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Autophagy, a general homeostatic process for degradation of cytosolic proteins or organelles, has been reported to modulate the
replication of many viruses. The role of autophagy in human T-cell leukemia virus type 1 (HTLV-1) replication has, however,
been uncharacterized. Here, we report that HTLV-1 infection increases the accumulation of autophagosomes and that this accu-
mulation increases HTLV-1 production. We found that the HTLV-1 Tax protein increases cellular autophagosome accumulation

by acting to block the fusion of autophagosomes to lysosomes, preventing the degradation of the former by the latter. Interest-
ingly, the inhibition of cellular autophagosome-lysosome fusion using bafilomycin A increased the stability of the Tax protein,
suggesting that cellular degradation of Tax occurs in part through autophagy. Our current findings indicate that by interrupting
the cell’s autophagic process, Tax exerts a positive feedback on its own stability.

H uman T-cell leukemia virus type 1 (HTLV-1), a member of
the deltaretrovirus family, is the first identified human retro-
virus (1, 2). HTLV-1 infects an estimated 15 to 20 million individ-
uals worldwide (3, 4). HTLV-1 predominantly infects CD4* lym-
phocytes and is primarily transmitted through cell-to-cell contact;
free virions do not efficiently infect cells (5, 6). Infection by
HTLV-1 causes adult T-cell leukemia (ATL) (2, 7-9) and a neu-
rodegenerative disease, HTLV-1-associated myelopathy/tropical
spastic paraparesis (HAM/TSP) (10, 11). The HTLV-1 regulatory
protein Tax is an oncoprotein that plays an essential transcrip-
tional role in viral replication and is involved in virus-mediated
transformation of T lymphocytes (11-15). Tax activates the
HTLV-1 5’ long terminal repeat (LTR) through interaction with
transcription factors ATF/CREB (activating transcription factor/
cyclic AMP response element binding protein) (16-21). In addi-
tion, Tax is able to transactivate or transrepress more than 100
cellular genes through binding and modulating the stability and
activity of various cellular proteins (22-27).

Autophagy is a lysosomal degradation pathway used for the
removal of misfolded or aggregated proteins and damaged organ-
elles (28, 29). Under nutrient-stressed conditions, autophagy is
activated to degrade proteins in order to produce a limited
amount of nutrients for cell survival. During the process of au-
tophagy, membrane entities called phagophores are formed; they
fuse to form enclosed double-membrane vesicles, known as au-
tophagosomes, that sequester cytoplasmic material. Upon au-
tophagy induction, a processed LC3-1I (lipidated Atg8/LC3) pro-
tein is generated from its precursor, LC3-I, by conjugation with
phosphatidylethanolamine (PE). LC3-11 is specifically localized in
autophagosomes and is commonly employed as a well-character-
ized autophagosome marker (30). In a late step of autophagy,
matured autophagosomes merge with lysosomes to form autoly-
sosomes, whose contents, including the LC3-II protein, are de-
graded by the acidic lysosomal enzymes (31, 32).

Besides its role in supporting cellular metabolism in nutrition-
ally stressed settings, autophagy can serve an innate immunity role
protecting cells by removing invading intracellular microbial
pathogens, such as viruses and bacteria (33, 34). Many viruses
have evolved mechanisms to usurp the cell’s autophagic degrada-
tion defense, adapting this pathway instead to enhance viral rep-
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lication (35). For example, herpes simplex virus 1 (HSV-1) is able
to suppress the host’s autophagy response, and in macrophage
infection, the formation of the autophagosome is enhanced for
major histocompatibility complex (MHC) class I presentation of
viral antigens (36, 37). Nevertheless, the overall role of autophagy
in HSV-1 replication remains unclear (36), with other reports
demonstrating that in different contexts, autophagy inhibits viral
pathogenesis (35). Similarly, influenza A virus infection also trig-
gers autophagosome accumulation. Here, the process appears to
be mediated by the viral M2 protein that acts to block the fusion of
autophagosomes with lysosomes, preventing the degradation of
autophagosomes and leading to their accumulation (38). None-
theless, to date, the outcome of this process is not well understood
because accumulated autophagosomes seem to have no signifi-
cant effect on viral replication (35). Finally, in the case of retrovi-
ruses, human immunodeficiency virus type 1 (HIV-1) has been
described to cause the accumulation of autophagic vacuoles in
macrophages (39—41), but the effect of HIV-1 infection on au-
tophagy in CD4™" T cells is still controversial (40, 42, 43). It has
been reported that secreted HIV-1 Tat protein can suppress the
autophagy process induced by gamma interferon (IFN-vy) or rapa-
mycin in bystander uninfected macrophages (44, 45). In HIV-1-
infected macrophages, the HIV-1 Nef protein has been implicated
in blocking the fusion of autophagosomes with lysosomes (41),
and there is also suggestive evidence that autophagy might serve to
enhance HIV-1 replication (41, 46, 47). In a recent review, it was
suggested that Tax may increase autophagy through NF-«B acti-
vation (48), and recent data have shown that HTLV-2 Tax can
increase autophagic activity in immortalized CD4" T cells (49).
Here, we demonstrate that HTLV-1 infection accumulates
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autophagosomes and that this accumulation benefits virus rep-
lication. We find that the HTLV-1 Tax protein induces the
accumulation of autophagosomes by blocking the fusion of
autophagosomes with lysosomes through an NF-«kB-depen-
dent pathway.

