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ABSTRACT

The human T-cell leukemia virus type 1 (HTLV-1) Tax protein is considered to play a central role in the process that leads to
adult T-cell leukemia/lymphoma (ATL) and HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). HTLV-1
Tax-expressing cells show resistance to apoptosis induced by Fas ligand (FasL) and tumor necrosis factor (TNF)-related apopto-
sis-inducing ligand (TRAIL). The regulation of Tax on the autophagy pathway in HeLa cells and peripheral T cells was recently
reported, but the function and underlying molecular mechanism of the Tax-regulated autophagy are not yet well defined. Here,
we report that HTLV-1 Tax deregulates the autophagy pathway, which plays a protective role during the death receptor (DR)-
mediated apoptosis of human U251 astroglioma cells. The cellular FLICE-inhibitory protein (c-FLIP), which is upregulated by
Tax, also contributes to the resistance against DR-mediated apoptosis. Both Tax-induced autophagy and Tax-induced c-FLIP
expression require Tax-induced activation of IkB kinases (IKK). Furthermore, Tax-induced c-FLIP expression is regulated
through the Tax-IKK-NF-kB signaling pathway, whereas Tax-triggered autophagy depends on the activation of IKK but not the
activation of NF-kB. In addition, DR-mediated apoptosis is correlated with the degradation of Tax, which can be facilitated by

the inhibitors of autophagy.

IMPORTANCE

Our study reveals that Tax-deregulated autophagy is a protective mechanism for DR-mediated apoptosis. The molecular mecha-
nism of Tax-induced autophagy is also illuminated, which is different from Tax-increased c-FLIP. Tax can be degraded via ma-
nipulation of autophagy and TRAIL-induced apoptosis. These results outline a complex regulatory network between and among
apoptosis, autophagy, and Tax and also present evidence that autophagy represents a new possible target for therapeutic inter-

vention for the HTVL-1 related diseases.

H uman T-cell leukemia virus type 1 (HTLV-1) is the etiologic
agent of both adult T-cell leukemia/lymphoma (ATL) and
HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/
TSP) (1, 2). It has been demonstrated that the major characteristic
of ATL is rapid proliferation and malignant transformation of
HTLV-1-infected CD4" T cells in human peripheral blood (PB)
(3). Unlike ATL, HAM/TSP is mainly associated with chronic and
progressive inflammation of the central nervous system (CNS)
(4). During the course of HAM/TSP, the intrusion of HTLV-1-
infected lymphocytes from the PB into the CNS may lead to the
production of proinflammatory cytokines/chemokines, which
would ultimately result in neurodegeneration (4, 5). In addition,
histological studies conducted in HAM/TSP patients suggest that
HTLV-1-infected resident CNS cells, including astrocytes and oli-
godendrocytes, also contribute to the progression of HAM/TSP
(6, 7). Astrocytes are the most abundant cells in the CNS and
perform many functions, including maintaining the physical in-
tegrity of the blood-brain barrier (BBB), providing nutrients to
neuronal cells, and mediating the extracellular ion balance in the
CNS (8). A previous study has shown that the in vitro infection of
human astrocytes with HTLV-1 results in the release of proin-
flammatory cytokines (9). Furthermore, it has been found that
neuropilin-1 and glucose transporter protein 1 are involved in
HTLV-1 infection of U87 astroglioma cells and human primary
astrocytes (10). Overall, these available data suggest that HTLV-
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1-infected astrocytes might be involved in the progression of
HAM/TSP.

The viral oncoprotein Tax, encoded by the HTLV-1 genome, is
thought to play a crucial role in the progression that leads to
HTLV-1-related diseases (3, 11). Tax causes the transformation of
CD4™ T cells through the activation of regulatory factors that are
involved in T cell replication and interferes with DNA repair to
ultimately increase genetic instability (12, 13). In addition, Tax
protects HTLV-1-infected cells from cell cycle arrest and apopto-
sis and, thus, facilitates the escape of HTLV-1 from immune sur-
veillance (14-16). The Tax-mediated activation of cyclic AMP
(cAMP)-responsive element-binding protein (CREB), NF-kB,
and serum responsive factor (SRF) is critical for the biological
functions of Tax (17, 18). It has been reported that Tax-induced
activation of NF-kB at multiple levels is required for T cell trans-
formation. In the cytoplasm, Tax binds directly to IKKvy; this
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binding triggers the constitutive phosphorylation and degrada-
tion of IkB, which enables the translocation of NF-kB to the nu-
cleus. In the nucleus, Tax recruits RelA and other transcriptional
components to form transcriptional hot spots increasing NF-kB
activation. In addition, Tax is shown to induce the processing of
p100 to yield p52 for the activation of the noncanonical NF-kB
pathway (19, 20). The constitutive activation of NF-kB not only
promotes the survival and transformation of HTLV-1-infected
cells (21, 22) but also induces the resistance of these cells to many
apoptosis inducers, including gamma irradiation, cisplatin, Fas
ligand (FasL), and tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) (23-27).

TRAIL, a member of the structurally related TNF superfamily
(28), induces apoptosis of a variety of tumor cells and virus-in-
fected cells through the interaction with its two receptors, DR4/
TRAIL-R1 and DR5/TRAIL-R2 (29). The binding of TRAIL to
DR4 and DR5 induces trimerization of the receptors and the sub-
sequent recruitment of procaspase-8 (FADD-like interleukin-13-
converting enzyme [FLICE]) or procaspase-10 through the adap-
tor protein Fas-associated death domain (FADD) to form the
death-inducing signaling complex (DISC). The formation of
DISC is followed by activation of caspase-3, which ultimately re-
sults in cell death via apoptosis. In some cells, Bid, a Bcl-2 protein
family member, can be activated by caspase-8 or -10 to induce
mitochondrion-mediated apoptosis (30, 31). One major regulator
of the receptor-mediated apoptosis at the DISC level is the cellular
FLICE-inhibitory protein (c-FLIP) (32). It has been reported that
three splice variants of c-FLIP (c-FLIP;, c-FLIPy, and c-FLIPg) can
be detected at the protein level and that the expression of c-FLIP is
regulated through multiple pathways, such as the MAP kinase,
phosphatidylinositol 3-kinase (PI3K), and NF-«kB pathways (33—
35). It has been demonstrated that the expression of c-FLIP is
increased in ATL cells and HTLV-1-infected Tax-expressing T
cells and that this increase contributes to the resistance of these
cells to FasL- and TRAIL-induced apoptosis (25, 26, 36).

