP (45) and/or p100DN plasmids. At 48 hours
post-transfection, cells were washed in PBS and fixed on coverslips with 4% paraformal-
dehyde (Electron Microscopy Sciences). Cells were washed in PBS, and cell nuclei were
stained with DAPI (4’,6"-diamine-2 phenylindole dihydrochloride). Cells were washed in
PBS and mounted with the anti-fade reagent, 1, 4-diazobicyclo-(2,2,2)-octane (DABCO).
Images were taken on a Nikon 80i microscope with a 40x objective, using a Nikon Digital
slight DS-Fi3 8bt color camera. Images are representative of the whole experiment.

GST pull-down

Glutathione S-transferase (GST)-fused proteins were obtained from pGEX (empty vector),
and pGEX-Tax bacterial cultures were purified with Glutathione Sepharose 4B (GE
Healthcare), according to standard protocols. 293T cells in a 10-cm dish were transfected
by calcium phosphate with 15 pg pcDNA control or Flag-FBXW7, and 48 hours later,
cells were lysed and mixed with purified glutathione S-transferase or GST-Tax. Following
pull-down and washes, proteins were eluted using GST elution buffer (50 mM Tris-HCI
and 10 mM reduced glutathione, pH 8.0). Lysates were separated on SDS-PAGE gels and
probed with GST (G-7781, Sigma), Tax, or FLAG antibodies.

Luciferase assays

293T cells were transfected with pc-Tax, mutant Tax, FLAG-FBXW7, p65DN, p100DN,
IKKaDN, and NF-kB-Luc (47) or HTLV-LTR-l (48) luciferase plasmids using Polyfect
(Qiagen). pCDNA was used as a negative control. Cell extracts were lysed in 1x pas-
sive lysis buffer (Promega) and analyzed using the Luciferase Reporter Assay Sys-
tem (Promega), according to the manufacturer’s instructions. Luciferase assays were
performed at least twice from independent transfection experiments. Luciferase was
measured on a Junior LB9509 instrument (Berthold Technologies).

Colony formation assay

Rat1 cells were transfected in duplicate with pCDNA, pcTax, Tax mutants, and pSIH1-puro
plasmids. At 48 hours post-transfection, media were removed and replaced with DMEM
containing puromycin. Cells were selected over several weeks until discernible colonies
formed. Cells were washed in PBS, fixed with 4% paraformaldehyde, washed in distilled
water, and stained overnight with Coomassie blue reagent, and colonies were photo-
graphed. Colonies were counted from at least two transformation assays.