MATERIALS AND METHODS

Cells and transfection. HeLa and 293T cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM/liter L-glutamine, and antibiotics in 5% CO,
at 37°C. MT2 and Jurkat T cells were maintained in RPMI 1640 with 10%
FBS, 2 mM/liter L-glutamine, and antibiotics. To obtain starvation con-
ditions, cells were washed three times with phosphate-buffered saline
(PBS) and incubated in Earle’s balanced salt solution (EBSS) at 37°C for 3
h. HeLa and 293T cells were transfected using Lipofectamine Plus reagent
(Invitrogen) according to the manufacturer’s protocols. MT2 and Jurkat
T cells were transfected using the Nucleofector kit V (Amaxa Biosystems)
following the manufacturer’s instructions.

Plasmids and stable cell lines with HTLV-1 LTR-GFP reporter.
HTLV-1 LTR-green fluorescent protein (GFP) reporter plasmid was con-
structed by inserting the Xmal-Xhol fragment of the HTLV-1 LTR from
HTLV-1 molecular clone pACH into the pAcGFP1-1 promoterless vec-
tor, which contains a neomycin resistance gene (Clontech). To generate
cells with integrated HTLV-1 LTR-GFP reporter, HeLa cells were trans-
fected the HTLV-1 LTR-GFP reporter plasmid that was constructed as
described above; the transfectants were then selected by G418 for 14 days.
The Cherry-LC3 plasmid was a gift from Terje Johansen (50). The
HTLV-1 k30 molecular clone was obtained from the NIH AIDS Research
and Reference Reagent Program (51). The red fluorescent protein (RFP)-
GFP-LC3 plasmid was kindly shared by Tamotsu Yoshimori (52, 53).
pEGFP-Tax, pCAG-Flag-Tax, pCAG-Flag-M22, and pCAG-Flag-M47
were previously described (54). The Tax V89A mutant was a gift from
Chou-Zen Giam.

Antibodies and reagents. Anti-LC3B antibody was purchased from
Novus Biologicals. Antiactin was from Millipore. Antitubulin, anti-Flag,
and EBSS were obtained from Sigma-Aldrich. Anti-Tax was from the NIH
AIDS Research and Reference Reagent Program. Bafilomycin A (BFA), chlo-
roquine (CQ), MG132, and Hoechst dye were from Sigma-Aldrich. The
HTLV-1 p19 enzyme-linked immunosorbent assay (ELISA) kit and anti-p19
antibody were from Zeptometrix. Lamp2-specific small interfering RNA
(siRNA) (M-011715-00) and nontargeting siRNA (D-001206-13) were ob-
tained as iGENOME SMARTpool reagents from Dharmacon.

Ex vivo infection of cells with HTLV-1. For HTLV-1 infection of
HeLa cells, 5 X 10* cells were cocultured with MT?2 cells at ratios of 1:0,
1:0.5, 1:1, and 1:2 in RPMI 1640 with 10% FBS, 2 mM/liter L-glutamine,
and antibiotics, or as a control, the same number of cells was cocultured
with Jurkat cells at a ratio of 1:1 for 3 days. After 3 days, the cells were
washed with PBS three times to remove the MT2 or Jurkat cells; the
washed adherent HeLa cells were then lysed for Western blotting or fixed
by 4% paraformaldehyde in PBS for confocal microscopy analysis.
For HTLV-1 infection of primary peripheral blood mononuclear cells
(PBMCs), PBMCs were enriched from donor blood using Ficoll density
gradient separation, and 1 X 10° cells were cocultured with lethally y-ir-
radiated (60 Gy) MT2 cells at a ratio of 5:1 in RPMI 1640 with 10% FBS, 2
mM/liter L-glutamine, and antibiotics in the presence of 100 U/ml of
recombinant interleukin-2 for 14 days as described previously (55).