Autophagy is a lysosomal degradation pathway that degrades
long-lived proteins and cytoplasmic organelles into basic biomol-
ecules to recycle energy and nutrients. During autophagy, parts
of or entire organelles are sequestered into double-membrane
autophagosomes, which subsequently fuse with lysosomes, where
the sequestered contents undergo degradation (37, 38). In many
cellular settings, the first regulatory step involves the inactivation
of the mammalian target of rapamycin (mTOR), which leads to
the activation of a set of autophagy-regulating genes (Atg genes)
and the subsequent formation of autophagosomes (39). During
autophagosome formation, a cytosolic form of LC3 (LC3-I) is
conjugated to phosphatidylethanolamine (PE) to form an LC3-PE
conjugate (LC3-1II), which is then recruited to autophagosomal
membranes. Thus, the conversion of LC3-I to LC3-II is com-
monly considered a characteristic marker of autophagy (40). The
induction of autophagy is tightly regulated by diverse extracellular
and intracellular signals, including nutrients, growth factors, in-
tracellular ATP levels, and hypoxia (38). In addition, autophagy is
implicated in the regulation of retrovirus-host interactions. It was
shown in a recent report that HTLV-1 infection and Tax protein
expression increase autophagosome accumulation by blocking
the fusion of autophagosomes to lysosomes in HeLa cells and
Jurkat T cells (41). In another interesting report, it was indicated
that HTLV-2 Tax could also induce autophagy by interacting with
the autophagy molecule complex containing Beclinl and PI3K
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class III, and Tax2-mediated autophagy promoted survival and
proliferation of the immortalized CD4™ T cells (42).

Here, we found that HTLV-1 Tax protein increases autopha-
gosome accumulation in human astroglioma cells, primary astro-
cytes, and Jurkat T cells as well. In addition, Tax-deregulated
autophagy helps protect human astroglioma cells from TRAIL
receptor-mediated apoptosis. We showed that Tax-induced up-
regulation of c-FLIP also contributes to the resistance to TRAIL-
induced apoptosis. We further demonstrated that Tax-mediated
c-FLIP expression requires both the phosphorylation of IKK
and the transcriptional activation of NF-kB, but Tax-induced
autophagy is dependent only on the activation of IKK. Finally, we
showed that inhibition of Tax-deregulated autophagy promotes
Tax degradation induced by TRAIL-mediated apoptosis.

MATERIALS AND METHODS

Cells, reagents, and antibodies. The human HEK293T, U251, and Jurkat
E6-1 cell lines were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Normal human astrocytes (HA) from hu-
man brain tissue were purchased from ScienCell Research Laboratories
(Carlsbad, CA, USA). The HEK293T and U251 cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) (Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS). The Jurkat E6-1
cells were cultured in RPMI 1640 (Gibco) supplemented with 10% FBS.
The normal human astrocytes were cultured in astrocyte medium (Scien-
Cell, Carlsbad, CA, USA).

Recombinant soluble TRAIL (amino acids 95 to 281, nontagged) and
the mouse anti-human DR5 monoclonal antibody AD5-10 (IgG3) were
prepared as described by Guo et al. (43). Chloroquine, 3-MA, and MG-
132 were purchased from Sigma (St. Louis, MO, USA). LY294002 was
purchased from Merck Chemicals (Darmstadt, Germany). PS-341 was
purchased from LC Laboratories (Woburn, MA, USA). The z-VAD-fmk
inhibitor was purchased from R&D Systems (Minneapolis, MN, USA).

Antibodies against caspase-8, caspase-3, caspase-9, phospho-IKKa/f3,
IKKa, IKKB, p65, phospho-mTOR, and phospho-AMPKa were pur-
chased from Cell Signaling Technology (Beverly, MA, USA). Anti-LC3
was obtained from Sigma. Anti-BECN1 and anti-IkBa were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-IKKy was
obtained from the Proteintech Group (Chicago, IL, USA), and anti-Flag
and anti-green fluorescent protein (GFP) were purchased from Abmart
(Shanghai, China). Anti-c-FLIP was purchased from Alexis (Farmingdale,
NY, USA), and horseradish peroxidase (HRP)-conjugated anti-GAPDH
was obtained from KangChen Biotech (Shanghai, China).

Preparation of lentiviral vectors. All of the constructs for gene over-
expression were derived from the pWPXL-EGEFP lentiviral vector (Add-
gene plasmid 12257, carrying the enhanced-GFP [EGFP] gene). The DNA
fragments corresponding to the coding sequences of wild-type Flag-
tagged Tax, the Flag-tagged Tax M22 mutant ('*’GL—AS), the Flag-
tagged Tax M47 mutant (*'’LL—RS), IkBa-DN (S32A/S36A), the GFP-
LC3 fusion gene, and the disordered EGFP open reading frame (empty
expression cassette) were amplified via PCR and subcloned into pWPXL-
EGFP through replacement of the EGFP fragment. All the Flag tags are
located on the C terminus of Tax and its mutants. These recombinant
lentiviral vectors were cotransfected into HEK293T cells with pMD2.G
and psPAX2 using VigoFect (Vigorous, Beijing, China). The supernatants
were collected 3 days after transfection, centrifuged at 2,500 X g for 10
min, filtered through a 0.45-m-pore-size filter, pooled, and subjected to
ultrafiltration with a Centricon Plus-70 centrifugal filter device (Milli-
pore, Billerica, MA, USA). The concentrated virus stocks were aliquoted
and frozen at —80°C. Titers of virus were determined by infecting 293T
cells with serially diluted virus stock in culture medium, and GFP expres-
sion in 293T cells after 72 h of infection was analyzed by flow cytometry.
Astroglioma cells, primary astrocytes, and Jurkat T cells were infected
with lentivirus (multiplicity of infection [MOI] = 3; in some experiments,
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the MOI was 1) in complete medium for 12 h under normal culture
conditions. The medium containing virus was removed, and then the cells
were washed and cultured in fresh complete medium.