RESULTS

We have previously shown that ATL patient tumor cells carry oncogenic mutations
resulting in constitutive activation of Notch signaling and loss of function of FBXW7
(14, 24). Additional studies from our laboratory also found activation of Notch signaling
without genetic mutations, suggesting the existence of additional mechanisms (29).
Since HTLV-I Tax can prevent the function of multiple tumor suppressors from activating
oncogenic pathways (7), we investigated the effect of Tax expression on NICD and
MYC protein expression levels. Our studies revealed that Tax expression significantly
increases the levels of Notch and c-MYC protein expression. To gain further insights,
we examined whether Tax expression may affect the degradation and half-life of these
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proteins. Transient transfection assays and cycloheximide chase treatments confirmed
that Tax expression significantly extended the half-life of both NICD (from 30 minutes
to >3 hours) and Myc (from 22 minutes to 79 minutes) (Fig. TA). This is consistent with
our previous work, which demonstrated that NICD has a half-life of approximately 1.5
hours in normal peripheral blood mononuclear cells (PBMCs) but is extended to over 3
hours in HTLV-I cells (24). Since both oncogenes are targeted by FBXW?7 for proteasomal
degradation, we next examined whether Tax could prevent FBXW7-mediated degrada-
tion of NICD and c-MYC. To this end, we co-expressed MYC-tagged NICD and flag-tagged
FBXW?7 in the presence or absence of a Tax expression vector. As expected, exogenous
FBXW? induced degradation of NICD and c-MYC, as demonstrated by reduced expres-
sion levels in western blotting experiments (Fig. 1B). Nevertheless, the existence of Tax
substantially hindered FBXW?7's capacity to prompt degradation, leading to not only a
full recovery of expression levels but also enhanced expression of NICD and c-MYC (Fig.
1B). Furthermore, we demonstrate that Tax also prevented FBXW7-mediated degradation
of additional known targets Cyclin E and Mcl-1 (Fig. 1B), two proteins important for the
HTLV-l oncogenesis process. Our studies show that a dose-dependent increase of FBXW7
expression was not able to target Tax for degradation (Fig. 1C). Since Tax transcriptional
activities have been shown to be important for the inactivation of tumor suppressors
such as p53, we next investigated whether FBXW7 expression may affect Tax transcrip-
tional activities through the CREB and NF-kB pathways. Our luciferase data show that
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FIG 1 HTLV-I Tax inhibits FBXW7-mediated degradation of target proteins. (A) 293T were transfected with Tax (0.5 pg) and myc-NICD (0.16 pg) or HA-c-MYC
(0.25 pg) for 48 hours. Before collection, cells were treated with 10 pg/mL cycloheximide (CHX) for 30, 60, or 180 minutes. c-Myc half-life increased from 22
minutes to 79 minutes in the presence of Tax. NICD half-life increased to over 3 hours in the presence of Tax. (B) Tax expression prevents FBXW7-mediated
degradation of NICD, c-MYC, cyclin E, and Mcl-1. 293T cells were transfected with 0.50 pg pcTax, 0.16 pg myc-NICD, and 2.0 pug Flag-FBXW?7. Cell lysates were
collected 48 hours later. 293T cells were transfected with 0.50 pg pcTax, 0.25 pg HA-c-Myc, and 2.0 ug Flag-FBXW?7. Cell lysates were collected 24 hours later. 293T
cells were transfected with 0.50 pg pcTax, 0.15 pug myc-Cyclin E, and 2.0 pg Flag-FBXW?7. Cell lysates were collected 48 hours later. 293T cells were transfected
with 0.50 pg pcTax, 0.2 ug HA-Mcl-1, and 2.0 pg Flag-FBXW?7. Cell lysates were collected 24 hours later. Actin served as a loading control. (C) Tax is not a target
of FBXW7-mediated inhibition. 293T cells were transfected with pcTax (0.5 pg), along with increasing doses of Flag-FBXW7 (0.5-2.0 ug). Forty-eight hours later,
lysates were analyzed for Tax and FBXW?7 expression. (D) 293T were transfected with either NF-kB or HTLV-I luciferase plasmids (0.5 pg) along with pcTax (0.5 pg)
and/or Flag-FBXW?7 (1.0 pg). Twenty-four hours later, lysates were collected for luciferase assays. Fold change was calculated based on empty vector control.
(E) HTLV-I HBZ cannot inhibit FBXW?7 activities. 293T cells were transfected with pcTax (0.5 pug) or HA-HBZ along with myc-Cyclin E (0.1 pg) or myc-NICD (0.16 pg).

Cell lysates were collected 48 hours later. Actin served as a loading control.
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FBXW?7 does not significantly impact the ability of Tax to stimulate the CREB/ATF or
NF-kB signaling pathways (Fig. 1D). Finally, inactivation of FBXW7 was specific to Tax,
as HBZ, a latent HTLV-I oncogene, was unable to rescue FBXW7-mediated degradation
of NICD (Fig. 1E). These data suggest that Tax-mediated inhibition of FBXW7 may be
necessary in the early transformation steps of the virus.

Previous studies have demonstrated that the strength of the interaction between
targets and FBXW?7 is dependent on the phosphorylation of the CPD by GSK3 kinase (18,
23, 49). Furthermore, several studies have reported that Tax can activate AKT, resulting
in strong inhibition of GSK3 activity (50, 51). Finally, Tax has been previously shown to
bind directly to tumor suppressors or transcriptional coactivators CBP/p300 to prevent
the recruitment and activation of c-MYB (MYB proto-oncogene, transcription factor) (52).
These observations suggest that Tax may block FBXW?7 interactions with its targets to
prevent their degradation, either by inhibiting GSK3 beta or by competitively binding to
FBXW?7 and preventing the recruitment of potential targets.