Immunofluorescence and confocal microscopy. Transfected cells
were washed twice with PBS and fixed in 4% paraformaldehyde in PBS for
15 min. For immunofluorescence staining of Flag-Tax protein, cells were
permeabilized with 0.2% Triton X-100, blocked with 1% bovine serum
albumin (BSA), and then stained by anti-Flag antibody, followed by Alexa
647-conjugated secondary antibody (Invitrogen). DNA was counter-
stained with Hoechst 33342 (Sigma-Aldrich). Coverslips were mounted in
ProLong Gold antifade reagent (Invitrogen), and fluorescence signals
were visualized with a Leica TCS SP5 microscope.
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Western blotting. The cells were washed with PBS twice and then
lysed in lysis buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 0.1% SDS) supplemented with protease inhib-
itor cocktail (Roche). The lysates were resolved by 12% SDS-PAGE and
transferred to polyvinylidene fluoride membranes (Millipore). The mem-
brane was incubated with primary antibodies, followed by alkaline phos-
phatase-conjugated secondary antibodies (Sigma-Aldrich). Signals were
visualized using chemiluminescence following the manufacturer’s proto-
col (Chemicon). Band intensities were quantified using the Image] soft-
ware (56). Loading controls were either tubulin or actin protein. Because
Tax and actin migrate in very close proximity on the gel, whenever actin
was used in Western blotting, the same loading was repeated on a second
gel to make a duplicate Western blot.

RESULTS

HTLV-1 infection induced autophagosome accumulation. To
investigate the effect of HTLV-1 on the autophagy pathway, HeLa
cells were cotransfected with HTLV-1 LTR-GFP and Cherry-LC3
(50) plasmid. The transfected cells were mock cocultured or
cocultured with HTLV-1-producing MT2 cells for 3 days, allow-
ing the latter to infect the former cells. LC3 is a constituent marker
of autophagosomes. We compared the mock-cocultured cells to
MT2-cocultured cells, examining them for the accumulation of
punctated signals of Cherry-LC3 that mark the autophagosomes
(Fig. 1A). MT2-cocultured HeLa cells, compared to mock-cocul-
tured cells, indeed showed significantly higher accumulations of
fluorescent autophagosomes (white arrows in Fig. 1A).

We repeated the above analysis in Jurkat cells (Fig. 1B). Similar
to what was seen with HeLa cells, MT2-mediated HTLV-1 infec-
tion of Jurkat cells also significantly increased the accumulation of
Cherry-LC3-autophagasomes compared to the level in control
Jurkat cells (Fig. 1B). The accumulation of autophagosomes by
HTLV-1 infection was further checked by Western blotting of
endogenous LC3-II (lipidated Atg8/LC3) in HeLa cells. Indeed, con-
sistent with the accumulation of Cherry-LC3-autophagasomes, the
amount of LC3-1I (14 kDa) increased in a dose-dependent fashion
with the amount of MT?2 cells used to mediate HTLV-1 infection
of HeLa cells (Fig. 1C, lanes 2 to 4). As a control, coculture of HeLa
cells with Jurkat T cells, which are uninfected and produce no
HTLV-1, did not increase LC3-1I (Fig. 1C, lane 5). Moreover, we
addressed this issue by coculturing lethally irradiated MT-2 cells
with primary human peripheral blood mononuclear cells
(PBMCs) for 14 days (Fig. 1D). The lethally irradiated MT-2 cells
after 14 days in culture were fully disintegrated and produced no
LC3-II or actin signal by Western blotting (Fig. 1D, lane 3). On the
other hand, coculturing for 14 days of the same lethally irradiated
MT-2 cells with primary PBMCs increased LC3-II in the latter,
compared to culturing of the PBMCs alone, as quantified by West-
ern blotting (Fig. 1D, compare lane 2 to lane 1). This result sup-
ports the interpretation that MT2-mediated HTLV-1 infection of
PBMCs increases autophagosome accumulation. Taken together,
the data in Fig. 1 are consistent with HTLV-1 infection increasing
autophagosomes in HeLa cells, Jurkat cells, and human primary
PBMCs.