The short hairpin RNAs (shRNA) targeting c-FLIP, Beclin-1, IKKa,
IKKR, and p65 were cloned into pLL3.7 lentiviral vectors. The following
targeting sequences were used: c-FLIP; and c-FLIP, 5'-GGA GCA GGG
ACA AGT TAC A-3'; Beclin-1, 5'-GCT GGA GAT GTT CAG AAC A-3;
IKKa, 5'-GCA ATT AAG TCT TGT CGC C-3';IKKB, 5'-GGA GAT CCA
GAT CAT GAG A-3'; and p65, 5'-GGA TTG AGG AGA AAC GTA A-3'.
The lentiviral stocks were prepared through cotransfection of these re-
combinant pLL3.7 vectors and the pRSV-Rev, pMDLg/pRRE, and
pMD2.G packaging vectors using the methods described above.

Real-time PCR. The U251 cells infected with the LVs were lysed, and
total RNA was isolated with the TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). First-strand cDNA was synthesized using 4 pg of the total RNA
with the M-MLV reverse transcriptase (Promega, Madison, W1, USA).
The real-time PCR was performed using SYBR premixed Ex Taq II
(TaKaRa, Dalian, China) in the Bio-Rad iQ5 detection system (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s instructions. The
following gene-specific primer pairs for c-FLIP;, ¢-FLIPg, and GAPDH
were employed: c-FLIP;,5'-CCT AGG AAT CTG CCT GAT AAT CGA-3’
and 5'-TGG GAT ATA CCA TGC ATA CTG AGA-3'; c-FLIPg, 5'-GCA
GCA ATC CAA AAG AGT CTC A-3" and 5'-ATT TCC AAG AAT TTT
CAG ATC AGG-3'; and GAPDH, 5'-CCG TCT AGA AAA ACC TGC
C-3"and 5'-AGC CAA ATT CGT TGT CAT ACC-3'.

Western blot analysis. After the specified treatments, the cells were
harvested and lysed with radioimmunoprecipitation assay (RIPA) buffer
(0.15 M NaCl, 1% NP-40, 0.01 M deoxycholate, 0.1% SDS, 0.05 M Tris-
HCI [pH 8.0], 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl
fluoride, 10 wg/ml aprotinin, 10 pg/ml pepstatin, and 10 pg/ml leupep-
tin). The obtained protein concentrations were determined using the
bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Rockford,
IL, USA). A total of 40 g protein was electrophoresed on an 8% (only for
the p-mTOR analysis) or 12% SDS-PAGE gel and transferred to a
polyvinylidene fluoride membrane (Amersham Biosciences, Bucking-
hamshire, United Kingdom). The membrane was blocked with 5% nonfat
dry milk or bovine serum albumin (BSA) in Tris-buffered saline-Tween
(TBS-T) buffer (20 mM Tris-HCI [pH 7.4], 8 g/liter NaCl and 0.1%
Tween 20) for 1 h at room temperature and then incubated with the
appropriate primary antibody in TBS-T buffer containing 5% nonfat dry
milk or BSA at 4°C overnight. The membrane was next probed with the
appropriate horseradish peroxidase (HRP)-conjugated secondary anti-
body at room temperature for 2 h, and the proteins were detected with the
Immobilon Western HRP substrate (Millipore).

Cell viability assay. U251 cells infected with the appropriate lentiviral
vectors were plated in 96-well plates at a density of 1 X 10* cells per well,
pretreated with various inhibitors for 3 h, and then treated with various
concentrations of TRAIL or AD5-10 for 12 h. Cell viability was deter-
mined using the CellTiter 96 AQ,,...s nonradioactive cell proliferation
assay (MTS assay) according to the manufacturer’s instructions (Pro-
mega, Madison, WI, USA).

Apoptosis analysis. For nuclear staining, the cells were fixed for 20
min in 4% paraformaldehyde in phosphate-buffered saline (PBS) and
then stained with 1 wg/ml Hoechst 33258 in PBS for 15 min. Apoptosis
was visualized using fluorescence microscopy. For Annexin V/7-AAD
staining, cells subjected to the appropriate treatments for various times
were stained using the Annexin V-PE kit according to the manufacturer’s
instructions (BD Biosciences, Franklin Lakes, NJ, USA). The samples were
then analyzed with a flow cytometer (FACScan, Becton, Dickinson, Ger-
many).

Fluorescence and confocal laser-scanning microscopy. Cells were
first infected with lentivirus (LV) encoding GFP-LC3, and after 4 days, the
percentages of GFP-positive cells were examined via flow cytometer. Al-
most all of the cells (>95%) were GFP positive. Then, cells expressing
GFP-LC3 were infected with LV-Empty or LV-Tax. To analyze the per-
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centage of cells that exhibited cytoplasmic GFP-LC3 aggregations in each
group, images were acquired through fluorescence microscopy, and the
total cell numbers and the number of autophagic cells containing GFP-
LC3 fluorescent dots were counted. Approximately 350 cells were ana-
lyzed in each group. To determine the number of GFP-LC3 dots (au-
tophagic vacuoles) per cell, the LV-infected cells were grown on glass
coverslips in 6-well plates. After the specified treatments, the cells were
washed twice with PBS and fixed with 4% paraformaldehyde in PBS for 20
min. Nuclear counterstaining was performed with Hoechst 33258 as de-
scribed above. The coverslips were mounted on slides using ProLong an-
tifade solution and examined with a Zeiss LSM 510 META laser-scanning
confocal microscope (Carl Zeiss, Jena, Germany).

Transmission electron microscopy. U251 cells were seeded into
6-well plates. Four days after LV infection, the cells were washed twice
with 0.1 M phosphate buffer and harvested via centrifugation at 150 X g
for 10 min. The cells were fixed with 2.5% glutaraldehyde in 0.1 M phos-
phate buffer at 4°C for 30 min, then fixed again in 1% OsO, for 1 h,
dehydrated using increasing concentrations of acetone, and gradually in-
filtrated with epoxy resin. Ultrathin sections were obtained and stained
with uranyl acetate and lead citrate. Electron micrographs of the sections
were obtained with a JEM-1010 transmission electron microscope (JEOL,
Tokyo, Japan).