To demonstrate potential interactions between Tax and FBXW7, we performed
transient transfection assays and co-immunoprecipitation of FBWX7. Results from these
assays demonstrated that Tax could indeed interact with FBXW7 in transfected cells (Fig.
2A). Tax is a potent activator of NF-kB and CREB signaling pathways, and many functions
of Tax have been assigned to the activation of one or the other (53). We capitalized
on well-characterized Tax mutants, M47, defective in Tax-mediated CREB activation, and
G148V, which lacks Tax-mediated NF-kB activation, to investigate if specific activities of
Tax would be important to inactivate FBXW7 (54, 55). As demonstrated in Fig. 2A, both
of these Tax mutants retained the ability to interact with FBXW?7, underscoring that CREB
and NF-kB activities are dispensable for Tax binding to FBXW7 (Fig. 2A). To determine
if Tax could directly bind FBXW?7, we used bacterially purified GST-Tax and GST control
mixed with cellular extracts from FBXW7-transfected cells. Using GST-pulldown assays,
we demonstrated GST-Tax but not the GST control specifically interacted with FBXW7
(Fig. 2B). Importantly, we also confirmed interactions between endogenous Tax and
endogenous FBXW7 in co-immunoprecipitation assays of HTLV-I transformed cell lines,
C8166, MT4, and C91PL (Fig. 2C). Our studies found that endogenous FBXW?7 specifically
binds to Tax, while no signal was detected for FBXW7 in the immunoprecipitate of the
Tax-negative, human T-cell line, Jurkat (Fig. 2C). Together, these results demonstrate that
Tax interacts with FBXW7. We next investigated whether Tax interaction with FBXW7 may
compete with the binding and recruitment of FBXW?7 targets for degradation. To this
end, we performed transient transfection assays of NICD and FBXW7 in the presence
or the absence of Tax and immunoprecipitated NICD to evaluate the amount of bound
FBXW?7. As demonstrated by the results presented in Fig. 2D, the amount of FBXW7
bound to NICD was significantly decreased when Tax was coexpressed. Consistent with
these results, ubiquitination levels of both NICD and c-MYC were significantly reduced in
the presence of Tax expression (Fig. 2E), suggesting that Tax binding to FBXW7 prevents
the recruitment and degradation of its targets (Fig. 2E). In addition to the competitive
binding of FBXW?7, Tax may also prevent the recruitment of FBXW?7 targets by interacting
with specific targets and masking the FBXW7 binding site or altering their conformation
thereby preventing ubiquitination. Thus, we next investigated the binding of Tax to NICD
and c-MYC in transient transfection assays. As shown in Fig. 2F, co-immunoprecipitation
confirmed the binding of Tax to NICD or c-MYC. These data are consistent with a previous
report showing Tax can interact with NICD (56) and suggest that Tax can also bind
FBXW?7 substrates preventing them from being assembled into an FBXW7 complex.

Since GSK3-mediated phosphorylation of the CPD is required for interaction with
FBXW?7, and since Tax can activate AKT signaling resulting in the inactivation of GSK3, we
next tested whether Tax-mediated inactivation of GSK3 was required for blocking FBXW7
functions (22, 51, 57). We performed transient transfection assays of NICD, FBXW?7, and
Tax as described in Fig. 2 in the presence of wild-type GSK3p or in the presence of
a constitutively active GSK3B (S9A) that cannot be blocked by Tax. Results from these
studies showed that even in the presence of a constitutively active GSK3{, Tax can still
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FIG 2 Tax binds directly to FBXW7 and retains Tax activity. (A) Tax binds FBXW?7, independent of NF-kB or CREB/ATF activity. 293T cells were transfected
with Flag-FBXW?7 along with wild-type (A), NF-kB-deficient (G148V) (B), or CREB/ATF-deficient (M47) (C) Tax (0.5 pg). Forty-eight hours later, lysates were
immunoprecipitated with Flag (FBXW?7) antibody and analyzed for Tax binding by western blot. Lysates and actin served as controls. (B) Tax binds directly
to FBXW?7. 293T cells were transfected with or without Flag-FBXW?7 (15 pg). Forty-eight hours post-transfection, cell lysates were incubated overnight with
purified GST or purified GST-Tax proteins. The next day, lysates were washed, run on electrophoresis gels, and probed with anti-GST or anti-Flag antibodies.
(Q) Interaction between endogenous Tax and FBXW?7 in HTLV-1 transformed cells. An equal amount of lysates were run to demonstrate loading controls. Jurkat
and Tax-positive C91PL, MT4, and C8166 cells were lysed in NP40 lysis buffer, and 500 pg was incubated overnight with FBXW7 antibody (Proteintech, PT). Lysates
were immunoprecipitated with protein AG beads and separated on SDS-PAGE blots. IPs and lysates were incubated with anti-Tax and anti-FBXW?7. Actin served
as a control for loading. (D) Tax binding to FBXW?7 prevents the recruitment of its targets. Tax decreases the amount of FBXW?7 binding to Notch. 293T cells
were transfected with pcTax, myc-NICD, and/or Flag-FBXW?7. Forty-eight hours later, lysates were collected and immunoprecipitated with myc(NICD) and then
analyzed by western blot with Tax, myc, or flag antibodies. Lysates and actin served as controls. (E) Tax prevents FBXW7-mediated ubiquitination of substrates.
293T cells were transfected with pcTax, HA-Ub, myc-NICD, or HA-c-MYC, with or without Flag-FBXW?7. Lysates were immunoprecipitated with myc (NICD) or
HA (c-MYCQ), followed by western blot with anti-Ub. Lysates and actin served as controls. (F) Tax binds FBXW?7 substrates, Notch, and c-MYC. 293T cells were
transfected with pcTax (4 pg) along with myc-NICD (4 pg) or HA-c-MYC (4 pg). Forty-eight hours later, lysates were collected and immunoprecipitated with
myc(NICD) or HA(c-MYC) and then analyzed by western blot with Tax, myc, or HA antibodies. Lysates and actin served as controls.