Increased autophagosome accumulation correlated with en-
hanced HTLV-1 production. We next asked how increased cellu-
lar autophagosomes impact HTLV-1 replication. To address this
question, we transfected 293T cells with the HTLV-1 k30 molec-
ular clone (51). The transfected cells were then treated with vari-
ous concentrations (2 to 50 nM) of bafilomycin A (BFA) for 24 h.
BFA is a specific inhibitor of vacuolar proton ATPase, whose in-
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FIG 1 HTLV-1 infection induced the accumulation of autophagosomes.
HeLa (A) or (B) Jurkat cells were transfected with HTLV-1 LTR-GFP and
Cherry-LC3 plasmids and then cocultured with or without MT2 cells for 3 days
at ratios of 1:1 (HeLa/MT2) or 5:1 (Jurkat/MT2), respectively. Fluorescent
signals were detected by confocal microscopy. The arrows point to fluorescent
puncta of Cherry-LC3, green shows GFP signal, and blue shows nuclear
Hoechst staining. Bars, 10 pm. (C) HeLa cells were cocultured with MT2 cells
at a ratio of 1:0 (—) (lane 1), 1:0.5 (+) (lane 2), 1:1 (++) (lane 3), and 1:2
(+-++) (lane 4) or with Jurkat cells at a ratio of 1:1 (Jurkat) (lane 5) for 3 days.
Afterwards, the cells were washed with PBS three times to remove the MT2 or
Jurkat cells; the washed HeLa cells were then lysed, and the lysates were West-
ern blotted with anti-LC3B (LC3-1II; 14 kDa) and antitubulin (Tubulin) anti-
bodies. Tubulin was used as a loading control. (D) PBMCs were cocultured
with irradiated MT2 (lane 2) cells at a ratio of 5:1 for 14 days as described in
Materials and Methods. PBMC-only (lane 1) and irradiated MT2-only (lane 3)
cultures are controls. The lysates were Western blotted with anti-LC3B (LC3-
II) and antiactin (Actin) antibodies. Actin was used as a loading control.

hibition is known to block the fusion of autophagosomes with
lysosomes; thus, BFA treatment leads to the accumulation of au-
tophagosomes (57). Mock-treated and BFA-treated cells were
then compared for HTLV-1 production by measuring the amount
of viral capsid protein in the cell culture supernatant using p19
ELISA. BFA treatment indeed increased autophagosome accumu-
lation, as evidenced by Western blotting for LC3-II protein (Fig.
2A, bottom), and BFA treatment also produced a dose-dependent
increase in HTLV-1 particle production, as measured by p19 in
the culture supernatant (Fig. 2A, bar graph, top). Chloroquine
(CQ) is also able to prevent the autophagosome-lysosome fusion
by elevating the pH of lysosomes (58, 59), and we observed that
CQ treatment similarly increased HTLV-1 production in a dose-
dependent manner (Fig. 2B).

We next repeated the experiment using MT2 cells instead of
293T cells (Fig. 2Cand D). As seen with the 293T cells, BFA or CQ
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FIG 2 Increased autophagosome accumulation enhanced HTLV-1 produc-
tion. (A and B) 293T cells were transfected with an HTLV-1 molecular clone
(K30) and a Tax-expressing plasmid for 48 h and then treated with the indi-
cated doses of BFA (2 to 50 nM) (A) or CQ (10 to 100 wM) (B) for 24 h. The
amount of HTLV-1 released into the culture supernatants (top, bar graphs)
was determined by p19 ELISA according to the manufacturer’s instructions.
Representative results from three independent experiments are shown as
means * standard deviation (SD). The cell lysates were Western blotted with
anti-LC3B (LC3-II; 14 kDa) and antitubulin (Tubulin) antibodies (bottom,
Western blot panels). Tubulin was used as a loading control. (C and D) MT2
cells were treated with the indicated doses of BFA (2 to 50 nM) (C) or CQ (10
to 100 wM) (D) for 24 h. The release of HTLV-1 into the culture supernatant
was determined by p19 ELISA (top, bar graphs). Representative results from
three independent experiments are shown as means = SD. The cell lysates were
Western blotted with anti-LC3B and antitubulin antibodies (bottom, Western
blot panels). Tubulin was used as a loading control. (E) MT?2 cells were trans-
fected with control siRNA or Lamp2-siRNA for 2 days and then incubated in
fresh medium for another 1 day. The release of HTLV-1 into the culture su-
pernatant from these treated MT2 cells was determined by p19 ELISA (top, bar
graph). Representative results from three independent experiments are shown
as means * SD with the value of the control siRNA-treated (si) cells arbitrarily
set as 1. The cell lysates were Western blotted with anti-Lamp2 (Lamp2) to
verify the efficiency of Lamp2 siRNA-mediated knockdown (bottom, Western
blot panels); antitubulin antibody was used to quantify tubulin, which was
used as a loading control. The ratios of Lamp2 band intensities were quantified
and are enumerated below the top panel. (F) HeLa cells containing an inte-
grated HTLV-1 LTR-GFP reporter were cocultured without MT2 cells (—; top,
left) or with MT2 cells (MT2; top, middle) or with MT2 cells pretreated with
BFA for 4 h (BFA-treated MT2; top, right) for 3 days. HTLV-1 infection of the
HeLa LTR-GFP cells turns the cells green. The infection efficiency was based
on counting the number of green cells (HTLV-1-infected cells) per 300
Hoechst dye-stained cells (total cells), arbitrarily setting the value of BFA-
untreated MT2 cells as 1 and then calculating the value of BEA-treated MT2 as
the fold increase relative to 1. For the bar graph, the average results = SD from
three independent experiments are shown (bottom, graphs).
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treatment of MT2 cells for 24 h significantly increased LC3-II
protein levels (Fig. 2C and D, bottom), and we also observed that
HTLV-1 production from MT?2 cells was increased by BFA and
CQ treatments (Fig. 2C and D, bar graphs, top). Thus, these MT2
results (Fig. 2C and D) are in agreement with the 293T findings
(Fig. 2A and B). We additionally verified the BFA and CQ results
by knockdown of an essential lysosome constituent protein,
Lamp2, which is known to produce autophagosome accumula-
tion (60). Lamp2-specific siRNA indeed efficiently knocked down
the expression of Lamp2 in MT2 cells by 70% (Fig. 2E, bottom),
and this knockdown significantly increased HTLV-1 production,
as measured by p19 ELISA (Fig. 2E, bar graph, top). To verify that
the released p19 represents infectious virus, we checked the infec-
tivity of untreated MT2 and BFA-treated MT2 using a HeLa-LTR-
GFP reporter cell line (Fig. 2F). Using equal numbers of MT2 cells,
we found that BFA treatment indeed increased the production of
infectious HTLV-1 by approximately 3-fold (Fig. 2F).

