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Abstract
Tax1 encoded by the human T-cell leukemia virus type 1 (HTLV-1) has been believed to

dysregulate the expression of cellular genes involved in cell survival and mortality, leading

to the development of adult T-cell leukemia (ATL). The function of Tax1 in ATL development

however is still controversial, primarily because Tax1 induces cell cycle progression and

apoptosis. To systemically understand cell growth phase-dependent induction of cell sur-

vival or cell death by Tax1, we established a single experimental system using an interleu-

kin 2 (IL-2)-dependent human T-cell line Kit 225 that can be forced into resting phase by IL-

2 deprivation. Introduction of Tax1 and HTLV-2 Tax (Tax2B) decreased mitochondrial activ-

ity alongside apoptosis in growing cells but not in resting cells. Cell cycle profile analysis

indicated that Tax1 and Tax2B were likely to perturb the S phase in growing cells. Studies

with Tax1 mutants and siRNA for NF-κB/RelA revealed that Tax1-mediated cell growth inhi-

bition and apoptosis in growing Kit 225 cells depend on RelA. Interestingly, inactivation of

the non-canonical NF-κB and p38 MAPK pathways relieved Tax1-mediated apoptosis, sug-

gesting that the Tax1-NF-κB-p38 MAPK axis may be associated with apoptosis in growing

cells. Inflammatory mediators such as CCL3 and CCL4, which are involved in oncogene-

induced senescence (OIS), were induced by Tax1 and Tax2B in growing cells. In contrast,

RelA silencing in resting cells reduced mitochondrial activity, indicating that NF-κB/RelA is

also critical for Tax1-mediated cell survival. These findings suggest that Tax1-mediated cell

survival and death depend on the cell growth phase. Both effects of Tax1 may be implicated

in the long latency of HTLV-1 infection.
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Introduction
Human T-cell leukemia virus type 1 (HTLV-1), a human oncogenic retrovirus, is the causative
agent of an aggressive CD4+ T-cell malignancy, adult T-cell leukemia/lymphoma (ATL/ATLL)
[1–3] and HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) [4, 5].
Approximately 2–5% of HTLV-1-infected individuals develop ATL after a long latent period.
The mechanisms underlying the development of ATL, however, are incompletely understood.
HTLV-1 encodes the oncogenic protein Tax1 that is believed to be implicated in cellular
immortalization and clonal expansion at the incipient stages of ATL development. Tax1 dysre-
gulates the expression of cellular genes involved in physiological processes of cell growth, sur-
vival and mortality through at least three transcriptional factors, nuclear factor (NF)-κB,
cAMP response element-binding protein (CREB) and serum response factor (SRF) [6]. Distur-
bance of the intracellular environment by Tax1 is considered critical for cell immortalization
and transformation.

Abnormal cell cycle progression is potential for cellular transformation. Cell cycle progres-
sion is tightly regulated by complexes of cyclins and cyclin-dependent kinases (CDK). Most
somatic cells remain at the G0/G1 phase. G1 cyclin-CDK complexes activated by mitogenic
stimulation phosphorylate the retinoblastoma tumor suppressor protein (pRB), leading to the
release of active E2F, which further regulates the transcription of genes involved in cell cycle
progression and DNA replication [7–9]. Tax1 has been previously reported to induce G1
cyclin-CDK complexes, including cyclin D2, CDK4 and CDK2, thereby causing E2F activation
[10–12]. Tax1 expression aids in cell cycle progression from the G0/G1 phase to the S phase in
resting-induced lymphocytes without any mitogenic stimulation [10–13]. Tax1 thus plays an
important role in abnormal cell cycle progression.

Apoptosis is an important process to eliminate uncontrolled and abnormal cells via multiple
network signaling pathways such as sequential caspase cascade and Bcl-2 family proteins [14,
15]. Cellular mortality is determined by maintaining a balance between pro- and anti-apoptosis
molecules. Most cancer cells acquire resistance to apoptosis. Tax1 activates the caspase inhibi-
tor survivin and X-linked inhibitor of apoptosis protein (XIAP), and the Bcl-2 family protein
Bcl-xL, leading to cell survival [16–18]. Tax1 expression is also shown to prevent apoptosis by
serum starvation and treatment with topoisomerase inhibitor in Jurkat cells [19]. Prevention of
apoptosis by Tax1 may be associated with the accumulation of abnormal cells.

In contrast to Tax1-dependent cell cycle progression and cell survival, previous studies have
also shown that Tax1 expression induces cell growth inhibition and apoptosis [20, 21]. Gene
expression profiles show that Tax1 modulates both cell survival- and apoptosis-related genes
in HTLV-1-infected Tax1-expressing T-cells (C81) and HeLa cells [22, 23]. Cell growth inhibi-
tion is induced at least in part by the CDK inhibitors p21 and p27, which are up-regulated by
Tax1 [19, 24, 25]. In Jurkat cells, Tax1 induces apoptosis, presumably through the expression
of tumor necrosis factor (TNF) family-related death ligands, TNF-related apoptosis-inducing
ligand (TRAIL) and FasL [20, 26]. C81 cells showed increased in sensitivity to apoptosis
induced by DNA damage agents [22].

The delta-retrovirus HTLV-2 is close to HTLV-1 in terms of genome sequence and gene
functions. HTLV-2 however has not been shown to be certainly associated with the develop-
ment of hematological malignant diseases despite its ability to immortalize in vitro human T-
cells in an interleukin (IL)-2-dependent manner [27]. HTLV-2 codes for Tax2, which tran-
scriptionally activates the NF-κB and CREB pathways, similar to Tax1 [28, 29]. Tax2 also
induces cell cycle progression and prevents apoptosis in serum-starved Jurkat cells [19]. Little
is known about the relation between Tax2 and induction of apoptosis.
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In this study, we re-evaluated the induction of cell survival or death by Tax1 in the same
cells, and found that Tax1 mediated cell survival and apoptosis in resting and growing cells,
respectively, in an NF-κB/RelA-dependent manner. These observations imply that the pleio-
tropic effects of Tax1 may be associated with the latency of HTLV-1.

Materials and Methods

Cells and cell culture
The IL-2 dependent human T-cell line Kit 225 was maintained in RPMI 1640 medium contain-
ing 10% fetal calf serum (FCS) and 1 nM IL-2 [30]. The human acute lymphocytic leukemia T-
cell line Jurkat and its derivative JPX-9 were maintained in RPMI 1640 medium containing
10% FCS [31, 32]. JPX-9 carries the Tax1 gene under the control of the metallothionein pro-
moter. In JPX-9 cells, Tax1 expression was induced by the addition of 20 μMCdCl2. Peripheral
blood lymphocytes (PBLs) were obtained from healthy adults by using Ficoll-Paque PLUS (GE
Healthcare, Piscataway, NJ, USA), with approval from the Internal Review Committee of
Tokyo Medical and Dental University (Permit Number: 1053). We enrolled participants into
the study after obtaining written informed consent. PBLs were cultured in RPMI 1640 medium
containing 20% FCS with 10 μg/ml phytohemagglutinin for 72 h, washed with serum-free
RPMI 1640 medium, and maintained in RPMI 1640 medium containing 20% FCS for 48 h.

Plasmid construction
Expression vectors based on the human β-actin promoter for Tax1 (pMT-2Tax), its mutants
(TaxM22, Taxd3 and Tax703) and Tax2B (pHβAP-r-1-neoTax2B) have been previously
described [33, 34]. pHβAP-r-1-neo was used as a control plasmid [35]. The luciferase reporter
plasmids pGL3/E2WTx4-Luc, pGL3/E2MTx4-Luc and pGL3/κB-Luc have been described
elsewhere [36]. The PathDetect reporter system (Agilent Technologies, Santa Clara, CA, USA)
consists of the luciferase reporter plasmid (pFR-Luc) and the fusion transcription factor
expression plasmids (pFA-CHOP and pFA2-c-Jun). pFR-Luc carries a DNA element to bind
the phosphorylated forms of the fusion proteins, GAL4-dbd-CHOP and GAL4-dbd-c-Jun,
which are activated by the phosphorylation with p38 and JNK, respectively.

Transfection and reporter assay
The expression and reporter plasmids were introduced into asynchronously growing Kit 225
cells by the DEAE-dextran method as described previously [37]. The cells were cultured for 48
or 72 h with or without IL-2, and luciferase activity was measured using the Luciferase Assay
System (Promega, Madison, WI, USA), according to the manufacturer’s protocol. Luciferase
activity was normalized relative to the protein concentration measured by using the DC Pro-
tein Assay Kit (Bio-Rad, Hercules, CA, USA). All assays were performed at least three times in
duplicate, and the values are presented as means ± SE.

RNA isolation and quantitative PCR (qPCR)
Total RNA was extracted using Isogen (Nippon Gene, Toyama, Japan), according to the manu-
facturer’s protocol. First-strand cDNA was synthesized using the 1st Strand cDNA Synthesis
Kit for RT-PCR (AMV) (Roche Applied Science, Indianapolis, IN, USA) according to the sup-
plier’s protocol. Quantitative detection of mRNA was performed by qPCR in a LightCycler
(Roche). The PCR primer sequences are shown in S1 Table. The primers for 18 S rRNA were
obtained from TaKaRa.

Induction of Apoptosis by HTLV-1 Tax

PLOS ONE | DOI:10.1371/journal.pone.0148217 February 1, 2016 3 / 25



Infection with recombinant adenoviruses
Recombinant adenoviruses for Tax1 (Ad-Tax1) and Tax2B (Ad-Tax2B) were described else-
where [38]. The adenoviruses for Tax1 mutants, Ad-TaxM22, Ad-Tax703, Ad-Taxd17/5 and
Ad-Tax225-232 were generated using the ViraPower™ adenoviral expression system (Invitro-
gen Life Technologies, Grand Island, NY, USA). Cells were infected with Tax-expressing ade-
noviruses or control virus (Ad-Con) at multiples of 100 plaque-forming units (PFU)/cell for
Kit 225 and PBLs, and 10 PFU/cell for Jurkat cells as described previously [11, 39].