inhibit FBXW7-mediated degradation and stabilize the expression of NICD (Fig. 3A and
B).

Activation of the canonical NF-kB pathway is required for the transformation of
human primary T-cells by HTLV-I, while activation of the non-canonical NF-kB2 pathway
is required for the maintenance of ATL tumor cells (58, 59). We previously demonstrated
that Tax-induced NF-kB stimulates the expression of JAG-1 and activation of Notch
signaling (29). Previous studies have shown the direct binding of Tax to the IKK (I-kappa-
B-kinase) complex components, and we have previously shown that Tax can stimu-
late hTERT (telomerase reverse transcriptase) enzymatic activity directly through the
activation of the IKK complex (60, 61). To investigate the possible role of canonical and
non-canonical NF-kB activation in Tax-mediated inhibition of FBXW?7, we used dominant
negative forms of RelA/p65 and NF-kB2 p100 (42, 62, 63). We first confirmed that all DN
mutants acted as expected and effectively inhibited Tax-mediated NF-kB activation in
transient luciferase assays (Fig. 3C). Our studies revealed that the expression of RelA/p65
DN or IKKa DN mutants did not affect the ability of Tax to stabilize NICD (Fig. 3D and
E). In contrast, the coexpression of NF-kB2 p100 DN completely abolished Tax-mediated
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FIG 3 Inactivation of GSK3 activation is not required for Tax-mediated inactivation of FBXW?7. (A and B) GSK3p functions are not required for Tax inhibition of
FBXW?7. 293T cells were transfected with pcTax, (0.5 pg) Flag-FBXW?7 (2.0 pg), and myc-NICD (0.16 pg), with or without wild-type GSK3[ (A) or mutant GSK3BS9A

(1.0 pg) (B). Forty-eight hours later, cells were analyzed by western blot. Actin served as a loading control. (C) 293T cells were transfected with pcTax with or

without p65DN, IKKaDN, or p100DN mutants along NF-kB-Luc and RLTK. Luciferase measurements were taken from at least two independent experiments and
were normalized to RLTK-renilla luciferase. (D-F) 293T cells were transfected with pcTax, myc-NICD, Flag-FBXW?7, and/or p65DN (D), IKKaK44M (E), or p100DN

(F) plasmids. Forty-eight hours later, cells were probed for myc (NICD), Tax, or flag (FBXW?7) expression. Actin served as a loading control.

stabilization of NICD (Fig. 3F). Next, we investigated whether the expression of the
p100DN could be associated with a reduced binding of Tax to FBXW?7.