Expression of HTLV-1 Tax protein increased autophago-
some accumulation. The HTLV-1 Tax protein increases cellular
proliferation (55, 61), inhibits apoptosis (62), impairs cell cycle
checkpoints (62, 63), and induces DNA damage (64-68). We
wondered whether Tax also contributes to HTLV-1-induced au-
tophagosome accumulation (Fig. 1 and 2). Accordingly, we
cotransfected HeLa (Fig. 3A) and Jurkat (Fig. 3B) cells with a
GFP-Tax plasmid plus a Cherry-LC3 plasmid (Fig. 3A and B;
GFP-Tax). Green fluorescence would mark Tax-transfected cells,
while the Cherry fluorescence would mark intracellular autopha-
gosomes. As controls, parallel cell cultures were transfected with
Cherry-LC3 plasmid plus either an empty vector (Fig. 3A and B;
Vector) or a plasmid expressing GFP alone (Fig. 3A and B; GFP).
We visualized transfected cells by confocal microscopy and quan-
tified the number of LC3 puncta in cells as a measure of autopha-
gosomes. We observed that the number of Cherry-LC3™ puncta
(Fig. 3A and B; Cherry) in GFP-Tax-expressing “green” cells was
higher by approximately 4-fold than that in cells transfected with
empty vector or plasmid expressing GFP alone (Fig. 3A and B,
compare GFP-Tax to GFP and Vector). Next, the effect of Tax on
the amount of cell endogenous LC3-1I protein was quantified by
Western blotting. Indeed, in HeLa (Fig. 3C) and Jurkat (Fig. 3D)
cells, Tax expression reproducibly increased, in a dose-dependent
manner, LC3-1II protein levels in cells. Separately, we found that
Tax expression did not increase the amount of LC3 mRNA (data
not shown), indicating that the observed effects on LC3-1II protein
occur at a posttranscriptional step.

Tax expression inhibited lysosomal degradation of autopha-
gosomes. The accumulation of autophagosomes in cells can arise
from an increase in autophagosome formation or a decrease in
autophagosome degradation by lysosomes. To clarify which of
these two mechanisms is influenced by Tax, we employed an RFP-
GFP-LC3 reporter that expresses a single RFP and GFP doubly
in-frame LC3 fusion protein. Thus, the RFP-GFP-LC3 reporter
expresses in frame a single fused protein that has the three RFP,
GFP, and LC3 open reading frames. Indeed, this expression vector
has been used previously to study the autophagosome-to-lyso-
some fusion step of autophagy (52, 53). The principle underlying
this experimental approach is based on the fact that GFP fluores-
cence is sensitive to the acidic pH of lysosomes, while RFP fluo-
rescence is not. Therefore, the GFP, but not RFP, fluorescent
emission produced by the RFP-GFP-LC3 fusion protein is
quenched when an RFP-GFP-LC3-expressing autophagosome

1702 jvi.asm.org

A HelLa
GFP Cherry Hoechst Merge

\ \
GFP
_ \ " \
B

Jurkat
Cherry Hoechst

= A NN
o o o O

LC3 puncta/cell

5

Vector GFP GFP-Tax

GFP Merge

Vector

-
N

GFP

3

.