Statistical analysis. All data are presented as the means * standard
errors from three independent experiments. The data were analyzed using
Microsoft Excel (Microsoft, Redmond, WA, USA), and the statistical sig-
nificance of the differences was evaluated using Student’s ¢ test. Differ-
ences with probability values below 0.05 (P < 0.05) were considered sig-
nificant, and differences with probability values below 0.01 (P < 0.01)
were considered highly significant.

RESULTS

HTLV-1 Tax increases autophagosomes accumulation. The ef-
fect of HTLV-1 Tax on apoptosis has been widely studied. Re-
cently, the regulation by Tax of the autophagy pathway was also
reported (41, 42). However, the relationship between Tax-regu-
lated apoptosis and autophagy is still unclear. In the present study,
HTLV-1 Tax was introduced into TRAIL-sensitive U251 astro-
glioma cells to establish a model system that could be used to
investigate the effect of Tax on autophagy and death receptor-
mediated apoptosis. The U251 cells were infected with a lentivirus
(LV) encoding EGFP (control) or HTLV-1 Tax-Flag. The effi-
ciency of LV-EGFP infection was determined by determining the
numbers of EGFP-positive cells via flow cytometry 4 days postin-
fection, which demonstrated that more than 93% of the cells ex-
pressed EGFP encoded by lentivirus. The expression of the
HTLV-1 Tax-Flag protein was also confirmed by Western blot-
ting. The level of LC3-II protein, which is a marker of the autopha-
gosome membrane, was found to be significantly increased in the
LV-Tax-infected U251 cells compared with LV-EGFP-infected
cells after 4 days of infection (Fig. 1A). The intracellular localiza-
tion of GFP-LC3 corroborated the presence of GFP-LC3 aggre-
gates as cytoplasmic dots in the U251 cells transfected with
LV-Tax (Fig. 1B), and the quantitative assay demonstrated a
higher percentage of cells with GFP-LC3 dots in Tax-expressing cells
than in the empty vector control. Accordingly, an increase in the
number of autophagosome was also observed in the Tax-expressing
U251 cells via transmission electron microscopy (Fig. 1C).

Previous studies have shown that the astrocytes of HAM/TSP
patients might be infected by HTLV-1 (6, 7). To determine
whether HTLV-1 Tax induces autophagy in primary astrocytes,
normal human astrocytes were infected with the above-men-
tioned LVs. As shown in Fig. 1D, expression of the Tax protein
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FIG 1 HTLV-1 Tax increases autophagosome accumulation. (A) Detection of LC3-I and LC3-1I expression. U251 cells (2 X 10° cells) were infected with
LV-EGFP or LV-Tax for 2 to 4 days. Forty micrograms total protein was loaded onto SDS-PAGE gels and further analyzed by Western blotting to detect the
conversion of LC3-I to LC3-II and Tax expression. (B) GFP-LC3 aggregation was visualized via fluorescence microscopy. U251 cells expressing GFP-LC3 were
infected with LV-Empty (empty expression cassette) or LV-Tax; after 4 days, the GFP-LC3 aggregations in the cells were assessed via fluorescence microscopy.
Representative images are shown (top), and the percentage of cells with GFP-LC3 puncta (% GFP-LC3" cells) is presented (bottom; values are means and
standard deviations [SD]; *, P < 0.01). (C) Autophagic vacuoles were detected via transmission electron microscopy. U251 cells expressing EGFP or Tax were
processed 4 days after lentiviral infection for transmission electron microscopy. Representative images are shown, and the arrows indicate autophagic vacuoles.
Bars, 0.5 wm. (D and E) Tax induces autophagosome accumulation in primary human astrocytoma cells. Astrocytes (5 X 10°) were infected with LV-EGFP or
LV-Tax (MOI = 3), and after 4 and 5 days of infection, 40 g total protein was used in Western blot assays to detect the conversion of LC3-I to LC3-1II (D).
GFP-LC3 dots were analyzed using confocal microscopy 4 days after infection. Astrocytes expressing GFP-LC3 were infected with LV-Empty or LV-Tax. The
GFP-LC3 aggregations were assessed via confocal microscopy after 4 days of infection. Cell nuclei were stained with Hoechst 33258. Representative images are

shown (E).

resulted in extensive conversion of LC3-I to LC3-II compared
with the EGFP-expressing control cells after 4 to 5 days of LV
infection. Meanwhile, the number of GFP-LC3 dots was increased
in Tax-expressing astrocytes (Fig. 1E). Furthermore, Tax-induced
conversion of LC3-I to LC3-II was also observed in Jurkat T lym-
phocytes and 293T cells (data not shown). These data indicate that
HTLV-1 Tax deregulates the autophagy pathway, resulting in in-
creased autophagosome accumulation.

Tax expression inhibits death receptor-mediated apoptosis.
It was reported previously that HTLV-1 infection led to resistance
to TRAIL-induced apoptosis in human T cells (36). To further
study whether the Tax protein could manipulate death receptor-
mediated apoptotic signaling in U251 cells, the cells were infected
with LV-EGFP or LV-Tax and then treated with various concen-
trations of recombinant soluble TRAIL or AD5-10 (an agonistic
anti-DR5 antibody) (43) for 12 h. Cell viability was determined
through an MTS assay. As shown in Fig. 2A, the viability of Tax-
expressing U251 cells treated with TRAIL or AD5-10 was much
higher than that of EGFP-expressing counterparts. Meanwhile,
Tax expression did not affect the growth rate of U251 cells (data
not shown). To further determine the apoptosis inhibition medi-
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ated by Tax, EGFP- or Tax-expressing U251 cells treated with
TRAIL were stained with Hoechst 33258 to visualize chromosome
condensation via fluorescence microscopy (Fig. 2B) or stained
with Annexin V-PE to identify the externalization of phosphati-
dylserine at an earlier stage of apoptosis (Fig. 2C). The data indi-
cated that TRAIL treatment induced an obvious chromosome
condensation in the EGFP-expressing cells but not in the Tax-
expressing cells (Fig. 2B). Annexin V staining confirmed that
TRAIL induced more apoptosis in the EGFP-expressing cells than in
Tax-expressing cells (Fig. 2C). TRAIL or AD5-10 stimulation usually
activates a caspase cascade, leading to apoptosis. To confirm the im-
pact of Tax expression on TRAIL-induced caspase activation, the cell
lysates from Tax-expressing U251 cells treated with recombinant sol-
uble TRAIL or AD5-10 were further analyzed via Western blotting
assay. The results showed that Tax expression markedly suppressed
the activation of caspase-8, caspase-3, and caspase-9 in U251 cells
treated with TRAIL or AD5-10 (Fig. 2D), indicating that Tax expres-
sion indeed inhibits the death receptor-mediated apoptosis of human
astroglioma cells.