Previous reports have shown that Tax can bind p100 (64). We found that Tax could
also interact with pTOODN in transient transfection assays (Fig. 4A). Next, we co-immuno-
precipitated Tax and FBXW?7 in the presence or absence of p100DN. These experiments
showed that pT100DN was unable to prevent interactions between Tax and FBXW?7 (Fig.
4B). We also found that Tax could bind p100DN in the absence of FBXW7 expression
(Fig. 4C). The increased amounts of FBXW7 that were immunoprecipitated when Tax
was coexpressed (Fig. 4B) may be explained by the fact that Tax expression significantly
increased the half-life of FBXW7 (Fig. 4D). The reasons for this increased stabilization
are currently unknown and under investigation. Since p100DN was able to prevent
Tax-mediated stabilization of NICD without disrupting the interactions between Tax and
FBXW7, we hypothesized that p100DN might interact with the Tax/FBXW7 complex and,
since p100DN cannot be processed, relocalize the Tax/FBXW7 complex to the cytoplasm.
To test this hypothesis, we performed transient transfection assays and co-immuno-
precipitation studies. Indeed, our studies confirmed that co-transfection of p100DN
efficiently re-distributed Tax from the nucleus to the cytoplasm as demonstrated by
western blot fractionation (Fig. 4E). These results were further validated by the fluores-
cence of GFP-Tax, which demonstrates a nuclear speckles distribution but is efficiently
redistributed to the cytoplasm in the presence of p100DN (Fig. 4F). Collectively, our
results demonstrate that Tax can inhibit FBXW7-mediated degradation of its targets
through multiple pathways. These include direct interaction with FBXW7, preventing
the recruitment of target proteins, interaction with target proteins (NICD and ¢c-MYC),
thereby preventing their binding to FBXW?7, and finally, in physiological conditions where
Tax is unable to process NF-kB2 p100, cytoplasmic relocalization of the Tax/FBXW7
complex by p100 preventing interaction and degradation of FBXW?7 targets.
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FIG4 NF-kB2 p100 interaction with Tax can prevent FBXW?7 functions. (A) NF-kB2 p100DN binds Tax. 293T cells were transfected with pcTax (1.0 pg), Flag-FBXW7
(2.0 pg), and/or p100DN (1.0 pg). Forty-eight hours later, cells were lysed in NP-40 lysis buffer and an equal amount of lysates were immunoprecipitated
overnight with anti-p100, then incubated with protein A/G beads. Immunoprecipitates and cell lysates were analyzed by western blot with anti-Flag, anti-Tax,
and anti-p100 antibodies. (B) p100DN cannot disrupt the Tax/FBXW7 complex. 293T cells were transfected with pcTax (2.0 pg), Flag-FBXW7 (4.0 pg), and
p100DN (2.0 ug). Lysates were collected 48 hours later and incubated overnight with anti-Flag antibody, and then immunoprecipitated with protein A/G beads.
Immunoprecipitates and cell lysates were analyzed by western blot analysis with anti-Flag, anti-Tax, and anti-p100/p52 antibodies. (C) Tax binds p100DN in
the absence of FBXW?7. 293T cells were transfected with Tax (3.0 pg) and p100DN (3.0 pg). Lysates were collected 48 hours later and incubated overnight with
anti-p100/p52 antibody, and then immunoprecipitated with protein A/G beads. Immunoprecipitates and cell lysates were analyzed by western blot analysis with
anti-Tax and anti-p100/p52 antibodies. (D) Tax increases the half-life of FBXW7. 293T cells were transfected with FBXW7 and pTax. Before lysis, cells were treated
with cycloheximide for 0, 2, 4, or in the case of FBXW7 alone, 8 hours. Short and long exposures of FBXW7 were taken to demonstrate the effect of CHX on FBXW7
expression in the absence of Tax. Actin served as a loading control. (E) p100 redistributes Tax to the cytoplasm. 293T cells were transfected with pcTax (0.75 pg)
and increasing doses of p100DN (1-2.0 pg). Forty-eight hours later, cells were lysed in hypertonic or hypotonic lysis buffers for nuclear or cytoplasmic lysates,
respectively. Western blots were probed with anti-tax and anti-p100 antibodies. Cyclin A served as an internal control for the nuclear/cytoplasm fractionation.
(F) GFP-Tax was expressed in the absence or presence of p100DN in 293T cells. After 48 hours, cells were fixed in PFA, stained with DAPI, and mounted for
microscopy. Representative images at 40x are shown.