MTT and LDH assays
Cells in 500 μl of culture were added with 50 μl of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) (Sigma, St. Louis, MO, USA) solution and incubated
for 4 h. Living cells convert yellow MTT to dark-blue formazan crystals. The crystals were dis-
solved in the same volume of acidified isopropanol. The absorption of the resulting solution
was checked at 570 nm by using a spectrophotometer (Bio-Rad). Lactate dehydrogenase
(LDH) released in the culture medium was measured using the Cytotoxicity Detection Kit
(Roche), according to the supplier’s recommendation.

DNA content analysis
Cells were stored in 70% ethanol at -20°C. DNA was stained with PI/RNase staining buffer
(BD Pharmingen, San Diego, CA, USA), according to the manufacturer’s protocol. Cells were
analyzed by flow cytometry (FACSCalibur, BD Biosciences, San Jose, CA, USA).

Detection of DNA fragmentation (TUNEL assay) and Tax1 expression
Apoptosis was determined using APO-BRDU TUNEL Assay Kit (Nippon Gene), according to
the supplier’s protocol. Cells were harvested 72 h after adenovirus infection, washed with phos-
phate-buffered saline containing 0.2% bovine serum albumin, and stained with biotin-conju-
gated anti-Tax1 monoclonal antibody (Lt-4) with streptavidin-phycoerythrin (PE) (BD
Pharmingen). Cells were analyzed by flow cytometry.

Detection of Annexin V-positive cells
Cells were stained with Muse Annexin V and Dead Cell Kit (Merck Millipore, Darmstadt, Ger-
many), according to the supplier’s protocol. Annexin V-positive cells were counted using Muse
Cell Analyzer (Merck Millipore).

Small interfering RNA (siRNA)
The siRNAs for RelA (168182G07, 168182G09 and 168182G11), p100 (202722G03,
201738F04 and 201738E12), TRAIL (287134E03, 287134E05 and 287134E07) and control
siRNA were purchased from Invitrogen. siRNA was introduced using the Neon Transfection
System (Invitrogen Life Technologies) a day before adenovirus infection.

Immunoblotting analysis
Cells were lysed in the RIPA buffer containing 150 mMNaCl, 50 mM Tris-HCl (pH 8.0), 1%
Nonidet P-40, 0.5% deoxycholate and 0.1% sodium dodecyl sulfate (SDS). Nuclear and cyto-
plasmic extracts were prepared using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Scientific, Waltham, MA, USA). Cell extracts were separated by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) and blotted onto Immobilon-P membranes (Atto,
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Tokyo, Japan). The membranes were soaked in 5% skim milk solution and incubated with anti-
bodies. Then, these membranes were incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (GE Healthcare), and the proteins were detected using the Luminata
Crescendo Western HRP Substrate (Merck Millipore), according to the manufacturer’s
protocol.

Antibodies
The anti-Tax1 antibodies Lt-4 and Taxy-7 and the anti-Tax2 (GP3738) antibody have been
previously described [40–42]. Anti-RelA (sc-372), anti-p52 (sc-3786), anti-p38α (sc-535), anti-
JNK (sc-571), anti-nucleolin (sc-13057) and β-tubulin (sc-9104) antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-p38 (#9211), anti-
phospho-SAPK/JNK (#9251), anti-phospho-Erk1/2 (#9106) and anti-Erk1/2 (#9102) antibod-
ies were purchased from Cell Signaling (Danvers, MA, USA).

Statistical analysis
A paired t test was performed for statistical analysis. p values less than 0.05 were considered
significant.

Results

Tax1 and Tax2B disrupt cell cycle status in growing cells
Tax1 has previously been shown to induce cell cycle progression from the G0/G1 phase to the
S phase in resting-induced PBLs and Kit 225 cells [10–13]. In contrast, it has also been reported
to induce apoptosis in Jurkat cells [20, 26]. This completely opposing phenotypic function of
Tax1 is quite intriguing. To assess this issue, growing and resting Kit 225 cells were examined
for their response to Tax1 or Tax2B expression by recombinant adenovirus infection. Kit 225
cells offer an advantage: cell culture in IL-2-depleted medium for 48 h causes approximately
65% of the cells to become quiescent, and the addition of IL-2 proceeds the cell cycle (Fig 1A)
[11]. We investigated the cell cycle profiles of respective cells based on the DNA content, as
determined by flow cytometry. At 72 h after recombinant adenovirus infection, growing cells
with Tax1 and Tax2B showed a drastic increase in the cell population with more than 4C DNA
content in association with a significant increase in the S phase and decrease in the G0/G1 and
G2/M phases (Fig 1A and 1B). Upon infection with Tax1 and Tax2B recombinant adenovi-
ruses, resting cells showed a decrease in the G0/G1 phase and increase in the cells population
with more than 4C DNA content (Fig 1A and 1B). Infection with the control adenovirus did
not alter cell cycle profiles, relative to the uninfected controls, in both growing and resting cells.
These results suggest that Tax1 and Tax2B cause dysfunctional DNA replication at the S phase
in growing cells.

Tax1 and Tax2B induce growth inhibition in growing cells
To further pursue the different effects of Tax1 and Tax2B between growing and resting Kit 225
cells, intracellular mitochondrial enzyme activity was measured by the MTT assay to monitor
cellular activity. Upon expression of Tax1 or Tax2B, Kit 225 cells in the growing phase showed
slower increase in cell number with reduction of mitochondrial activity, compared to Ad-Con-
infected cells (Fig 2A). In resting cells, Tax1 and Tax2B significantly increased mitochondrial
activity, while no or little, if any, increase in cell number was observed (Fig 2B). Tax1 and
Tax2B increased the mitochondrial activity in resting-induced PBLs. In particular, Tax2B pro-
foundly increased the activity, which was different from observation in Kit 225 cells infected
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Fig 1. Cell cycle profiles of growing and resting cells with Tax1. (A) Growing or resting Kit 225 cells were
infected with recombinant adenoviruses expressing Tax1 (Ad-Tax1), Tax2B (Ad-Tax2B) or control virus (Ad-
Con), and cultured for 72 h. DNA content was determined using a flow cytometer after PI staining. (B)
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with Tax2B adenovirus (Fig 2C). The difference can be attributed to the Tax2B function that
IL-2 was profoundly produced in PBLs [38], while Kit 225 cells did not generate any apprecia-
ble amounts of IL-2 (data not shown). Thus, Tax2B is likely to continuously support cell
growth in PBLs culture (Fig 2C). Autonomously growing Jurkat cells showed the reduction of
mitochondrial activity and slower cell growth in response to Tax1 and Tax2B (Fig 2D). These
results suggest that the cell cycle phase critically influences the effects of Tax1 on the fate of
human T-cells.

Tax1 activates cell cycle-related genes in resting cells
Tax1 has been shown to activate a set of cell cycle regulatory genes, leading to cell cycle pro-
gression [10, 13]. To confirm cell growth-dependent activation of genes for the cell cycle regu-
latory molecules included in the G1 cyclin-CDK complexes, we studied the expression of
CDK4, cyclin D2, CDK2 and cyclin E genes in Kit 225 cells with or without Tax1 by qPCR.
Introduction of Tax1 elevated the mRNA levels of CDK4, cyclin D2, CDK2 and cyclin E genes
in resting cells (Fig 3A). Tax2B up-regulated the mRNA levels of those genes in resting cells,
although the increase in the cyclin E mRNA level was not statistically significant (Fig 3A). In
growing cells, Tax1 and Tax2B increased cyclin D2 mRNA level (Fig 3A). Interestingly, CDK2
expression was down-regulated by Tax1 in growing cells (Fig 3A). Cyclin E expression paral-
leled that of CDK2, which is a partner of cyclin E, although statistical analysis did not show sig-
nificance in the case of growing cells (Fig 3A).

The G1 cyclin-CDK complexes phosphorylate the retinoblastoma tumor suppressor protein
(Rb), releasing and activating the transcriptional factor E2F that regulates genes involved in
cell cycle progression [11, 43]. We thus examined the effects of Tax1 and Tax2B on E2F activa-
tion. Reporter assays with the wild-type or mutant E2F-binding site showed that Tax1 signifi-
cantly activated the wild-type E2F-binding site in resting cells, and that similar activation was
induced by Tax2B, but to a lesser extent (Fig 3B). Growing cells did not respond to Tax1 and
Tax2B in terms of E2F activation (Fig 3B). A substitute mutant of the E2F-binding site was not
activated by Tax1 or Tax2B in resting and growing cells (Fig 3B). These results indicate that
Tax1 efficiently activates E2F in resting cells, presumably resulting in the induction of cell
cycle-related genes.

Tax1 induces apoptosis in growing cells
We then studied Tax1-induced growth inhibition in growing cells in terms of apoptosis induc-
tion. TUNEL assays detected DNA fragmentation in growing cells 72 h post adenoviral-medi-
ated Tax1 expression, whereas no increase in Tax1-induced apoptosis was observed in resting
cells (Fig 4A and 4B). Apoptosis in growing cells with Tax2B was slightly but distinctly
induced, compared to the controls (Fig 4A and 4B). To analyze the link between Tax1 expres-
sion and apoptosis, we examined Tax1 expression and DNA fragmentation simultaneously by
flow cytometry. Infection of growing cells with Ad-Tax1 significantly increased the apoptotic
population (Fig 4C). This was in contrast to no appreciable changes in the population percent-
age with DNA fragmentation after Ad-Tax1 infection in resting cells (Fig 4C). The increase in
the apoptotic population in growing cells was predominant in Tax1-positive cells. These results
suggest that Tax1 elicits apoptosis in growing cells.