Vector GFP GFP-Tax

GFP-Tax

LC3 puncta/cell
o ©

C HeLa D Jurkat
Vector  Tax Vector  Tax
| E— |
LC3HI S — LC3d1 W e -
Tax . — Tax . ——
Actin - Actin SEEEGSG———

FIG 3 Tax expression increased autophagosome accumulation. HeLa (A) or
Jurkat (B) cells were transfected with Cherry-LC3 plasmid plus an empty con-
trol vector plasmid (Vector; top row) or Cherry-LC3 plus a GFP-expressing
plasmid (GFP; middle row), or Cherry-LC3 plus a GFP-Tax-expressing plas-
mid (GFP-Tax; bottom row) for 24 h. Cells were visualized for fluorescent
signals by confocal microscopy (top). The number of Cherry-LC3 puncta (see
arrows) was quantified by visual counting of more than 100 cells. Representa-
tive average results from three independent experiments are shown (bar
graphs) as means = SD. *, P < 0.05 by ¢ test. Bars, 10 wm. HeLa (C) or Jurkat
(D) cells were transfected with control vector (Vector) or a Tax-expressing
plasmid (Tax) for 24 h, and the cells were harvested and lysed. The lysates were
Western blotted with anti-LC3B (LC3-1I; 14 kDa), anti-Tax (Tax), or antiactin
(Actin) antibodies.

fuses with a lysosome. Under such a circumstance, the autopha-
gosome-lysosome fused organelle would show as an RFP-GFP-
LC3 punctum that is RFP driven “red” but without its GFP fluo-
rescence, which is quenched by the acidic milieu. In contrast, if the
fusion of an RFP-GFP-LC3-autophagosome with a lysosome is
interrupted, then the unfused RFP-GFP-LC3-autophagosome
will remain as a punctum that emits both active GFP and the RFP
signals (i.e., green plus red). In this case, the integrated green and
red fluorescent signals would show as visibly merged yellow fluo-
rescence.

We transfected HeLa cells with the RFP-GFP-LC3 reporter
plus either an empty vector plasmid or a Tax-expressing plasmid
(Fig. 4) and visualized RFP-GFP-LC3-labeled puncta in these
cells. HeLa cells transfected with the RFP-GFP-LC3 reporter plus
an empty vector plasmid are expected to go through the normal
autophagy process of autophagosome fusion to lysosome. Indeed,
in these cells, RFP-GFP-LC3-derived small red puncta (indicative
of RFP-positive and GFP-negative emission) were seen in the
“merge” window, a finding consistent with the normal process of
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FIG 4 Tax interrupts autophagosome-lysosome fusion. (A) HeLa cells were transfected with RFP-GFP-LC3 plasmid and either an empty control vector plasmid
(Vector; top row) or a Flag-Tax-expressing plasmid (Tax; bottom row) for 24 h. The Flag-Tax protein was stained with mouse anti-Flag and anti-mouse
secondary antibody labeled with Alexa 647 dye. Fluorescent signals were visualized by confocal microscopy. Pink fluorescence, Tax staining; green fluorescence,
GFP; red fluorescence, RFP; blue fluorescence, nuclear staining. Bars, 10 pm. Shown to the right are enlargements of the areas boxed in the “Merge” panels. (B)
The numbers of red-positive and green-positive puncta (R*G*) and red-positive and green-negative puncta (R*G ™) were quantified in more than 50 cells per
experiment. The percentages of R"G" punctaand R" G~ puncta were determined by dividing the number of R"G* punctaor R* G~ puncta by the total numbers
of red or green puncta. Representative average results from three independent experiments are shown as the means * SD.

autophagosome-lysosome fusion with acidic quenching of GFP
(Fig. 4A, top row; Vector). On the other hand, in HeLa cells trans-
fected with RFP-GFP-LC3 reporter plus Flag-Tax, as expected, the
Tax protein induced strong accumulation of RFP-GFP-LC3-
puncta (Fig. 4A; see GFP or RFP column). These puncta emit both
“red” and “green” fluorescence (R*/G™) that is seen as “merged”
yellow puncta (Fig. 4A, bottom row; Merge), which is consistent
with a lack of acidic quenching of GFP and is indicative of the
absence of autophagosome-lysosome fusion. The number of yel-
low puncta (R*/G™) in Tax-expressing cells was significantly in-
creased compared to the number of yellow puncta in control cells
(Fig. 4B). Taken together, the findings indicate that Tax expres-
sion interrupts autophagy at the step of autophagosome-lysosome
fusion. This fusion step is a normal process by which lysosomes
degrade autophagosomes. By interrupting this degradation, Tax
accordingly increases autophagosome accumulation (Fig. 3).