To demonstrate the biological significance of our findings, i.e., Tax inactivation of
FBXW?7, we searched for a Tax mutant that would be unable to bind to and suppress
FBXW?7 activities. We first tested previously characterized Tax mutants, M47, K88V, G148V,
and M22 but found they could still bind to FBXW7 and prevent FBXW7-mediated
degradation of NICD (data not shown). Interestingly, we discovered that a previous
Tax mutant (which we designate Tax-J) (46) was unable to block FBXW7-mediated
degradation of its substrates. This plasmid was derived from a Jurkat cell line, with an
inducible Tax mutant (JPXM). Sequencing of Tax-J revealed three mutations in the Tax
sequence when compared to the pcTax used in this study. These mutations included
R222K, L308H, and a Ser63 insertion (Fig. 5A). R222K lies within the third subdomain
of Tax homodimerization (residues 213-228) (65). L308H was present in the ATF/CREB
activity domain of Tax, while another mutation was outside of known Tax activation
and binding domains (Fig. 5A). We also sequenced the wild-type pcTax plasmid and
found a methionine to isoleucine mutation at position 206 (M206l). The M206l muta-
tion did not impact Tax activities, including HTLV-l transactivation, NF-kB activity, or
inhibition of FBXW7 functions. We then focused on the Tax-J mutant and performed
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FIG5 Tax mutant, TaxM3, is unable to stabilize FBXW?7. (A) Schematic diagram of the Tax protein with positions of Tax mutations found in Tax-J noted in red. M47
and G418V are also noted. TaxM3 contains an insertion of a serine at amino acid 63 and two mutations, L308H and R222K. The M206! change was noted in the
wild-type Tax protein (in yellow) but did not affect Tax functions. The alignment of pcTax and Tax-J is shown. HTLV-I transactivation and NF-kB activity of various
Tax mutations found in Tax-J and TaxM3. (B and C) 293T cells were transfected with pcTax or Tax mutants (0.5 pg) along with HTLV-LTR-Luc (B) or NF-kB-Luc
(C) (0.5 pg) and RLTK (0.10 pg) for 24 hours. TaxM3 denotes the Tax mutant of Ser63, R222K, and L308H. Tax mutants (Ser63 + R222K) and (Ser63 + L308H)
are denoted as 2T-R222K and 2T-L308H, respectively. Luciferase measurements were taken from at least two independent experiments and were normalized to
RLTK-renilla luciferase. P-values were indicated for significant differences in activation using the Student’s t-test. *P > 0.05 and **P > 0.01. (D-F) The generation of
Tax mutants and their effect on FBXW?7 activity. 293T cells were transfected with pcTax (0.5 pg), Tax mutants (0.5 pg), Flag-FBXW7 (2.0 pg), or myc-NICD (0.16 pg)
(D), HA-c-MYC (0.25 pg) (E), or myc-Cyclin E (0.10 pg) (F) for 48 hours, or in the case of Myc, 24 hours. Actin served as a loading control.

site-directed mutagenesis on wild-type Tax and made single point mutations for Ser63,
R222K, and L308H, double point mutations with Ser63 with R222K (2T-R222K) or with
L308H (2T-L308H), or a triple point mutant with all three mutations (TaxM3). All Tax
mutants were sequenced and compared to wild-type Tax (Fig. 5A). TaxM3 lost the
ability to transactivate the HTLV-I LTR (Fig. 5B). Surprisingly, no single point mutant led
to an appreciable loss of Tax transactivation activity, though Ser63, L308H, and both
double mutants resulted in a decrease in activity compared to the wild type (Fig. 5B).
The decrease in activity with L308H is likely because this mutation lies within the Tax
transactivation domain. We then examined NF-kB activation and found that like the
original Tax mutant (Tax-J), Tax3M lost all ability to activate NF-kB (Fig. 5C). This is likely
due to the insertion of Ser63 since a single Ser63 mutation in Tax also led to the loss of
NF-kB activity, which was also seen in 2T-R222K and 2T-L308H. The loss in NF-kB activity
did not appear to be due to a lower level of Tax expression since other Tax mutants
expressed varying or low levels of Tax. Yet, these mutants were able to still activate
HTLV-I LTR or NF-kB activity (i.e., R222K) (Fig. 5B and C). We then examined the ability
of single, double, or TaxM3 mutants to inhibit FBXW7-mediated degradation of NICD
(Fig. 5D), c-MYC (Fig. 5E), or Cyclin E (Fig. 5F). We found that many single and triple
Tax mutants could stabilize FBXW?7 targets to comparable levels as the wild-type Tax.
The fact that Tax mutant Ser63 could stabilize all three substrates emphasizes that low
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levels of Tax expression are sufficient and NF-kB activating function is dispensable for
Tax-mediated stabilization of FBXW?7 targets (Fig. 5C through F).