Percentages of cell cycle phases were calculated from Fig 1A. M1, M2, M3, M4 and M5 indicate the sub-G0,
G0/G1, S, G2/M and multinuclear cells, respectively.

doi:10.1371/journal.pone.0148217.g001

Induction of Apoptosis by HTLV-1 Tax

PLOS ONE | DOI:10.1371/journal.pone.0148217 February 1, 2016 7 / 25



Fig 2. Differential effects of Tax1 on cell proliferation.Growing (A) or resting (B) Kit 225 cells, PBLs (C) and Jurkat cells (D) were infected with Ad-Tax1,
Ad-Tax2B or Ad-Con, and cultured for the indicated times. Mitochondrial activity was measured by the MTT assay and the cells were enumerated. Relative
percentages of Ad-Tax1 or Ad-Tax2B samples to Ad-Con samples are shown. *, p < 0.05. Tax expression was monitored by qPCR. Values are shown as the
means of the copy numbers ± SE after normalization against 18 S rRNA content.

doi:10.1371/journal.pone.0148217.g002
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Tax1 modulates apoptosis-related genes
The balance between anti-apoptotic and pro-apoptotic molecules is important for the induc-
tion of apoptosis [15]. Tax1 is known to induce anti-apoptotic molecules such as Bcl-xL, survi-
vin and XIAP [16–18]. Changes in the expression of these genes were examined in resting and
growing cells with or without Tax1 or Tax2B. qPCR analysis revealed up-regulated expression
of Bcl-xL and survivin and unchanged expression of XIAP in resting cells with Tax1 and

Fig 3. Induction of cell cycle regulatory genes by Tax1 in resting cells. (A) Growing or resting Kit 225 cells were infected with Ad-Tax1 or Ad-Tax2B.
Cells were cultured for 72 h and harvested for RNA isolation. The levels of CDK4, cyclin D2, CDK2 and cyclin E mRNA were measured by qPCR. Values are
shown as the means ± SE after normalization against 18 S rRNA content. *, p < 0.05. (B) Reporter plasmids carrying binding sites for the wild-type and point-
mutated E2F were transfected into Kit 225 cells along with Tax1 and Tax2B expression plasmids (pMT-2Tax and pHβAP-r-1-neoTax2B, respectively). After
48 h of culture with or without IL-2, the cells were harvested for luciferase assay, which was subsequently normalized against protein content. Values are
shown as fold activation relative to luciferase activity of cells with pHβAP-r-1-neo (means ± SE).

doi:10.1371/journal.pone.0148217.g003

Induction of Apoptosis by HTLV-1 Tax

PLOS ONE | DOI:10.1371/journal.pone.0148217 February 1, 2016 9 / 25



Tax2B (Fig 5A). Growing cells, which were induced for apoptosis by Tax1, showed that Tax1
down-regulated survivin expression and Tax2B slightly up-regulated XIAP expression (Fig
5A). Although Bcl-xL expression was increased by Tax1 and Tax2B in both resting and grow-
ing cells, the increase in growing cells was significantly lower than that in resting cells. Other
anti-apoptotic proteins, Bfl-1 and cIAP2 [44, 45], which are shown to be induced by Tax1,
were up-regulated in both growing and resting cells with Tax1 (data not shown). These results
imply that Tax1 and Tax2B activate anti-apoptotic molecules in resting cells, presumably
resulting in the prevention of apoptosis.

Fig 4. Induction of apoptosis by Tax1 in growing cells. (A) Growing or resting Kit 225 cells were infected with Ad-Tax1 or Ad-Tax2B, and cultured for 72 h.
DNA fragmentation was detected by the TUNEL assay using a flow cytometer. The thick line and gray area indicate Ad-Tax1- or Ad-Tax2B-treated cells and
Ad-Con-treated cells, respectively. (B) Percentage averages number of the cells undergoing apoptosis was calculated from three independent experiments.
Values are shown as the means ± SE. *, p < 0.05. (C) DNA fragmentation and Tax1 expression were measured using a flow cytometer. Tax1 was detected
with biotin-labeled anti-Tax1 antibody (Lt-4) and phycoerythrin-conjugated streptavidin, and DNA fragmentation was measured by TUNEL assay.

doi:10.1371/journal.pone.0148217.g004
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Fig 5. Modulation of apoptosis-related genes by Tax1. (A and B) Growing or resting Kit 225 cells were infected with the recombinant adenoviruses Ad-
Tax1 or Ad-Tax2B, and cultured for 72 h. Gene expression was measured by qPCR. Values are shown as the means ± SE. *, p < 0.05. (C) JPX-9 cells were
cultured with or without 20 μMCdCl2 for 48 h to induce Tax1 expression. Growing Kit 225 cells were infected with Ad-Tax1 and Ad-Tax2B, and cultured for 72
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Induction of TRAIL and FasL by Tax1 has been shown to cause caspase-dependent apopto-
sis in Jurkat cells [20, 21, 26]. We thus examined the effects of Tax1 on the expression of
TRAIL and FasL. TRAIL was up-regulated by Tax1 in both growing and resting Kit 225 cells
(Fig 5B). Tax2B increased TRAIL expression in growing cells to a lesser extent than did Tax1
(Fig 5B). siRNA-mediated knockdown of TRAIL in growing cells however did not avoid
Tax1-induced cell growth inhibition and apoptosis (Fig 5D and 5E). FasL was not produced in
growing Kit 225 cells, even after introducing Tax1 (Fig 5C). The Jurkat derivative JPX-9
expresses FasL upon induction of Tax1 (Fig 5C) [26]. In addition, growing Kit 225 cells with
Tax1 did not show Bim expression and caspase 8 and caspase 3 activation, which were
observed in Jurkat cells with Tax1 (data not shown). These results indicate that TRAIL and
FasL are not directly implicated in apoptosis in growing Kit 225 cells.

The CDK inhibitor p21 is a key factor for the Tax1-induced growth arrest in lymphoid cells
[24]. On the other hand, Tax1-activated p21 plays a role in resistance to apoptosis [46]. We
confirmed Tax1-mediated p21 expression in Kit 225 cells. Tax1 facilitated p21 expression in
both growing and resting Kit 225 cells (Fig 5B). Tax2B also increased p21 expression in both
phases (Fig 5B). p21 up-regulation by Tax1 and Tax2B may be one of the major causes of
growth inhibition, as shown in Fig 2A.

NF-κB/RelA is responsible for both cell survival and apoptosis
NF-κB has been known to be implicated in cell growth and survival through the induction of
expression, including the growth factors [47, 48]. Among the NF-κB subunits, Tax1-activated
RelA is reported to induce cellular senescence in HeLa cells [49, 50]. IKKγ-deficient Jurkat cells,
which lack the ability to activate NF-κB, down-regulated Tax1-mediated apoptosis [20]. To
examine if NF-κB is implicated in Tax1-mediated growth inhibition and cell survival, adenovi-
ruses for Tax1 mutants were infected into growing and resting Kit 225 cells. Among the Tax1
mutants, TaxM22 and Taxd17/5, which lack the activity to activate NF-κB, exhibited effects
similar to those exerted by the control virus Ad-Con, on the mitochondrial activity and the
number of apoptotic cells in growing cells (Fig 6A, 6C and 6D). Tax703, which is capable of
NF-κB activation, behaved like the wild-type Tax1 in case of LDH release into the culture
medium as well as mitochondrial activity and cell number, indicating that Tax1-mediated cyto-
toxicity is NF-κB-dependent in growing cells. In resting Kit 225 cells, the NF-κB activation-
deficient mutants TaxM22 and Taxd17/5 activated no or little, if any, mitochondrial activity
(Fig 6B). These results prompted us to gain further insight into the molecular mechanism
underlying Tax1-mediated apoptosis in growing Kit 225 cells. We examined a link between
apoptosis and RelA, both of which are activated by Tax1. This issue was addressed by siRNA-
mediated silencing of RelA. Of the three, two siRNAs against RelA, siRelAG07 and siRelAG09,
effectively repressed RelA expression 72 h post siRNA introduction (Fig 7A). siRNA-induced
down-regulation of RelA relieved the Tax1-dependent reduction of mitochondrial activity in
growing cells (Fig 7C). In parallel, siRNA treatment for RelA decreased the number of apoptotic
cells in Tax1-treated cells (Fig 7D and 7E). Interestingly, RelA knockdown in resting cells dra-
matically decreased the mitochondrial activity enhanced by Tax1 (Fig 7C). These results indi-
cate that Tax1-activated RelA is implicated in the cell fate of both growing and resting cells.

h. FasL and GAPDH expression was monitored by RT-PCR. (D) Growing Kit 225 cells were transfected with siRNA for TRAIL and cultured for 24 h, and
infected with Ad-Con or Ad-Tax1, followed by harvest at indicated times. Mitochondrial activity was measured by MTT assay. Relative values of Ad-Tax1 to
Ad-Con are shown. *, p < 0.05. (E) siRNA-treated growing Kit 225 cells were infected with Ad-Tax1 or Ad-Con, and cultured for 72 h. Annexin V positive cells
were counted by Muse Cell Analyzer. (F) Growing Kit 225 cells were transfected with TRAIL-specific siRNA and cultured for 48 h. TRAIL expression was
measured by qPCR. Values are shown as the means of the arbitrary copy numbers ± SE after normalization against 18 S rRNA content. *, p < 0.05.

doi:10.1371/journal.pone.0148217.g005

Induction of Apoptosis by HTLV-1 Tax

PLOS ONE | DOI:10.1371/journal.pone.0148217 February 1, 2016 12 / 25



Fig 6. Effects of Tax1mutants on growth inhibition and apoptosis. (A and B) Growing or resting Kit 225 cells were infected with Ad-Tax1, Ad-TaxM22,
Ad-Tax703, Ad-Taxd17/5 or Ad-Con. After culture for the indicated time period, the mitochondrial activity, cell number and LDH activity of these cells were
determined. Relative percentages to Ad-Con are shown. *, p < 0.05. Tax1 mutants expression was monitored by qPCR. Values are shown as the means of
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The non-canonical NF-κB pathway is associated with Tax1-induced
apoptosis
It may be intriguing to note that Tax2B was less effective in inducing apoptosis in growing
cells, although Tax2B activated NF-κB (Fig 4A and 4B). Previous studies indicated differential
effects in non-canonical NF-κB activation between Tax1 and Tax2B [51, 52]. The leucine zip-
per-like region (LZR) at amino acids 225–232 and the PDZ-binding motif (PBM) at C-termi-
nus in Tax1, which are absent in Tax2B, are responsible for Tax1-mediated p100 to p52
processing, leading to non-canonical NF-κB activation [51, 52]. Knockdown of RelA in Kit 225
cells significantly affected Tax1-induced the p100 processing (Fig 7B). We thus evaluated the
possible involvement of the non-canonical NF-κB pathway in Tax1-induced apoptosis. Intro-
duction of p100-specific siRNA did not recover Tax1-mediated reduction of mitochondrial
activity in growing cells (Fig 8B). Although a Tax1 mutant Tax225–232, which has low ability
to process p100, poorly rescued mitochondrial activity (Fig 8C and 8D), it decreased an apo-
ptotic population (Fig 8E), suggesting an association between Tax1-mediated apoptosis and
the non-canonical NF-κB pathway.