A Tax mutant incapable of NF-kB activation failed to en-
hance autophagosome accumulation. HTLV-1 Tax primarily
signals through two major cellular pathways, CREB/ATF and
NE-kB (69). We are interested in understanding how Tax’s signal-
ing activity influences its effect on autophagosome accumulation.
To investigate this question, we transfected HeLa cells with wild-
type Tax, the Tax M22 mutant (NF-«B inactive, CREB active), or
the Tax M47 mutant (NF-kB active, CREB inactive) (54) plus a
Cherry-LC3 plasmid, and we visualized by confocal microscopy
and counted the number of Cherry-LC3-marked puncta in the
transfected cells. In these cells, we saw that wild-type Tax and Tax
M47 both increased autophagosome accumulation. In contrast,
Tax M22 did not (Fig. 5A). We also checked the effects of Tax, Tax
M22, and Tax M47 on LC3-II protein levels by Western blotting.
Tax and the Tax M47 mutant increased the amount of LC3-II
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protein, but Tax M22 did not (LC3-1I in Fig. 5B). Additionally, a
Tax V89A mutant that is NF-«kB active and CBP/p300 binding
defective also increased LC3-II protein levels by Western blotting
(see Fig. S1 in the supplemental material). Collectively, these re-
sults indicate that Tax activation of the NF-kB, but not the CREB,
pathway is required for increasing autophagosome accumulation.

Autophagosome-lysosome fusion modulates Tax degrada-
tion. Autophagosomes are found in the cytoplasm. Several cyto-
plasmic RNA viruses use these double-membrane vesicles for
their genome replication (35, 70). For a nuclear retrovirus such as
HTLV-1, it is unclear how inhibition of autophagosome-lyso-
some fusion by treatment with BFA increases virus production
(Fig. 2). Because autophagy is a protein degradation process, it is
possible that HTLV-1 proteins like Tax are in part regulated
through autophagic degradation. To explore this possibility, we
used HTLV-1-infected MT2 cells to ask if the stability of Tax is
affected in these cells by BFA treatment. When MT2 cells were
treated with BFA for 8 h and 24 h, we observed that the level of Tax
protein increased by up to 2-fold after 8 h of treatment (Fig. 6A,
compare lane 3 to lane 1) and then up to 3.5-fold at 24 h of treat-
ment (Fig. 6B, compare lane 8 to lane 6). In contrast, treatment of
MT?2 cells with the proteasome inhibitor MG132 insignificantly
changed Tax amounts at the early 8-h time point (Fig. 6A; com-
parelane 5 tolane 1); however, proteasome inhibition did increase
Tax stability by 24 h of treatment (Fig. 6B; compare lane 10 to lane
6). These results suggest that the autophagy and the proteasomal
pathways both contribute to Tax degradation, but the former con-
tributes an early component to regulating Tax stability. The find-
ings further suggest that Tax interruption of autophagosome-ly-
sosome fusion (Fig. 4) represents a positive-feedback mechanism
on its own stability. In the same vein, interruption by BFA of

jviasm.org 1703

1sanb Aq 2T0Z ‘ST AInC uo /6o wse’1Aly:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

Tang et al.

>

LC3 puncta/cell
(X

0-
Vector WT M22 M47

LC3-1

Vector WT M22 M47
gl | ] ]

Tax e e - - -

TUBUlN  — —— — — —

FIG 5 Wild-type Tax and the Tax M47 mutant, but not the Tax M22 mutant, increased autophagosome accumulation. (A) HeLa cells were transfected with the
Cherry-LC3 plasmid plus empty vector (Vector) or Cherry-LC3 plus wild-type Tax (WT), or Cherry-LC3 plus the Tax M22 mutant (M22), or Cherry-LC3 plus
the Tax M47 mutant (M47) for 24 h. Cells were visualized by confocal microscopy, and the number of Cherry-LC3 puncta was quantified by visual counting of
more than 100 cells. Representative average results from three independent experiments are shown as means = SD. ¥, P < 0.05 by ¢ test. (B) HeLa cells were
transfected with empty vector (Vector) or the wild-type Tax (WT)-, Tax M22 mutant (M22)-, or Tax M47 mutant (M47)-expressing plasmid for 24 h. The cells
were then lysed, and the lysates were Western blotted with anti-LC3B (LC3-1II; 14 kDa), anti-Tax (Tax), and antitubulin (Tubulin) antibodies.

autophagosome-lysosome fusion could similarly increase Tax sta-
bility, which would explain how BFA treatment increases HTLV-1
p19 production in the cell culture supernatant (Fig. 2).

DISCUSSION

Here, we report for the first time that HTLV-1 infection increases
autophagosome accumulation in cells in a manner that enhances
virus production. We also show that expression of the viral Tax
protein acts on autophagosome accumulation by blocking au-
tophagosome-lysosome fusion. Based on results from the mutants
Tax M22, M47 (Fig. 5), and V89A which is defective for p300/CBP
binding (71) (see Fig. S1 in the supplemental material), we con-
cluded that Tax’s ability to activate NF-kB, but not CREB and
p300/CBP, is required for its autophagosome-lysosome blocking
activity. Interestingly, it was recently suggested in a review that
Tax could activate autophagy through the NF-kB pathway (48),