Importantly, TaxM3 could not inhibit FBXW7-mediated degradation of NICD, c-MYC,
and Cyclin E substrates (Fig. 5D through F). Because TaxM3 expressed lower amounts of
Tax compared to wild type, we repeated FBXW7-mediated degradation of NICD, c-MYC,
and Cyclin E in the presence of increasing amounts of TaxM3. Even though large amounts
of TaxM3 were expressed, the mutant could still not inhibit FBXW7 and stabilize NICD,
¢-MYC, or Cyclin E (Fig. 6A through C). We then performed similar experiments with low
levels of wild-type Tax and found that even at lower levels of Tax, Tax could still inhibit
FBXW7-mediated degradation of Notch (Fig. 6D). Collectively, these data suggest that
we identified a Tax mutant, namely TaxM3, that is unable to prevent FBXW7-mediated
degradation, and that this was not the result of lower expression levels or the inability
to activate CREB or NF-kB signaling pathways. To determine why TaxM3 could no longer
inhibit FBXW?7, we performed immunoprecipitation with wild type or the TaxM3 mutant.
In support of the above data, we found that the TaxM3 could no longer bind FBXW7
(Fig. 6E). Since TaxM3 no longer binds FBXW?7, it was unnecessary to test whether this
mutant also inactivates GSK3[3 or can still induce processing of NF-kB2 p100. Finally, to
determine the importance of FBXW7 function in HTLV-1 Tax-mediated transformation,
we examined the ability of TaxM3 to transform fibroblast Rat1 cells. Rat1 fibroblasts
were transfected with puromycin, along with wild type or TaxM3, and grown long term
in the presence of puromycin. After several weeks, distinct colonies appeared in cells
expressing wild-type Tax (Fig. 6F). However, no colonies formed without Tax or with
TaxM3. These data suggest that the Tax mutant, TaxM3, lost the ability to transform
cells and that the inability of TaxM3 to block FBXW7-mediated degradation of key
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FIG 6 FBXW?7-Tax mutant, TaxM3, lost the ability to transform cells. (A-D) Reduced protein expression is not the underlying cause of TaxM3's inability to inhibit
FBXW?7 functions. (A-C) 293T cells were transfected with pcTax or increasing amounts of TaxM3, along with 0.16 pg myc-NICD (A), 0.10 ug myc-Cyclin E (B), or
0.25 pg HA-c-Myc (C), along with 2.0 ug Flag-FBXW?7 for 48 hours, or in the case of Myc, 24 hours. Actin served as a loading control. 293T were also transfected

with increasing amounts of pcTax, myc-NICD, and Flag-FBXW?7 (D). Tax could only be detected at low transfection amounts, yet still stabilized NICD. Actin served
as a loading control. (E) TaxM3 cannot bind FBXW?7. 293T cells were transfected with 2.0 ug pcTax or 4.0 pg TaxM3, along with 3.0 pg Flag-FBXW?7 for 48 hours.
Equal amounts of lysates were immunoprecipitated overnight with anti-Flag Ab and probed with anti-Tax. Equal amounts of lysates were loaded for controls.
(F) Tax mutant, TaxM3, is unable to transform cells. Rat1 cells were transfected by calcium phosphate with 5.0 pg pcTax or TaxM3, along with 0.5 pg pSIH1-puro.
Cells were cultured in the presence of puromycin for over 2 weeks. Cells were then stained for colony formation. Rat-1 colony formation was repeated at least

twice, and individual colonies were counted. Results are quantified in bar graphs. P-values were calculated using a paired, two-tail distribution, t-test.
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oncogenic substrates, NICD, c-MYC, Cyclin E, and Mcl-1 likely contributed to the loss of
Tax transforming capabilities, in conjunction with a loss of NF-kB activation.

DISCUSSION

HTLV-I Tax has been shown to activate cellular signaling pathways (NF-kB, AKT, Notch,
and hTERT), inactivate cell cycle checkpoints (Cyclin E/CDK2, Cyclin D, and p21WAF),
inhibit tumor suppressors (p53, RB1, and p16ink4), and activate regulators of apoptosis
(Bcl-xL and Mcl-1) (66). In addition, Tax impairs DNA replication forks, increases DSBs,
and inhibits DNA repair pathways promoting the accumulation of genetic mutations.
Tax is highly expressed in the early stages after infection, but its expression decreases
over time and only 20% of all ATL patient samples retain Tax expression, suggesting that
Tax is essential to achieve transformation but may not be required to maintain survival
and expansion of transformed cells. Herein, we demonstrate that HTLV-I oncoprotein
Tax inhibits the tumor suppressor FBXW?7, resulting in an increased expression of NICD
and other key oncogenic drivers such as c-Myc, Cyclin E, and Mcl-1. Furthermore,
other targets of FBXW7 are also affected in HTLV-Il cells, namely p53, mTOR, p100,
and AURKA. Whether the deregulation of these proteins in HTLV-l-infected cells is
related to Tax-mediated inactivation of FBXW?7 and participation in the immortalization
process warrants additional studies. Importantly, we also found that a Tax mutant
defective in binding and inactivating FBXW7 had impaired transforming activities.
This mutant was also defective in activating the HTLV-I LTR and enhancing the activa-
tion of NF-kB. Tax-mediated control of NF-kB expression and activity has been a key
driver of HTLV-I-facilitated cellular transformation (53, 67). NF-kB activity is found to be
constitutively active in the majority of primary ATL-transformed cells using Tax-depend-
ent and independent mechanisms (68). Therefore, while a direct role for FBXW7 in
the Tax transformation process was not determined, these observations suggest that
the inactivation of FBXW7 function(s) may play a critical role in Tax-induced cellular
transformation. This is especially important in light of FBXW7’s role in NICD, c-Myg, cyclin
E, and Mcl-1 expression. In support of this, the re-expression of wild-type FBXW?7 in
ATL-transformed cells leads to a considerable loss in proliferation (14).