Tax1-mediated NF-κB/RelA regulates the expression of chemokines
and cytokines
To further analyze the observation that Tax1-induced RelA activation showed differential
behavior between cells in growing and resting phases, the changes in the nuclear localization of
RelA by Tax1 was examined by western blotting. Upon introduction of Tax1, the translocation
of RelA to the nucleus was induced in both growing and resting cells (Fig 9A). Tax2B induced
weak translocation of RelA to the nucleus, when compared to Tax1 (Fig 9A). To study whether
NF-κB activation by Tax molecules depends on cell growth, Kit 225 cells were transiently
transfected with the Tax1 or Tax2B expression plasmid along with a reporter plasmid contain-
ing NF-κB-binding sites, and then cultured with or without IL-2. Reporter assays showed that
Tax1 and Tax2B activated NF-κB in both resting and growing cells (Fig 9B). Tax2B-mediated
NF-κB activation seemed to be weaker than that mediated by Tax1 (Fig 9B). These results indi-
cate that Tax1-mediated NF-κB activation is independent of cell growth.

NF-κB induces the expression of various chemokines, cytokines and their receptors, which
have been shown to influence cellular senescence and apoptosis [53, 54]. The expression of
NF-κB-regulated genes was examined in growing and resting cells. Tax1 and Tax2B induced
the expression of CCL22, CCR4 and IL-6 in both growing and resting Kit 225 cells (Fig 9C).
CCL3, CCL4 and CCL17, one of CCR4 ligands, were up-regulated by Tax1 and Tax2B only in
the growing phase (Fig 9C). IL-9 and lymphotoxin α (LTα) expression was observed in grow-
ing cells with Tax1 (Fig 9C). siRNA treatment for RelA inhibited the induction of these gene
(Fig 9D). These results suggest that Tax1-activated RelA is necessary for inducing the expres-
sion of these genes, but inadequate for inducing the expression of CCL3, CCL4, CCL17, IL-9
and LTα in the resting phase.

Tax1 activates MAP kinase pathways
Chemokines and cytokines affect the intracellular signaling pathways, including the mitogen-
activated protein kinase (MAPK) signaling pathways [55]. The MAPK signaling pathways

the copy numbers ± SE after normalization against 18 S rRNA content. (C) Tax1 expression and DNA fragmentation were measured by flow cytometry by
using adenovirus-infected growing Kit 225 cells. (D) Percentage average number of the cells undergoing apoptosis in adenovirus-infected cells was
calculated from three independent experiments. Values are shown as the means ± SE. *, p < 0.05.

doi:10.1371/journal.pone.0148217.g006
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Fig 7. Participation of RelA in Tax1-mediated growth inhibition and apoptosis. (A) Growing Kit 225 cells were transfected with RelA-specific siRNA and
cultured for 72 h. RelA expression was examined by RT-PCR. GAPDHwas used as an internal control. (B) Growing Kit 225 cells were transfected with RelA-
specific siRNA 24 h before adenovirus infection (Ad-Tax1 or Ad-Con), and harvested 48 h and 72 h post infection for western blotting. RelA, p100, p52 and
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include the p38, c-Jun N-terminal kinase (JNK) and extracellular signal-regulated protein
kinases (ERK) pathways and are involved in various physiological processes such as cell prolif-
eration, differentiation and death [56]. To examine the effects of Tax1 and Tax2B on MAPK

Tax1 expression was monitored by immunoblotting with anti-RelA, anti-p52 and anti-Tax1 antibodies. β-Tubulin was used as an internal control. (C) siRNA-
treated growing or resting Kit 225 cells were infected with Ad-Tax1 or Ad-Con, and cultured for indicated times. Mitochondrial activity was measured by MTT
assay. Relative percentages of Ad-Tax1 to Ad-Con are shown. *, p<0.05. (D) siRNA-treated growing Kit 225 cells were infected with Ad-Tax1 or Ad-Con, and
cultured for 72 h. Tax1 expression and DNA fragmentation were measured by flow cytometry. (E) Percentage average number of cells undergoing apoptosis
was calculated from three independent experiments. Values are shown as the means ± SE. *, p < 0.05.

doi:10.1371/journal.pone.0148217.g007

Fig 8. A link between apoptosis and the non-canonical NF-κB pathway. (A) Kit 225 cells were transfected with p100-specific siRNA and cultured for 48 h.
p100 expression was detected by western blotting. β-Tubulin was used as an internal control. (B) Growing Kit 225 cells were transfected with p100-specific
siRNA and cultured for 24 h, and infected with Ad-Con or Ad-Tax1, followed by harvest at indicated times. Mitochondrial activity was measured by MTT
assay. Relative values of Ad-Tax1 to Ad-Con are shown. *, p < 0.05. (C) Expression of adenovirus-derived Tax1 and its mutant Tax225–232 proteins was
measured by immunoblotting with anti-Tax1 antibody (Taxy-7). p100 and p52 levels were detected by anti-p52 antibody, which recognizes both p100 and
p52. β-Tubulin was used as an internal control. (D) Growing Kit 225 cells were infected with Ad-Tax1, its mutant Ad-Tax225–232 or Ad-Con, and cultured for
indicated times. Mitochondrial activity was measured by MTT assay. Relative percentages of Ad-Tax1 or Ad-Tax225–232 samples to Ad-Con samples are
shown. *, p < 0.05. (E) Growing Kit 225 cells were infected with Ad-Tax1 or Ad-Tax225–232, and cultured for 72 h. DNA fragmentation was measured by flow
cytometry. The thick line and gray area indicate Ad-Tax1- or Ad-Tax225–232-treated cells and Ad-Con-treated cells, respectively.

doi:10.1371/journal.pone.0148217.g008
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signaling pathways, we analyzed the phosphorylation of p38, JNK and ERK molecules as the
activation markers of MAPK signaling pathway. p38 phosphorylation was induced in growing
cells infected with Ad-Tax1 and Ad-Tax2B, even with Ad-Con (Fig 10A). Phosphorylation of
p38 by Tax1 and Tax2B was prominent at 48 h of infection (Fig 10A). Ad-Con-dependent p38
phosphorylation may be due to the stress induced by adenovirus infection. Phosphorylation of
JNK was observed prior to infection (Fig 10A). Infection with adenovirus reduced the levels of
JNK phosphorylation at 24 h post infection, following which JNK phosphorylation was found
to be up-regulated, in particular in growing cells expressing Tax1 and Tax2B (Fig 10A).

Fig 9. Induction of chemokines and cytokines by Tax1-mediated RelA activation. (A) Growing or resting Kit 225 cells were infected with Ad-Tax1 or Ad-
Tax2B, and cultured for 72 h. The cytoplasmic and nuclear extracts were subjected to western blotting with antibodies for RelA, Tax1, Tax2, β-Tubulin and
nucleolin. (B) The reporter plasmid carrying the NF-κB-binding sites was transfected into Kit 225 cells along with the Tax1 and Tax2B expression plasmids
(pMT-2Tax and pHβAP-r-1-neoTax2B, respectively). After 48 h of culture with or without IL-2, the cells were harvested for luciferase assay, which was further
normalized against protein content. Values are shown as the means ± SE. (C and D) Growing or resting Kit 225 cells were infected with Ad-Tax1 or Ad-
Tax2B, and cultured for 72 h (C). siRNA-treated growing and resting Kit 225 cells were infected with Ad-Con or Ad-Tax1, and cultured for 48 h (D). Gene
expression was monitored by RT-PCR. 18 S rRNA was used as an internal control.

doi:10.1371/journal.pone.0148217.g009
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Fig 10. Activation of MAP kinase pathways by Tax1. (A) Growing or resting Kit 225 cells were infected with Ad-Tax1 or Ad-Tax2B, and cultured for
indicated times. Phosphorylation and expression of p38, JNK and ERK were analyzed by western blotting. Expression of adenovirus-derived Tax1 and
Tax2B in Kit 225 cells was detected with anti-Tax1 (Lt-4) and anti-Tax2 (GP3738) antibodies, respectively. (B and D) Growing Kit 225 cells were transfected
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Phosphorylation of ERK was constitutive in growing cells, irrespective of infection status and
expression of Tax molecules. In resting cells, adenovirus infection reduced the levels of ERK
phosphorylation (Fig 10A).

To exclude the effects of adenovirus infection, we utilized the luciferase assay PathDetect
reporter system to monitor the activation of p38 and JNK signaling pathways. In this system,
p38 and JNK, when phosphorylated, activate luciferase gene expression through the phosphor-
ylation of chimeric CHOP and c-Jun molecules, respectively. Tax1 activated the p38 and JNK
reporter pathways, and Tax2B showed similar but less effective activation of both pathways
(Fig 10B). We further utilized the reporter system to investigate the implication of Tax1-tar-
geted transcription factors in the activation of p38 and JNK pathways. The Tax1 mutants,
TaxM22, Taxd3 and Tax703, which are defective for the activation of NF-κB, CREB and SRF,
respectively, were transfected into Kit 225 cells along with the plasmids for the reporter assays.
TaxM22 and Tax703 showed no or little, if any, activation of the p38 signaling pathway, which
was significantly activated by Taxd3, suggesting that NF-κB and SRF are linked with the p38
signaling pathway (Fig 10B). The JNK signaling pathway was up-regulated by Taxd3 and
Tax703 to some extent, but TaxM22 did not show significant activation of this pathway (Fig
10B). This implies that Tax1-dependent activation of the JNK signaling pathway occurs
through NF-κB.