Inhibition of autophagy potentiates death receptor-medi-
ated apoptosis. Autophagy is considered to be a prosurvival re-
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FIG 2 Tax suppresses TRAIL-induced apoptosis in U251 astroglioma cells. U251 cells were infected with LV-EGFP or LV-Tax (MOI = 3) for 4 days and then
treated with recombinant soluble TRAIL or the anti-DR5 agonistic monoclonal antibody AD5-10 at the indicated concentrations for 0 to 12 h. (A) The cell
viability after TRAIL or AD5-10 treatment for 12 h was determined using MTS assays (mean = SD; n = 3). (B and C) Apoptosis in cells treated with 50 ng/ml
TRAIL or PBS (control) for 6 h was detected through fluorescence microscopy analysis of Hoechst 33258-stained cells (B) and flow cytometry analysis of
PE-conjugated Annexin V-stained cells (C). The mean percentages of Annexin V-positive cells from three independent experiments are shown (mean * SD; *,
P < 0.01 compared with TRAIL-treated EGFP-expressing cells). (D) The activation of caspase-8, -3, and -9 in EGFP- and Tax-expressing cells treated with PBS,
50 ng/ml TRAIL, or 100 ng/ml AD5-10 for 1 and 6 h was analyzed by Western blotting. GAPDH was used as a protein loading control.

sponse that protects cells against stress or nutrient starvation and
a cell protection mechanism against apoptosis induced by chemo-
therapeutic agents and recombinant soluble TRAIL (44-47). To
further investigate whether the induction of autophagy in Tax-
expressing cells might be a defense mechanism to prevent death
receptor-mediated apoptosis, Tax-expressing U251 cells were
treated with the autophagy inhibitors 3-MA and LY294002, which
are PI3 kinase inhibitors that prevent autophagy at an early stage,
or chloroquine, which inhibits the fusion of the autophagosome
with the lysosome and, thus, suppresses autophagy at a later stage
(48). As shown in Fig. 3A and B, these inhibitors alone had negli-
gible effects on cell viability; however, pretreatment with 3-MA,
LY294002, or chloroquine significantly increased TRAIL-induced
cell death in Tax-expressing U251 cells. In addition, AD5-10-in-
duced cell death was also potentiated by 3-MA treatment (data not
shown). The effect of 3-MA on apoptotic signaling was further
confirmed by Western blotting assay. As shown in Fig. 3C, 3-MA
alone inhibited the Tax-induced accumulation of LC3-II. In ad-
dition, 3-MA and TRAIL increased the activation of caspase-8 and
caspase-3 in Tax-expressing U251 cells. These data suggest that
the pharmacological inhibition of autophagy increases the sensi-
tivity of Tax-expressing U251 cells to TRAIL treatment. Interest-
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ingly, the protein expression level of Tax was markedly decreased
in the cells treated with combination of 3-MA and TRAIL, sug-
gesting that Tax degradation might be regulated by TRAIL and
autophagy signaling.

Because pharmacological inhibitors of autophagy might have
undesired side effects, an shRNA specifically targeting Beclin-1
(shBECN1) was used to inhibit the autophagy pathway in the
experimental system (49, 50). As shown in Fig. 3D, knockdown of
Beclin-1 expression by shBECN1 suppressed the accumulation of
LC3-II. Compared with the control cells, the viability of Tax-ex-
pressing cells transfected with st BECN1 decreased after treatment
with TRAIL (Fig. 3D). Collectively, these data demonstrate that
inhibition of autophagy pathway promotes the TRAIL-induced
apoptosis of Tax-expressing U251 cells.

Tax-induced c-FLIP expression also contributes to the resis-
tance against death receptor-mediated apoptosis. It has previ-
ously been reported that c-FLIP expression is upregulated in
HTLV-1-infected and HTLV-1 Tax-expressing T cells and that the
expression of this protein plays an important role in the resistance
of the cells against FasL- or TRAIL-induced apoptosis (25, 26, 36).
We therefore investigated the expression of c-FLIP in Tax-ex-
pressing U251 cells. Real-time quantitative PCR revealed that the
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levels of c-FLIP; mRNA in cells infected with LV-Tax increased
3.1-and 3.8-fold at 48 h and 72 h postinfection, respectively, while
those of c-FLIP¢ mRNA increased 4.0- and 4.7-fold, respectively
(Fig. 4A). The levels of c-FLIP; and c-FLIPg protein were further
determined by Western blot analysis. As shown in Fig. 4B, c-FLIP
and c-FLIPg were upregulated in the Tax-expressing cells, and the
difference in c-FLIPg protein expression was greater than the dif-
ference in c-FLIP; expression. Consistent with what was observed
in U251 cells, the increased expression of c-FLIP; and c-FLIPg was
also observed in Tax-expressing primary human astrocytes (Fig.
4C) and Jurkat T lymphocytes (data not shown).

To further analyze the relationship between increased c-FLIP
levels and the resistance to TRAIL-induced apoptosis, U251 cells
were infected first with LV-EGFP or LV-Tax and then with a len-
tivirus encoding a c-FLIP-specific ShRNA (shFLIP) or control
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shRNA (shCo) and subsequently treated with TRAIL. Western
blotting assays showed that in Tax-expressing c-FLIP knockdown
cells, the TRAIL treatment increased the amount of cleaved p43-
FLIP, which is a 43-kDa cleavage product of c-FLIP and generated
from c-FLIP; at the DISC as a result of procaspase-8 cleavage at
D376 (51, 52), and the active subunits of caspase-8 and -3 (Fig.
4D); meanwhile, c-FLIP knockdown obviously decreased the cell
viability of Tax-expressing cells treated with TRAIL (Fig. 4E), in-
dicating that downregulation of c-FLIP could partially overcome
the TRAIL resistance induced by Tax. In addition, we found that
inhibition of autophagy by 3-MA could further promote TRAIL-
induced reduction of cell viability in c-FLIP-downregulated Tax-
expressing cells (Fig. 4F).