Our studies also show that Tax led to an increase in FBXW7 protein expression levels.
It will be important to know whether Tax elevates FBXW7 gene expression and protein
stability, by preventing its autoubiquitination, or prevents the actions of a negative
regulator of FBXW?7. Non-coding RNAs such as microRNAs and long non-coding RNAs,
as well as post-transcriptional regulators and processors, have been demonstrated to
regulate FBXW?7 protein levels, including self-ubiquitination (69, 70). When Tax binds to
FBXW?7, it could potentially hinder FBXW?7's self-ubiquitination, causing it to accumulate
by preventing proteasomal degradation (71). Tax-expressing cells have been shown to
over-express peptidyl-prolyl isomerase (Pin1), which negatively regulates FBXW?7 stability
(71, 72). Interestingly, Pin1 is important for Tax-mediated transformation. Whether this is
because of the negative function of FBXW?7 warrants further studies. Interestingly, other
oncogenic viruses have also been shown to play a role in FBXW?7 regulation. The latent
membrane protein 1 of Epstein-Barr virus has been shown to increase c-MYC expression
by regulating the PI3K-AKT-GSK3B-FBXW7 pathway (73). In contrast, FBXW7 has been
shown to have antiviral capabilities by binding and stabilizing RIG-I (retinoic acid-induci-
ble gene) (74), and this explains why viruses would want to inactivate FBXW?7. RIG-| is
an important player in the interferon (IFN) response to viral RNA viruses, and known
oncogenic viruses such as HCV (hepatitis C virus) have employed mechanisms to disrupt
RIG-I functions (75-77). The nonstructural protein 2 (nsp2) of porcine epidemic diarrhea
virus also mediates FBXW7 degradation, effectively disrupting the antiviral response
of FBXW7 (78). Loss of FBXW?7 has also been implicated in the resistance to anti-PD-1
(programmed cell death 1) therapy, through loss of RIG-1 and MDAS5 (interferon-induced
with helicase C domain 1) sensing of dsRNA, along with decreased IFN-I and MCH-I
(major histocompatibility complex) expression (79). Therefore, a better understanding of
FBXW?7 inactivation may help find ways to reactivate FBXW?7 in tumor cells and restore
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sensitivity to PD-1 therapies. HTLV-l Tax has been shown to impede RIG-I function by
multiple mechanisms involving SOCS1 (suppressor of cytokine signaling) and RIPK1
(receptor interacting serine/threonine kinase1) (80). Future studies could determine if
blocking FBXW?7 function impairs the antiviral response in HTLV-l-infected cells. This
would suggest that blocking FBXW7 would have novel functions in HTLV-I-infected
cells, independent of its role in tumorigenesis. Because HTLV-I elicits vigorous immune
responses and presents a low antigenic variability, reducing viral antigen expression
is essential. Virus-expressing cells are rapidly eliminated by CTL activity against the
highly immunogenic viral Tax protein (81, 82). While Tax expression is essential for the
immortalization of human T cells, HTLV-I-transformed cells usually do not constantly
express the Tax protein but rather present sporadical bursts of Tax expression (13). It
would be interesting to determine if Tax re-expression blocks the antiviral activities of
FBXW7. FBXW?7 is also implicated in binding the nonstructural protein 5B (NS5B) of HCV
(83) through a CPD sequence found in the NS5B. Consequently, forced over-expression of
FBXW?7 has been shown to cause a downregulation of the HCV virus. It is unknown how
HCV interferes with FBXW?7 function, but FBXW?7 is known to be decreased in aggressive
hepatocellular carcinoma and low expression correlates with poor prognosis (84).

In conclusion, we demonstrated that HTLV-l Tax, and not HBZ, can inhibit the
functions of the tumor suppressor FBXW?7. Tax inhibition of FBXW7 activities allows the
increased expression of pro-oncogenic targets, such as Notch, c-Myc, Mcl-1, and Cyclin
E. The pro-tumorigenic effect of this action is underscored by the fact that a Tax mutant
(TaxM3), which is unable to inhibit FBXW7 functions and elevate NF-kB, cannot transform
primary fibroblast cells.
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