The link between Tax1-induced apoptosis and activation of the p38 and JNK signaling path-
ways was further studied using p38 (SB203580) and JNK (SP600125) inhibitors in growing
cells. The inhibitors significantly reduced the luciferase activity associated with Tax1-mediated
activation of p38 and JNK (Fig 10D). Tax1-induced apoptosis was relieved upon addition of
the p38 inhibitor SB203580 (Fig 10E and 10F). In contrast, JNK inhibition increased Tax1-i-
nduced apoptosis (Fig 10E and 10F). These results indicate that Tax1-mediated activation of
p38 is, at least in part, involved in Tax1-induced apoptosis and that the JNK signaling pathway
might be implicated in cell survival in growing cells.

Tax1-activated NF-κB including RelA and the p38 signaling pathway, and Tax1-mediated
apoptosis was closely associated with the activation of both NF-κB and p38. These observations
prompted us to examine a correlation between the activation of RelA and p38. Phosphorylation
of p38 was abolished by the addition of siRNA (G07 and G09) for RelA (Fig 10G), presumably
indicating that RelA is essential for the activation of p38 signaling pathway in growing cells
with Tax1.

Discussion
HTLV-1 Tax is shown to have pleiotropic functions; cellular senescence in HeLa cells and cell
survival in MEF, both of which are mediated by NF-κB/RelA [50, 57]. These results demon-
strated that Tax1 is involved in cell growth inhibition and survival in dividing and non-divid-
ing cells, respectively, although they were obtained by independent experimental models. To
evaluate the dual functionality of Tax1 being dependent upon cell division, we established sys-
tematic experimental conditions with the human T-cell line Kit 225 cells, whose cell growth
can be regulated experimentally. The present study showed that Tax1 induces different cell

with Tax1, its mutants and Tax2B expression plasmids along with pFR-Luc reporter vectors and either pFA-CHOP and pFA2-c-Jun, and cultured without (B)
and with 5 μM p38 inhibitor SB203580 or 5 μM JNK inhibitor SP600125 (D) for 72 h. Values are shown as the means ± SE. *, p < 0.05. (C) Tax expression
was examined by qPCR. Values are shown as the means of the copy numbers ± SE after normalization against 18 S rRNA content. (E) Growing Kit 225 cells
were infected with Ad-Con or Ad-Tax1, and cultured with 5 μMSB203580 or SP600125 for 72 h. DNA fragmentation was detected by the TUNEL assay using
a flow cytometer. (F) Percentage average number of the cells undergoing apoptosis in p38 or JNK inhibitor-treated Kit 225 cells was calculated from three
independent experiments. Values are shown as the means ± SE. *, p < 0.05. (G) siRNA-treated growing Kit 225 cells were infected with Ad-Tax1 or Ad-Con,
and cultured for 48 h. Phosphorylation and expression of p38, RelA, Tax1 and β-Tubulin were analyzed by western blotting.

doi:10.1371/journal.pone.0148217.g010
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fates in a cell growth-dependent fashion; cell growth inhibition with apoptosis in growing cells
in contrast to cell survival in resting cells. Our results that Tax1-dependent activation of NF-
κB is associated with both phenotypes and that NF-κB/RelA knockdown relieves Tax1-induced
cell growth inhibition and apoptosis strongly indicate that Tax1-activated RelA is functionally
critical for cell growth inhibition and apoptosis in growing Kit 225 cells (Figs 6 and 7) in accor-
dance with previous reports observed in independent experimental models [20, 50]. With-
drawal of the p52 precursor p100 did not recover cell growth inhibition by Tax1, while
apoptosis was not observed with Tax225–232, which fails to activate the non-canonical NF-κB
pathway (Fig 8). These results are partly consistent with previous results that p100 knockdown
does not rescue Tax1-induced senescence in HeLa cells [49]. RelA is also a regulator of the
expression and processing of p100 (Fig 7B). Thus, we confirm that RelA is a key factor in
Tax1-induced cell growth inhibition and apoptosis. On the other hand, resting cells also
required Tax1-activated RelA for survival and proliferation (Figs 6B and 7C), in accordance
with previous observations that NF-κB activated the cellular genes involved in cell survival and
proliferation [13, 17, 47, 58–60]. The Tax1 mutant TaxM22, which lacks the ability to activate
NF-κB, failed to proceed the cell cycle in resting Kit 225 cells [10], supporting the idea that NF-
κB is important for Tax1-mediated cell cycle progression in resting cells. Collectively, Tax1-ac-
tivated RelA plays a role in cell survival and death in resting and growing cells, respectively.

Cell cycle profiles showed that Tax1 and Tax2B expression induces the accumulation of
cells with 3C DNA content (Fig 1). This may be attributed to the aberrant DNA synthesis in
Tax-expressing cells, wherein new DNA replication cycles may occur before the completion of
the previous cycles. Our preliminary results showed that Tax1 did not promote the phosphory-
lation of γH2AX, a marker of DNA damage in growing cells (data not shown). These results
suggest that Tax1 and Tax2B induce replication stress in our experimental conditions. In addi-
tion to DNA damage and replication stress, various stimulations such as cytokines and onco-
genes are shown to activate the NF-κB pathway [61–63]. Those stimulations induce different
post-translational modifications of RelA with position-specific phosphorylation and acetyla-
tion, leading to differences in the expression profiles of RelA target genes [61]. Tax1 up-regu-
lates NF-κB activity through RelA, by acetylation at lysine 310, which has been shown to be
facilitated by Tax1 and recruits the bromodomain-containing factor Brd4 [57]. Phosphoryla-
tion of RelA at serine 276 induces the formation of a complex with the transcriptional activator
CBP/p300, while the repressor HDAC is associated with non-phosphorylated RelA [64]. As
Tax1-activated RelA induces opposite phenotypes in growing and resting cells, post-transla-
tional modifications of RelA may differ from each other.

Tax1-induced cell death in Jurkat cells has been shown to be triggered by the expression of
TRAIL or FasL [20, 26]. Although TRAIL and FasL genes do not contain any NF-κB-binding
sequences in the promoter regions, the expression of these genes was suppressed by inhibition
of the NF-κB signaling pathway. This suggests the indirect or secondary effects of NF-κB acti-
vation on the expression of these death molecules in Jurkat cells. Our results showed that up-
regulation of TRAIL, but not FasL, by Tax1 was observed in growing Kit 225 cells (Fig 5B and
5C). The resting Kit 225 cells also showed enhanced TRAIL expression in response to Tax1
(Fig 5B). Deprivation of TRAIL expression did not rescue growth inhibition and apoptosis (Fig
5D and 5E). In addition, TRAIL expression was not down-regulated by RelA deprivation in
growing cells with Tax1 (Fig 9D). These results indicate that Tax1-induced apoptosis is
TRAIL- and FasL-independent in growing Kit 225 cells.

The induction of growth inhibition and apoptosis by Tax2B was weak compared to that by
Tax1. Activation of p38 monitored by phosphorylation (Fig 10A) and reporter luciferase activ-
ity (Fig 10B) were higher in Tax1-expressing cells than Tax2B-expressing cells. In addition,
Tax1 activated NF-κB to a higher extent than did Tax2B in the reporter assay (Fig 9B). We
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observed similar expression levels of Tax1 and Tax2B molecules in these experiments. It is
intriguing to note that the Tax1 mutant TaxM22, which is defective for NF-κB activation, was
significantly less effective in p38 activation and apoptosis induction, and that the p38 inhibitor
repressed Tax1-induced apoptosis. These results propose the notion that Tax1 induces apopto-
sis through the activation of p38 signaling pathway, which may be activated, in part, by NF-κB.

Recent studies reveal that NF-κB and p38 activation is implicated in the senescence-associ-
ated secretory phenotype (SASP) and oncogene-induced senescence (OIS) with the induction
of inflammatory chemokines and cytokines [65–68]. Senescence is thought to be one of host
defense mechanisms to avoid transformation of abnormal cells, while senescent cells promote
tumorigenesis in neighboring pre-neoplastic cells [67, 69]. The mechanisms underlying senes-
cence include a process wherein oxidative and genotoxic stress activate NF-κB, which further
induces pro-inflammatory mediators such as IL-1, IL-6, IL-8, CCL3 and CCL4; this leads to the
activation of p38 pathway through cellular environmental stress [54]. Indeed, we observed that
RelA deprivation decreased p38 phosphorylation in growing cells with Tax1 (Fig 10G). We
confirmed that the inflammatory mediators IL-6, CCL3 and CCL4 are induced by Tax1 and
Tax2B in growing cells (Fig 9C). Tax1-expressing cells may reflect the SASP and OIS phenom-
ena and influence extracellular environment through the release of inflammatory effectors.