A 8 hours B 24 hours
BFA MG132 BFA MG132
0 50 100 5 10 0 50 100 5 10

Tax e cmm—w SE——— TaAX o ————

Actin e e w—— [\Clj] ——————
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FIG 6 Inhibition of autophagic degradation stabilized the Tax protein level.
MT?2 cells were treated with BFA (50 or 100 nM) or MG132 (5 or 10 M) for
8 h (A) or 24 h (B), and the lysates were Western blotted with anti-Tax and
antiactin antibodies (same loadings run on different gels and then blotted).
The ratios of band intensities between untreated and drug-treated cells were

calculated after normalization to actin. The averages from three independent
Western blots are shown (bottom, graphs) as means = SD.

w
w
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and after our manuscript was submitted for publication, a report
was published that shows HTLV-2 Tax protein is also able to in-
duce autophagosome accumulation (49). Thus, the effect of Tax
on autophagy apparently is conserved between HTLV-1 and
HTLV-2.

NF-kB regulates the expression of various genes involved in
cellular proliferation, differentiation, and development, and it is
essential for the survival of HTLV-1-infected cells (25, 72, 73). Tax
has been found to activate NF-kB through canonical and nonca-
nonical pathways (25, 72, 73). NF-kB activation is also known to
regulate autophagy in cells through several NF-kB-responsive
downstream autophagy factors that play roles in cell survival un-
der stress conditions (74). Altogether, these findings are consis-
tent with the notion that Tax-NF-«kB activation is important for
promoting the survival and proliferation of HTLV-1-infected cells
(25, 72, 73). Conversely, the autophagy pathway has been shown
to regulate NF-kB through autophagic degradation of NF-kB’s
IkB kinase (IKK) signaling components (74). Accordingly, the
finding here that Tax can block autophagy-mediated protein deg-
radation offers another potential explanation for Tax-NF-«B ac-
tivation. Interestingly, by blocking autophagosome-lysosome fu-
sion, Tax appears to moderate its own degradation (Fig. 6) and
concordantly may also increase NF-kB-activity. As noted earlier,
an increase in Tax protein stability as a result of reduced autopha-
gosome-lysosome fusion can also explain how BFA treatment in-
creases HTLV-1 virus production (Fig. 2). Going forward, deter-
mination of the Tax- and/or NF-kB-responsive factors that are the
direct effectors responsible for interrupting autophagosome-lyso-
some fusion merits thoughtful investigation.

Autophagy is also considered an ancient and highly conserved
cellular defense process for lysosomal degradation of invading mi-
crobial pathogens (34). Compatible with this view, it has been
reported that vesicular stomatitis virus (VSV) infection is sup-
pressed through autophagy induction, and inhibition of au-
tophagy increases its infection (75). Not surprisingly, many vi-
ruses have evolved adaptive mechanisms that quell or co-opt the
cell’s autophagic defense to benefit viral replication. Thus, the
HSV-1 ICP34.5 protein and the human herpesvirus 8 (HHV-8)
vBCL-2 protein inhibit cellular autophagy through interaction
with the cell’s Beclin-1 protein (36), and several RNA viruses, such
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as poliovirus and dengue virus, utilize autophagosome mem-
branes to replicate their genomic RNAs (35). The replication of
HIV-1, hepatitis C virus (HCV), and hepatitis B virus (HBV) also
appears to benefit from autophagosome accumulation, although
detailed mechanistic understanding that explains these findings
remains to be clarified (35). Our work here adds HTLV-1 to the
list of viruses that apparently have evolved capabilities to adapt the
cell’s autophagic defense into a process that benefits viral replica-
tion. The unexpected finding of antiautophagic degradation ac-
tivity of Tax reflects yet another new facet of the versatile functions
of this viral protein in HTLV-1 replication.

To date, many small molecules have been identified as au-
tophagy regulators. Three types of autophagy modulators have
been characterized, and some of them are now being used in clin-
ical trials for enhancement of the chemosensitivity of cancers (76,
77). In one group are drugs that suppress autophagy initiation,
such as 3-methyladenine and wortmannin (76). These molecules
work powerfully, but they have many pleiotropic and off-target
activities (78). In another group are molecules that act to disrupt
autophagosome degradation by the lysosome; these include BFA
and hydroxychloroquine (78, 79). In a final group are autophagy
inducers, such as rapamycin, to which have been attributed ther-
apeutic potential for gliomas and advanced renal carcinoma (79)
and which have been shown to promote the clearance of protein
aggregates in neurodegenerative diseases (80, 81). To our knowl-
edge, no autophagy-related drugs have been employed yet for ATL
therapy. The findings here broach, for the first time, the notion
that HTLV-1 interacts with the cellular autophagy pathway and
raise the consideration that small molecule autophagy regulators
could have future uses in the treatment of ATL and other HTLV
diseases.
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