Taken together, these data indicate that both ¢-FLIP upregula-
tion and increased autophagy induced by HTLV-1 Tax contribute
to the resistance against TRAIL-induced apoptosis.

Tax-induced c-FLIP expression and autophagy are corre-
lated with the ability of Tax to activate IKK. Tax triggers gene
transcription through NF-kB and CREB pathway (26, 53, 54).
Recent reports have shown that Tax-induced c-FLIP expression in
T cells requires the activation of NF-kB (26). To further examine
the molecular mechanism underlying Tax-induced autophagy,
the Tax mutants M22 and M47 were used in our study. The M22
mutant is defective for NF-kB activation but retains the ability to
transactivate CREB-driven transcription. Conversely, the M47
mutant is defective for CREB activation but retains the ability to
activate NF-kB (55). The effects of Tax, M22, and M47 on c-FLIP
expression, NF-kB activation, and autophagy in U251 cells were
subsequently analyzed. Significantly increased c-FLIP expression,
IkBa degradation, and LC3-II accumulation were observed in
Tax-expressing U251 cells and M47-expressing cells but not in
M22-expressing cells (Fig. 5A). Transmission electron micros-
copy confirmed the presence of an increased number of autopha-
gosomes in the Tax- and M47-expressing U251 cells compared
with the M22- and EGFP-expressing cells (Fig. 5B). Increased
GFP-LC3 aggregation (green dots) in the cytoplasm was also ob-
served in the Tax- and M47-expressing cells via confocal micros-
copy (Fig. 5C). These data indicate that the Tax mutant M22,
which is defective in IKK activation, is unable to stimulate
autophagy and c-FLIP expression in U251 cells.

Next, we assessed the effects of the Tax mutants on the TRAIL-
induced apoptosis of U251 cells. The activation of caspases was
determined through an immunoblotting assay. Compared with
what was observed in the EGFP-expressing cells, the expression of
Tax or M47 inhibited the TRAIL-induced activation of caspase-8,
-3, and -9, whereas the expression of M22 failed to affect the acti-
vation of these caspases (Fig. 5D). Accordingly, cell viability assays
showed that apoptosis induced by TRAIL or the anti-DR5 agonis-
tic monoclonal antibody AD5-10 was strongly suppressed in the
Tax- and M47-expressing cells but not in the M22- and EGFP-
expressing cells (Fig. 5E). These results demonstrate that the abil-
ity of Tax to activate IKK/NF-kB is essential for Tax-induced c-
FLIP expression and autophagy, both of which play critical roles in
the Tax-induced resistance to TRAIL.

Transcriptional activation of NF-kB is essential for Tax-in-
duced c-FLIP expression but not Tax-induced autophagy. It has
been reported that Tax-induced c-FLIP expression in human T
cells involves activation of the IKK complex, degradation of IkBa,
and the eventual transcriptional activation of NF-kB (26). To in-
vestigate whether these components in the NF-«B signaling path-
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or LV-shCo (MOI = 1) for 3 days, pretreated with 3-MA (10 mM) for 3 h, and then cultured for 12 h in the presence or absence of 20 ng/ml TRAIL. Cell viability

was determined using MTS assays (mean = SD; n = 3;

way are involved in Tax-induced autophagy, the effects of knock-
down of IKKa, IKKB, and p65 as well as overexpression of an
IkBa dominant negative mutant (IkB-DN) on Tax-induced
autophagy were examined in Tax-expressing U251 cells. As shown
in Fig. 6A to C, downregulation of IKKa or IKKB using shRNA
not only inhibited Tax-induced c-FLIP expression but also sup-
pressed the accumulation of LC3-II. However, knockdown of the
p65 subunit of NF-kB or overexpression of IkB-DN only inhib-
ited Tax-induced c-FLIP expression and failed to suppress LC3-1I
accumulation. These data indicate that the activation of NF-kB is
necessary for Tax-induced c-FLIP expression but not for Tax-
induced autophagy, which was mainly dependent upon IKK acti-
vation. Furthermore, analysis of whether the inhibition of IKK or
NF-kB activation could facilitate the TRAIL-induced apoptosis of
Tax-expressing U251 cells showed that the resistance of the cells to
TRAIL-induced apoptosis could be partially reversed via down-
regulation of IKKa/B or p65 or overexpression of IkB-DN
(Fig. 6D and E). These results confirm that all of these compo-
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*, P < 0.01 compared with TRAIL-only-treated Tax-shFLIP cells).

nents (IKKa/B, IkBa, and p65) of the NF-«B signaling pathway
contribute to the Tax-induced resistance of U251 cells to TRAIL-
induced apoptosis.

Starvation-induced autophagy requires the activation of
AMP-activated kinase (AMPK) and the inhibition of mTOR
(39, 56). Criollo et al. reported that IKK-stimulated autophagy
was controlled by the AMPK/mTOR pathway (57). Accord-
ingly, we further observed that Tax expression in U251 cells
induced the phosphorylation of IKKa/f and AMPKa and in-
hibited the phosphorylation of mTOR (Fig. 6F), suggesting
that the IKK-AMPKa-mTOR signaling pathway may be in-
volved in Tax-induced autophagy.