We reported that Tax2B promoted cell proliferation through the induction of IL-2 in PBLs
and HTLV-2-infected cells [28, 38]. In resting-induced normal PBLs, Tax2B, but not Tax1,
induced IL-2 production to a large extent, leading to cell proliferation in an autocrine-loop
manner (Fig 2C). Tax2B is thus expected to induce normal cell cycle progression through the
IL-2-mediated autocrine loop without aberrant DNA synthesis and formation of multinucle-
ated cells, which have been shown to be induced by Tax1 through improper cell cycle progres-
sion and mitosis block [70]. In fact, multinucleated cells were obseved with Tax1 rather than
Tax2B in Kit 225 and Tax-inducible Jurkat cells (Fig 1) [19]. As Kit 225 cells lack the ability to
produce IL-2, Tax2B is not effective in IL-2 autocrine loop cell growth (data not shown).
Therefore, Kit 225 cells are suitable for studying the effects of Tax2B on the expression of cell
cycle regulatory genes in the resting state. Tax2B induced low-to-moderate expression of the
cyclin D2 and cyclin E genes compared to Tax1 in the resting Kit 225 cells (Fig 3A), reasoning
why Tax2B mediates weak progression of the cell cycle and indicating that IL-2 produced by
Tax2B is a major factor promoting cell cycle progression in HTLV-2 infected cells. The differ-
ences in the activation of cell cycle-related genes between Tax1 and Tax2B may be associated
with HTLV-1 pathogenesis. The weak formation of multinucleated cells by Tax2B may not
allow the development of malignant diseases.

When stimulated, the resting T-cells infected with HTLV-1 first produce Tax1, which accel-
erates HTLV-1 transcription, presumably in association with cellular factors. On the other
hand, Tax1 is a major target among the viral antigens of cytotoxic T-cells in the host [71, 72].
The constitutive expression of Tax1 is ultimately a disadvantage for HTLV-1. Thus, Tax1 may
function as repressor to HTLV-1 expression via growth arrest. Meanwhile, Tax1 contributes to
cell survival through up-regulation of molecules involved in mitochondrial metabolism and
induction of various growth factors and anti-apoptotic molecules in resting cells. Transcription
of the p21 gene was greatly up-regulated by Tax1, in resting cells as well as in growing cells (Fig
5B). p21 molecule has been reported to contribute to cell survival and cell death resistance in
response to extracellular stimuli [46]. This may be a strategy employed by HTLV-1 to aid lon-
ger survival, which is advantageous to HTLV-1 latent infection. During long-term latency,
HTLV-1-infected T-cells show increased production of chemical mediators including cyto-
kines, and undergo genetic and epigenetic alterations, in part, through Tax1 expression, leading
to HAM/TSP and ATL, respectively. To summarize, this study implies that Tax1 driven-para-
doxical phenomena are important for persistent latency and pathogenesis of HTLV-1.

Induction of Apoptosis by HTLV-1 Tax

PLOS ONE | DOI:10.1371/journal.pone.0148217 February 1, 2016 21 / 25



Supporting Information
S1 Table. Summary of PCR primers.
(DOCX)

Acknowledgments
We thank R. Mahieux for anti-Tax2 antibody, W. W. Hall for the Tax2B clone, J. Miyazaki for
the expression vector pCAGGS and all of the members of our laboratory for their suggestions
and words of encouragement. This work was supported in part by grants-in-aid for scientific
research from the Ministry of Education, Culture, Sports, Science and Technology of Japan.

Author Contributions
Conceived and designed the experiments: MM THMN. Performed the experiments: MM YS.
Analyzed the data: MMMN. Contributed reagents/materials/analysis tools: MMMH YT NT
MF. Wrote the paper: MMNFMN.

References
1. Hinuma Y, Nagata K, Hanaoka M, Nakai M, Matsumoto T, Kinoshita KI, et al. Adult T-cell leukemia:

antigen in an ATL cell line and detection of antibodies to the antigen in human sera. Proc Natl Acad Sci
U S A. 1981; 78: 6476–6480. PMID: 7031654

2. Poiesz BJ, Ruscetti FW, Gazdar AF, Bunn PA, Minna JD, Gallo RC. Detection and isolation of type C
retrovirus particles from fresh and cultured lymphocytes of a patient with cutaneous T-cell lymphoma.
Proc Natl Acad Sci U S A. 1980; 77: 7415–7419. PMID: 6261256

3. Yoshida M, Miyoshi I, Hinuma Y. Isolation and characterization of retrovirus from cell lines of human
adult T-cell leukemia and its implication in the disease. Proc Natl Acad Sci U S A. 1982; 79: 2031–
2035. PMID: 6979048

4. Gessain A, Barin F, Vernant JC, Gout O, Maurs L, Calender A, et al. Antibodies to human T-lymphotro-
pic virus type-I in patients with tropical spastic paraparesis. Lancet. 1985; 2: 407–410. PMID: 2863442

5. OsameM, Usuku K, Izumo S, Ijichi N, Amitani H, Igata A, et al. HTLV-I associated myelopathy, a new
clinical entity. Lancet. 1986; 1: 1031–1032.

6. Grassmann R, Aboud M, Jeang KT. Molecular mechanisms of cellular transformation by HTLV-1 Tax.
Oncogene. 2005; 24: 5976–5985. PMID: 16155604

7. Dyson N. The regulation of E2F by pRB-family proteins. Genes Dev. 1998; 12: 2245–2262. PMID:
9694791

8. Trimarchi JM, Lees JA. Sibling rivalry in the E2F family. Nat Rev Mol Cell Biol. 2002; 3: 11–20. PMID:
11823794

9. Nevins JR. Toward an understanding of the functional complexity of the E2F and retinoblastoma fami-
lies. Cell Growth Differ. 1998; 9: 585–593. PMID: 9716176

10. Iwanaga R, Ohtani K, Hayashi T, Nakamura M. Molecular mechanism of cell cycle progression induced
by the oncogene product Tax of human T-cell leukemia virus type I. Oncogene. 2001; 20: 2055–2067.
PMID: 11360190

11. Ohtani K, Iwanaga R, Arai M, Huang Y, Matsumura Y, Nakamura M. Cell type-specific E2F activation
and cell cycle progression induced by the oncogene product Tax of human T-cell leukemia virus type I.
J Biol Chem. 2000; 275: 11154–11163. PMID: 10753922

12. Schmitt I, Rosin O, Rohwer P, GossenM, Grassmann R. Stimulation of cyclin-dependent kinase activity
and G1- to S-phase transition in human lymphocytes by the human T-cell leukemia/lymphotropic virus
type 1 Tax protein. J Virol. 1998; 72: 633–640. PMID: 9420268

13. Iwanaga R, Ozono E, Fujisawa J, Ikeda MA, Okamura N, Huang Y, et al. Activation of the cyclin D2 and
cdk6 genes through NF-κB is critical for cell-cycle progression induced by HTLV-I Tax. Oncogene.
2008; 27: 5635–5642. doi: 10.1038/onc.2008.174 PMID: 18504428

14. Ow YP, Green DR, Hao Z, Mak TW. Cytochrome c: functions beyond respiration. Nat Rev Mol Cell Biol.
2008; 9: 532–542. doi: 10.1038/nrm2434 PMID: 18568041

15. Krammer PH, Arnold R, Lavrik IN. Life and death in peripheral T cells. Nat Rev Immunol. 2007; 7: 532–
542. PMID: 17589543

Induction of Apoptosis by HTLV-1 Tax

PLOS ONE | DOI:10.1371/journal.pone.0148217 February 1, 2016 22 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148217.s001
http://www.ncbi.nlm.nih.gov/pubmed/7031654
http://www.ncbi.nlm.nih.gov/pubmed/6261256
http://www.ncbi.nlm.nih.gov/pubmed/6979048
http://www.ncbi.nlm.nih.gov/pubmed/2863442
http://www.ncbi.nlm.nih.gov/pubmed/16155604
http://www.ncbi.nlm.nih.gov/pubmed/9694791
http://www.ncbi.nlm.nih.gov/pubmed/11823794
http://www.ncbi.nlm.nih.gov/pubmed/9716176
http://www.ncbi.nlm.nih.gov/pubmed/11360190
http://www.ncbi.nlm.nih.gov/pubmed/10753922
http://www.ncbi.nlm.nih.gov/pubmed/9420268
http://dx.doi.org/10.1038/onc.2008.174
http://www.ncbi.nlm.nih.gov/pubmed/18504428
http://dx.doi.org/10.1038/nrm2434
http://www.ncbi.nlm.nih.gov/pubmed/18568041
http://www.ncbi.nlm.nih.gov/pubmed/17589543


16. Kawakami A, Nakashima T, Sakai H, Urayama S, Yamasaki S, Hida A, et al. Inhibition of caspase cas-
cade by HTLV-I tax through induction of NF-κB nuclear translocation. Blood. 1999; 94: 3847–3854.
PMID: 10572100

17. Tsukahara T, Kannagi M, Ohashi T, Kato H, Arai M, Nunez G, et al. Induction of Bcl-x(L) expression by
human T-cell leukemia virus type 1 Tax through NF-κB in apoptosis-resistant T-cell transfectants with
Tax. J Virol. 1999; 73: 7981–7987. PMID: 10482545

18. Kawakami H, Tomita M, Matsuda T, Ohta T, Tanaka Y, Fujii M, et al. Transcriptional activation of survi-
vin through the NF-κB pathway by human T-cell leukemia virus type I tax. Int J Cancer. 2005; 115: 967–
974. PMID: 15729715

19. Sieburg M, Tripp A, Ma JW, Feuer G. Human T-cell leukemia virus type 1 (HTLV-1) and HTLV-2 tax
oncoproteins modulate cell cycle progression and apoptosis. J Virol. 2004; 78: 10399–10409. PMID:
15367606

20. Rivera-Walsh I, Waterfield M, Xiao G, Fong A, Sun SC. NF-κB signaling pathway governs TRAIL gene
expression and human T-cell leukemia virus-I Tax-induced T-cell death. J Biol Chem. 2001; 276:
40385–40388. PMID: 11553609

21. Chlichlia K, Busslinger M, Peter ME, Walczak H, Krammer PH, Schirrmacher V, et al. ICE-proteases
mediate HTLV-I Tax-induced apoptotic T-cell death. Oncogene. 1997; 14: 2265–2272. PMID: 9178902

22. de la Fuente C, Wang L, Wang D, Deng L, Wu K, Li H, et al. Paradoxical effects of a stress signal on
pro- and anti-apoptotic machinery in HTLV-1 Tax expressing cells. Mol Cell Biochem. 2003; 245: 99–
113. PMID: 12708749

23. Arainga M, Murakami H, Aida Y. Visualizing spatiotemporal dynamics of apoptosis after G1 arrest by
human T cell leukemia virus type 1 Tax and insights into gene expression changes using microarray-
based gene expression analysis. BMCGenomics. 2012; 13: 275. doi: 10.1186/1471-2164-13-275
PMID: 22726420

24. de La Fuente C, Santiago F, Chong SY, Deng L, Mayhood T, Fu P, et al. Overexpression of p21(waf1)
in human T-cell lymphotropic virus type 1-infected cells and its association with cyclin A/cdk2. J Virol.
2000; 74: 7270–7283. PMID: 10906181

25. Kuo YL, Giam CZ. Activation of the anaphase promoting complex by HTLV-1 tax leads to senescence.
EMBO J. 2006; 25: 1741–1752. PMID: 16601696

26. Chen X, Zachar V, Zdravkovic M, Guo M, Ebbesen P, Liu X. Role of the Fas/Fas ligand pathway in apo-
ptotic cell death induced by the human T cell lymphotropic virus type I Tax transactivator. J Gen Virol.
1997; 78 (Pt 12): 3277–3285. PMID: 9400978

27. Feuer G, Green PL. Comparative biology of human T-cell lymphotropic virus type 1 (HTLV-1) and
HTLV-2. Oncogene. 2005; 24: 5996–6004. PMID: 16155606

28. Niinuma A, Higuchi M, Takahashi M, Oie M, Tanaka Y, Gejyo F, et al. Aberrant activation of the interleu-
kin-2 autocrine loop through the nuclear factor of activated T cells by nonleukemogenic human T-cell
leukemia virus type 2 but not by leukemogenic type 1 virus. J Virol. 2005; 79: 11925–11934. PMID:
16140768

29. Mahieux R, Pise-Masison CA, Lambert PF, Nicot C, De Marchis L, Gessain A, et al. Differences in the
ability of human T-cell lymphotropic virus type 1 (HTLV-1) and HTLV-2 tax to inhibit p53 function. J
Virol. 2000; 74: 6866–6874. PMID: 10888626

30. Hori T, Uchiyama T, Tsudo M, Umadome H, Ohno H, Fukuhara S, et al. Establishment of an interleukin
2-dependent human T cell line from a patient with T cell chronic lymphocytic leukemia who is not
infected with human T cell leukemia/lymphoma virus. Blood. 1987; 70: 1069–1072. PMID: 3115332

31. Ohtani K, Nakamura M, Saito S, Nagata K, Sugamura K, Hinuma Y. Electroporation: application to
human lymphoid cell lines for stable introduction of a transactivator gene of human T-cell leukemia
virus type I. Nucleic Acids Res. 1989; 17: 1589–1604. PMID: 2784206

32. Kaplan J, Tilton J, PetersonWD Jr. Identification of T cell lymphoma tumor antigens on human T cell
lines. Am J Hematol. 1976; 1: 219–223. PMID: 1087116

33. Matsumoto K, Shibata H, Fujisawa JI, Inoue H, Hakura A, Tsukahara T, et al. Human T-cell leukemia
virus type 1 Tax protein transforms rat fibroblasts via two distinct pathways. J Virol. 1997; 71: 4445–
4451. PMID: 9151835

34. Lewis MJ, Novoa P, Ishak R, Ishak M, Salemi M, Vandamme AM, et al. Isolation, cloning, and complete
nucleotide sequence of a phenotypically distinct Brazilian isolate of human T-lymphotropic virus type II
(HTLV-II). Virology. 2000; 271: 142–154. PMID: 10814579

35. Gunning P, Leavitt J, Muscat G, Ng SY, Kedes L. A human β-actin expression vector system directs
high-level accumulation of antisense transcripts. Proc Natl Acad Sci U S A. 1987; 84: 4831–4835.
PMID: 2440031

Induction of Apoptosis by HTLV-1 Tax

PLOS ONE | DOI:10.1371/journal.pone.0148217 February 1, 2016 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/10572100
http://www.ncbi.nlm.nih.gov/pubmed/10482545
http://www.ncbi.nlm.nih.gov/pubmed/15729715
http://www.ncbi.nlm.nih.gov/pubmed/15367606
http://www.ncbi.nlm.nih.gov/pubmed/11553609
http://www.ncbi.nlm.nih.gov/pubmed/9178902
http://www.ncbi.nlm.nih.gov/pubmed/12708749
http://dx.doi.org/10.1186/1471-2164-13-275
http://www.ncbi.nlm.nih.gov/pubmed/22726420
http://www.ncbi.nlm.nih.gov/pubmed/10906181
http://www.ncbi.nlm.nih.gov/pubmed/16601696
http://www.ncbi.nlm.nih.gov/pubmed/9400978
http://www.ncbi.nlm.nih.gov/pubmed/16155606
http://www.ncbi.nlm.nih.gov/pubmed/16140768
http://www.ncbi.nlm.nih.gov/pubmed/10888626
http://www.ncbi.nlm.nih.gov/pubmed/3115332
http://www.ncbi.nlm.nih.gov/pubmed/2784206
http://www.ncbi.nlm.nih.gov/pubmed/1087116
http://www.ncbi.nlm.nih.gov/pubmed/9151835
http://www.ncbi.nlm.nih.gov/pubmed/10814579
http://www.ncbi.nlm.nih.gov/pubmed/2440031


36. Hara T, Matsumura-Arioka Y, Ohtani K, Nakamura M. Role of human T-cell leukemia virus type I Tax in
expression of the human telomerase reverse transcriptase (hTERT) gene in human T-cells. Cancer
Sci. 2008; 99: 1155–1163. doi: 10.1111/j.1349-7006.2008.00798.x PMID: 18422743

37. Ohtani K, Nakamura M, Saito S, Noda T, Ito Y, Sugamura K, et al. Identification of two distinct elements
in the long terminal repeat of HTLV-I responsible for maximum gene expression. EMBO J. 1987; 6:
389–395. PMID: 3034589

38. Mizuguchi M, Asao H, Hara T, Higuchi M, Fujii M, Nakamura M. Transcriptional activation of the inter-
leukin-21 gene and its receptor gene by human T-cell leukemia virus type 1 Tax in human T-cells. J Biol
Chem. 2009; 284: 25501–25511. doi: 10.1074/jbc.M109.010959 PMID: 19617351

39. Hirai H, Fujisawa J, Suzuki T, Ueda K, Muramatsu M, Tsuboi A, et al. Transcriptional activator Tax of
HTLV-1 binds to the NF-κB precursor p105. Oncogene. 1992; 7: 1737–1742. PMID: 1501885

40. Lee B, Tanaka Y, Tozawa H. Monoclonal antibody defining tax protein of human T-cell leukemia virus
type-I. Tohoku J Exp Med. 1989; 157: 1–11. PMID: 2711372

41. Tanaka Y, Yoshida A, Tozawa H, Shida H, Nyunoya H, Shimotohno K. Production of a recombinant
human T-cell leukemia virus type-I trans-activator (tax1) antigen and its utilization for generation of
monoclonal antibodies against various epitopes on the tax1 antigen. Int J Cancer. 1991; 48: 623–630.
PMID: 1710610

42. Meertens L, Chevalier S, Weil R, Gessain A, Mahieux R. A 10-amino acid domain within human T-cell
leukemia virus type 1 and type 2 tax protein sequences is responsible for their divergent subcellular dis-
tribution. J Biol Chem. 2004; 279: 43307–43320. PMID: 15269214

43. Nevins JR, Leone G, DeGregori J, Jakoi L. Role of the Rb/E2F pathway in cell growth control. J Cell
Physiol. 1997; 173: 233–236. PMID: 9365528

44. Macaire H, Riquet A, Moncollin V, Biemont-Trescol MC, Duc Dodon M, Hermine O, et al. Tax protein-
induced expression of antiapoptotic Bfl-1 protein contributes to survival of human T-cell leukemia virus
type 1 (HTLV-1)-infected T-cells. J Biol Chem. 2012; 287: 21357–21370. doi: 10.1074/jbc.M112.
340992 PMID: 22553204

45. Waldele K, Silbermann K, Schneider G, Ruckes T, Cullen BR, Grassmann R. Requirement of the
human T-cell leukemia virus (HTLV-1) tax-stimulated HIAP-1 gene for the survival of transformed lym-
phocytes. Blood. 2006; 107: 4491–4499. PMID: 16467195

46. Kawata S, Ariumi Y, Shimotohno K. p21(Waf1/Cip1/Sdi1) prevents apoptosis as well as stimulates
growth in cells transformed or immortalized by human T-cell leukemia virus type 1-encoded tax. J Virol.
2003; 77: 7291–7299. PMID: 12805427

47. Jost PJ, Ruland J. Aberrant NF-κB signaling in lymphoma: mechanisms, consequences, and therapeu-
tic implications. Blood. 2007; 109: 2700–2707. PMID: 17119127

48. Li Q, Verma IM. NF-κB regulation in the immune system. Nat Rev Immunol. 2002; 2: 725–734. PMID:
12360211

49. Zhi H, Yang L, Kuo YL, Ho YK, Shih HM, Giam CZ. NF-κB hyper-activation by HTLV-1 tax induces cel-
lular senescence, but can be alleviated by the viral anti-sense protein HBZ. PLoS Pathog. 2011; 7:
e1002025. doi: 10.1371/journal.ppat.1002025 PMID: 21552325

50. Ho YK, Zhi H, DeBiaso D, Philip S, Shih HM, Giam CZ. HTLV-1 tax-induced rapid senescence is driven
by the transcriptional activity of NF-κB and depends on chronically activated IKKα and p65/RelA. J
Virol. 2012; 86: 9474–9483. doi: 10.1128/JVI.00158-12 PMID: 22740410

51. Higuchi M, Tsubata C, Kondo R, Yoshida S, Takahashi M, Oie M, et al. Cooperation of NF-κB2/p100
activation and the PDZ domain binding motif signal in human T-cell leukemia virus type 1 (HTLV-1)
Tax1 but not HTLV-2 Tax2 is crucial for interleukin-2-independent growth transformation of a T-cell line.
J Virol. 2007; 81: 11900–11907. PMID: 17715223