Enhancement of TRAIL-induced apoptosis promotes Tax
degradation. We have so far observed that TRAIL induces Tax
degradation in 3-MA-pretreated and c-FLIP-downregulated Tax-
expressing U251 cells (Fig. 3C and 4D). In addition, the TRAIL-
induced degradation of M22, but not Tax or M47, was observed
(Fig. 5D). These data imply that although Tax-expressing U251
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cells are resistant to TRAIL-induced apoptosis, enhancement of
TRAIL signaling through c-FLIP knockdown or autophagy sup-
pression can promote Tax degradation. It has been reported that
Tax binds directly to the IKK regulatory subunit IKKvy and stim-
ulates the activity of the catalytic subunits IKKa and IKKB (17,
58). Therefore, we further investigated whether these IKK sub-
units could be degraded as a result of Tax degradation induced by
TRAIL and autophagy inhibition. As shown in Fig. 7A, the expres-
sion of IKKa and IkBa decreased, while the expression of IKK[3
and IKKy was rarely affected in EGFP-expressing U251 cells
treated with TRAIL in the presence or absence of 3-MA. In Tax-
expressing cells, TRAIL alone induced significant degradation of
IKKB but only a small amount of degradation of IKKa and Tax.
Combination of 3-MA and TRAIL enhanced the TRAIL-induced
degradation of IKKa, IKKf3, and Tax and meanwhile induced the
activation of caspase-3; however, IKKy was not affected by TRAIL
alone or the combination of TRAIL and 3-MA (Fig. 7B). These
results suggest that the TRAIL-induced degradation of activated
IKKa/B and Tax can be promoted by autophagy inhibition. To
explore the mechanism underlying the Tax degradation induced
by TRAIL and 3-MA, the proteasome inhibitors MG132 and PS-
341, the pan-caspase inhibitor z-VAD-fmk, and the endosomal
acidification inhibitor chloroquine, which inhibits lysosomal pro-
tein degradation, were added to the experimental system. As
shown in Fig. 7C, all of the inhibitors with the exception of the
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pan-caspase inhibitor z-VAD-fmk failed to inhibit the Tax degra-
dation induced by the combination of TRAIL and 3-MA. More
importantly, MG132, PS-341, and chloroquine promoted TRAIL-
induced Tax degradation that was similar to that induced by
3-MA. Thus, TRAIL and 3-MA-induced Tax degradation is de-
pendent on the activation of caspases; i.e., TRAIL-induced apop-
tosis promotes Tax degradation.

On the basis of these results, we propose that HTLV-1 Tax
induces resistance to TRAIL-induced apoptosis, which is contrib-
uted to by the Tax-deregulated autophagy pathway and c-FLIP
expression (Fig. 7D). Tax-induced c-FLIP expression is through
the IKK-IkBa-NF-kB pathway, whereas Tax-increased autophagy
requires IKK activation but not NF-kB activation (Fig. 7D). Ad-
ditionally, enhancement of TRAIL-induced apoptosis signaling
can promote the degradation of Tax, which is regulated by caspase
activation (Fig. 7D).

DISCUSSION

Increasing evidence implies that virus infection-induced autophagy
plays a role in the development of virus-related disease (59). It has
been shown that autophagy is activated in mammalian cells by a
variety of viruses, including human immunodeficiency virus
(HIV), varicella-zoster virus, and influenza virus HON2/G1 (60—
62). HTLV-1 and HTLV-2 were recently reported to regulate au-
tophagy pathway in Jurkat and CD4™ T cells, respectively; how-
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ever, the biological significance of Tax-induced autophagy is still
rarely known. Tang et al. reported that HTLV-1 Tax increased
autophagy could enhance HTLV-1 replication and production by
preventing the degradation of Tax (41). Another report showed
that HTLV-2 Tax-mediated autophagy promoted survival and
proliferation of immortalized T cells (42). In the present study,
we have demonstrated that the HTLV-1 Tax protein induces
autophagy, resulting in autophagosome accumulation in U251
cells, human primary astrocytes, and Jurkat T lymphocytes. Inhi-
bition of autophagy pathway attenuates the TRAIL resistance in-
duced by HTLV-1 Tax, suggesting that Tax induces resistance
against TRAIL-induced apoptosis by deregulating autophagy as a
protective mechanism.

Tax is responsible for the resistance against TRAIL- or FasL-
induced apoptosis observed in HTLV-1-infected T cells (25, 26,
36). The Tax-induced expression of anti-apoptosis proteins, in-
cluding Bcl-X; and c-IAP2, has been observed in T cells; however,
none of these proteins are able to inhibit FasL- or TRAIL-medi-
ated apoptosis at the DISC level (26, 63). Here we observed that
the TRAIL-induced activation of caspase-8 is inhibited in Tax-
expressing U251 cells, and Okamoto et al. showed that Tax inhib-
its FasL-induced apoptosis at the DISC level (26). We further
demonstrate that the Tax-induced increase of c-FLIP expression
contributes to the resistance of cells to TRAIL and downregulation
of ¢c-FLIP can restore the sensitivity of Tax-expressing U251 cells
to TRAIL. Tax-induced c-FLIP upregulation is considered a crit-
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ical mechanism of the resistance to FasL in previous studies (25,
26). In addition, rocaglamide is reported to sensitize HTLV-1-
infected T cells to FasL- and TRAIL-induced apoptosis through
the translational suppression of c-FLIP expression (36). Accord-
ingly, we observed that knockdown of c-FLIP almost entirely re-
stored the sensitivity of Tax-expressing U251 cells to TRAIL (Fig.
4D), providing further evidence for the idea that c-FLIP plays an
important role in Tax-induced TRAIL resistance.

In addition to the Tax-induced c-FLIP expression, the
autophagy pathway deregulation by Tax was revealed as another
mechanism of Tax-mediated TRAIL resistance in our study. The
relationship between autophagy and apoptosis is a complicated
issue that is still debated. Increasing amounts of accumulated data
demonstrate that autophagy and apoptosis can be triggered by
common upstream signals and that inhibition of autophagy can
enhance apoptosis under particular conditions (48, 50). Certain
chemotherapeutics, including temozolomide, resveratrol, and
the phytochemical sulforaphane, are reported to induce both
autophagy and apoptosis in tumor cells, and inhibition of
autophagy could potentiate the apoptosis induced by these
compounds (64-66). Besides its ability to induce apoptosis,
TRAIL can induce autophagic cell death and a protective au-
tophagic response (67, 68). The inhibition of autophagy
through knockdown of Beclin-1 can enhance the sensitivity of
TRAIL-resistant tumor cells to TRAIL (47). Han et al. demon-
strated that inhibition of TRAIL-induced autophagy with Be-
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clin-1 or UVRAG small interfering RNAs in FLIP-overexpress-
ing Hct116 and Jurkat cells and Bax '~ Hect116 cells initiates a
caspase-8-dependent mitochondrial apoptotic response (69).
Accordingly, in the present study, we observed that the TRAIL-
induced activation of caspase-8 and -3 was suppressed in Tax-
expressing U251 cells and the inhibition of autophagy using
3-MA enhanced the TRAIL-induced activation of caspase-8
and -3 (Fig. 3C) and reduced c-FLIPg expression as well (data
not shown). These results indicate that TRAIL-mediated apop-
tosis could be regulated at the DISC level through the inhibi-
tion of autophagy, but the molecular mechanism underlying
this regulation needs to be further explored.

Besides HTLV-1 Tax-induced resistance against apoptosis,
Tax-mediated induction of apoptosis was also reported in previ-
ous investigation. For example, hormone-dependent activation of
Tax resulted in an inhibition of cell proliferation and an apoptotic
cell death in Jurkat T cells (70). Retrovirus-mediated Tax expres-
sion in Jurkat T cells was reported to induce apoptosis, which is
mediated by NF-kB-activated expression of TRAIL (71). We ex-
amined the TRAIL mRNA expression in LV-Tax-infected U251
cells compared with LV-EGFP-infected ones, while IL-6 mRNA
expression, which is reported to be increased in Tax-expressing
U251 cells (9), was detected to confirm the function of Tax. Re-
sults showed that IL-6 mRNA was upregulated in Tax-expressing
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U251 cells, but the expression of TRAIL mRNA remains un-
changed (data not shown). Therefore, we speculate that Tax af-
fects apoptosis signaling specifically in different cell types.
Results of this study indicate that activation of NF-kB is re-
quired for Tax-induced c-FLIP expression in U251 cells. This
result is consistent with previous studies conducted in HTLV-1-
infected and Tax-expressing T cells (26). However, the mecha-
nism by which Tax activates the autophagy pathway has not been
clearly elucidated. Tang et al. indicated that HTLV-1 Tax induces
autophagy by inhibition of autophagosome-lysosome fusion in
HeLa cells, and the regulation of autophagy is correlated with the
ability of Tax to activate NF-kB, because the Tax M22 mutant
cannot increase autophagosome accumulation (41). Meanwhile,
Ren et al. reported that HTLV-2 Tax induced autophagy by con-
necting the IKK complex to the autophagy pathway, and the com-
plex contained Beclinl and class IIT PI3K (42). Here, we demon-
strate that Tax-induced autophagy and c-FLIP upregulation
correlate with the ability of Tax to activate NF-kB. Our further
analysis of the effects of key components in the Tax-induced
NE-kB pathway on c-FLIP expression and autophagy activation
demonstrates that the Tax-induced upregulation of c-FLIP re-
quires the activation of both IKK and NF-«kB, whereas Tax-in-
duced autophagy is dependent upon the activation of IKK but not
NE-kB. Recently, the IKK complex was shown to promote au-
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tophagy in an NF-kB-independent manner in human and murine
cells. In addition, the inhibition of mTOR and the activation of
AMPK, which are strictly associated with starvation-induced au-
tophagy, are both involved in this NF-kB-independent process
(57). However, another report indicated that IKK-mediated au-
tophagy involves IKK-dependent and NF-kB-independent in-
creases in the expression of proautophagic genes (72). Although
the detailed mechanism underlying IKK-induced autophagy is
largely unknown, these results suggest that IKK-regulated au-
tophagy does not require the activation of NF-kB. Therefore, we
propose that Tax-induced autophagy involves the Tax-induced
activation of the IKK complex and exhibits the same downstream
signaling pathway as IKK-induced autophagy, because these two
processes are both independent of NF-kB.

In the past, extensive studies focused on the mechanism by
which Tax affects the cellular apoptosis or proliferation signals
that aid HTLV-1 viral replication and escape. However, the
mechanism through which cellular signaling regulates Tax sta-
bility has rarely been explored. It was recently reported that
HTLV-1 Tax-increased autophagosome accumulation could
modulate the degradation of Tax itself (41). We have observed
that TRAIL-mediated apoptosis promotes Tax degradation,
which could be further enhanced by the downregulation of
c-FLIP expression or the inhibition of autophagy. In addition,
TRAIL-induced degradation of IKKa and IKK, but not IKK'y,
is observed in Tax-expressing cells. These results suggest that
TRAIL may cause dissociation of the Tax-IKK complex and
result in the degradation of Tax, IKKa, and IKKB through a
different mechanism. Ubiquitination has been shown to play a
critical role in cellular localization and cellular functions, in-
cluding the activation of NF-kB by HTLV-1 Tax (73, 74). In-
terestingly, recent reports have demonstrated that a newly
identified ubiquitin E3 ligase, PDLIM2, can promote the K48-
linked polyubiquitination of Tax and recruits Tax from the
cytoplasm and Tax nuclear bodies into the nuclear matrix,
where the polyubiquitinated Tax is degraded by the protea-
some (75). Our analysis of the effects of inhibitors of the pro-
teasome, lysosome, and caspases on Tax degradation indicates
that only caspase inhibitors can suppress the Tax degradation
induced by the combination of TRAIL and 3-MA. However,
inhibitors of both the proteasome and the lysosome promote
Tax degradation, likely because these inhibitors promote
TRAIL-induced apoptosis. These data suggest that the activa-
tion of caspases induced by TRAIL may be responsible for the
Tax degradation. Although there is no report showing that
HTLV-1 Tax can be cleaved by caspases, several potential cleav-
age sites of caspases in the Tax protein sequence have been
predicted; further experiments are needed to confirm these
cleavage sites and explore the underlying mechanism of
TRAIL-mediated Tax degradation.

In conclusion, we have shown that the HTLV-1 Tax protein
inhibits death receptor-mediated apoptosis not only through the
upregulation of c-FLIP expression but also via the activation of the
autophagy pathway. In addition, inhibition of autophagy results
in TRAIL-induced Tax degradation. These data indicate that in-
vestigating the regulation of apoptosis and autophagy mediated by
Tax may aid in the development of novel therapeutic strategies for
the treatment of HTLV-1 infection-related diseases through the
inhibition of autophagy.
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