52. Shoji T, Higuchi M, Kondo R, Takahashi M, Oie M, Tanaka Y, et al. Identification of a novel motif
responsible for the distinctive transforming activity of human T-cell leukemia virus (HTLV) type 1 Tax1
protein from HTLV-2 Tax2. Retrovirology. 2009; 6: 83. doi: 10.1186/1742-4690-6-83 PMID: 19761585

53. Childs BG, Baker DJ, Kirkland JL, Campisi J, van Deursen JM. Senescence and apoptosis: dueling or
complementary cell fates? EMBORep. 2014; 15: 1139–1153. doi: 10.15252/embr.201439245 PMID:
25312810

54. Salminen A, Kauppinen A, Kaarniranta K. Emerging role of NF-κB signaling in the induction of senes-
cence-associated secretory phenotype (SASP). Cell Signal. 2012; 24: 835–845. doi: 10.1016/j.cellsig.
2011.12.006 PMID: 22182507

55. Sodhi A, Montaner S, Gutkind JS. Viral hijacking of G-protein-coupled-receptor signalling networks.
Nat Rev Mol Cell Biol. 2004; 5: 998–1012. PMID: 15573137

56. Wada T, Penninger JM. Mitogen-activated protein kinases in apoptosis regulation. Oncogene. 2004;
23: 2838–2849. PMID: 15077147

Induction of Apoptosis by HTLV-1 Tax

PLOS ONE | DOI:10.1371/journal.pone.0148217 February 1, 2016 24 / 25

http://dx.doi.org/10.1111/j.1349-7006.2008.00798.x
http://www.ncbi.nlm.nih.gov/pubmed/18422743
http://www.ncbi.nlm.nih.gov/pubmed/3034589
http://dx.doi.org/10.1074/jbc.M109.010959
http://www.ncbi.nlm.nih.gov/pubmed/19617351
http://www.ncbi.nlm.nih.gov/pubmed/1501885
http://www.ncbi.nlm.nih.gov/pubmed/2711372
http://www.ncbi.nlm.nih.gov/pubmed/1710610
http://www.ncbi.nlm.nih.gov/pubmed/15269214
http://www.ncbi.nlm.nih.gov/pubmed/9365528
http://dx.doi.org/10.1074/jbc.M112.340992
http://dx.doi.org/10.1074/jbc.M112.340992
http://www.ncbi.nlm.nih.gov/pubmed/22553204
http://www.ncbi.nlm.nih.gov/pubmed/16467195
http://www.ncbi.nlm.nih.gov/pubmed/12805427
http://www.ncbi.nlm.nih.gov/pubmed/17119127
http://www.ncbi.nlm.nih.gov/pubmed/12360211
http://dx.doi.org/10.1371/journal.ppat.1002025
http://www.ncbi.nlm.nih.gov/pubmed/21552325
http://dx.doi.org/10.1128/JVI.00158-12
http://www.ncbi.nlm.nih.gov/pubmed/22740410
http://www.ncbi.nlm.nih.gov/pubmed/17715223
http://dx.doi.org/10.1186/1742-4690-6-83
http://www.ncbi.nlm.nih.gov/pubmed/19761585
http://dx.doi.org/10.15252/embr.201439245
http://www.ncbi.nlm.nih.gov/pubmed/25312810
http://dx.doi.org/10.1016/j.cellsig.2011.12.006
http://dx.doi.org/10.1016/j.cellsig.2011.12.006
http://www.ncbi.nlm.nih.gov/pubmed/22182507
http://www.ncbi.nlm.nih.gov/pubmed/15573137
http://www.ncbi.nlm.nih.gov/pubmed/15077147


57. Wu X, Qi J, Bradner JE, Xiao G, Chen LF. Bromodomain and extraterminal (BET) protein inhibition sup-
presses human T cell leukemia virus 1 (HTLV-1) Tax protein-mediated tumorigenesis by inhibiting
nuclear factor κB (NF-κB) signaling. J Biol Chem. 2013; 288: 36094–36105. doi: 10.1074/jbc.M113.
485029 PMID: 24189064

58. Azimi N, Brown K, Bamford RN, Tagaya Y, Siebenlist U, Waldmann TA. Human T cell lymphotropic
virus type I Tax protein trans-activates interleukin 15 gene transcription through an NF-κB site. Proc
Natl Acad Sci U S A. 1998; 95: 2452–2457. PMID: 9482906

59. Mariner JM, Lantz V, Waldmann TA, Azimi N. Human T cell lymphotropic virus type I Tax activates IL-
15R α gene expression through an NF-κB site. J Immunol. 2001; 166: 2602–2609. PMID: 11160322

60. Cross SL, Feinberg MB, Wolf JB, Holbrook NJ, Wong-Staal F, LeonardWJ. Regulation of the human
interleukin-2 receptor α chain promoter: activation of a nonfunctional promoter by the transactivator
gene of HTLV-I. Cell. 1987; 49: 47–56. PMID: 3030566

61. Perkins ND. The diverse and complex roles of NF-κB subunits in cancer. Nat Rev Cancer. 2012; 12:
121–132. doi: 10.1038/nrc3204 PMID: 22257950

62. Campbell KJ, Rocha S, Perkins ND. Active repression of antiapoptotic gene expression by RelA(p65)
NF-κB. Mol Cell. 2004; 13: 853–865. PMID: 15053878

63. Wu ZH, Miyamoto S. Induction of a pro-apoptotic ATM-NF-κB pathway and its repression by ATR in
response to replication stress. EMBO J. 2008; 27: 1963–1973. doi: 10.1038/emboj.2008.127 PMID:
18583959

64. Zhong H, May MJ, Jimi E, Ghosh S. The phosphorylation status of nuclear NF-κB determines its associ-
ation with CBP/p300 or HDAC-1. Mol Cell. 2002; 9: 625–636. PMID: 11931769

65. Chien Y, Scuoppo C, Wang X, Fang X, Balgley B, Bolden JE, et al. Control of the senescence-associ-
ated secretory phenotype by NF-κB promotes senescence and enhances chemosensitivity. Genes
Dev. 2011; 25: 2125–2136. doi: 10.1101/gad.17276711 PMID: 21979375

66. Wang J, Jacob NK, Ladner KJ, Beg A, Perko JD, Tanner SM, et al. RelA/p65 functions to maintain cel-
lular senescence by regulating genomic stability and DNA repair. EMBO Rep. 2009; 10: 1272–1278.
doi: 10.1038/embor.2009.197 PMID: 19779484

67. Perez-Mancera PA, Young AR, Narita M. Inside and out: the activities of senescence in cancer. Nat
Rev Cancer. 2014; 14: 547–558. doi: 10.1038/nrc3773 PMID: 25030953

68. Xu Y, Li N, Xiang R, Sun P. Emerging roles of the p38 MAPK and PI3K/AKT/mTOR pathways in onco-
gene-induced senescence. Trends Biochem Sci. 2014; 39: 268–276. doi: 10.1016/j.tibs.2014.04.004
PMID: 24818748

69. Krtolica A, Parrinello S, Lockett S, Desprez PY, Campisi J. Senescent fibroblasts promote epithelial cell
growth and tumorigenesis: a link between cancer and aging. Proc Natl Acad Sci U S A. 2001; 98:
12072–12077. PMID: 11593017

70. Liang MH, Geisbert T, Yao Y, Hinrichs SH, Giam CZ. Human T-lymphotropic virus type 1 oncoprotein
tax promotes S-phase entry but blocks mitosis. J Virol. 2002; 76: 4022–4033. PMID: 11907241

71. Kannagi M, Harada S, Maruyama I, Inoko H, Igarashi H, Kuwashima G, et al. Predominant recognition
of human T cell leukemia virus type I (HTLV-I) pX gene products by human CD8+ cytotoxic T cells
directed against HTLV-I-infected cells. Int Immunol. 1991; 3: 761–767. PMID: 1911545

72. Jacobson S, Shida H, McFarlin DE, Fauci AS, Koenig S. Circulating CD8+ cytotoxic T lymphocytes
specific for HTLV-I pX in patients with HTLV-I associated neurological disease. Nature. 1990; 348:
245–248. PMID: 2146511

Induction of Apoptosis by HTLV-1 Tax

PLOS ONE | DOI:10.1371/journal.pone.0148217 February 1, 2016 25 / 25

http://dx.doi.org/10.1074/jbc.M113.485029
http://dx.doi.org/10.1074/jbc.M113.485029
http://www.ncbi.nlm.nih.gov/pubmed/24189064
http://www.ncbi.nlm.nih.gov/pubmed/9482906
http://www.ncbi.nlm.nih.gov/pubmed/11160322
http://www.ncbi.nlm.nih.gov/pubmed/3030566
http://dx.doi.org/10.1038/nrc3204
http://www.ncbi.nlm.nih.gov/pubmed/22257950
http://www.ncbi.nlm.nih.gov/pubmed/15053878
http://dx.doi.org/10.1038/emboj.2008.127
http://www.ncbi.nlm.nih.gov/pubmed/18583959
http://www.ncbi.nlm.nih.gov/pubmed/11931769
http://dx.doi.org/10.1101/gad.17276711
http://www.ncbi.nlm.nih.gov/pubmed/21979375
http://dx.doi.org/10.1038/embor.2009.197
http://www.ncbi.nlm.nih.gov/pubmed/19779484
http://dx.doi.org/10.1038/nrc3773
http://www.ncbi.nlm.nih.gov/pubmed/25030953
http://dx.doi.org/10.1016/j.tibs.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24818748
http://www.ncbi.nlm.nih.gov/pubmed/11593017
http://www.ncbi.nlm.nih.gov/pubmed/11907241
http://www.ncbi.nlm.nih.gov/pubmed/1911545
http://www.ncbi.nlm.nih.gov/pubmed/2146511

