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Introduction

Abstract

Human T-cell leukemia virus type 1 (HTLV-1), an etiological agent of adult
T-cell leukemia, immortalizes and transforms primary human T cells in vitro in
both an interleukin (IL)-2-dependent and IL-2-independent manner. Expression
of the HTLV-1 oncoprotein Tax transforms the growth of the mouse T-cell line
CTLL-2 from being IL-2-dependent to IL-2-independent. Withdrawal of IL-2
from normal activated T cells induces apoptosis, which is mediated through the
inducible expression of several proapoptotic proteins, including Bim. In this
study, we found that Tax protects IL-2-depleted T cells against Bim-induced
apoptosis. Withdrawal of IL-2 from CTLL-2 cells induced a prominent increase
in the level of Bim protein in CTLL-2 cells, but not in Tax-transformed CTLL-
2 cells. This inhibition of Bim in Tax-transformed CTLL-2 cells was mediated
by two mechanisms: downregulation of Bimn mRNA and posttranscriptional
reduction of Bim protein. Transient expression of Tax in CTLL-2 cells also
inhibited IL-2 depletion—induced expression of Bim, however, this decrease in
Bim protein expression was not due to downregulation of Bim mRNA, thus
indicating that Bim1 mRNA downregulation in Tax-transformed CTLL-2 occurs
only after long-term expression of Tax. Transient expression of Tax in CTLL-2
cells also induced Erk activation, however, this was not involved in the reduc-
tion of Bim protein. Knockdown of Bim expression in CTLL-2 cells augmented
Tax-induced IL-2-independent transformation. HTLV-1 infection of human T
cells also reduced their levels of Bim protein, and restoring Bim expression in
HTLV-1-infected cells reduced their proliferation by inducing apoptosis. Taken
together, these results indicate that Tax-induced downregulation of Bim in
HTLV-1-infected T cells promotes their IL-2-independent growth, thereby sup-
porting the persistence of HTLV-1 infection in vivo.

emergence of a malignant clone with genetic and epige-
netic alterations, overcome suppression against HTLV-1-

Adult T-cell leukemia (ATL) is a highly aggressive human
leukemia characterized by the clonal proliferation of
mature T cells and is initiated by an infection with
human T-cell leukemia virus type 1 (HTLV-1) [1, 2].
HTLV-1 transmission mainly occurs from mothers to
their infants through breast milk. Approximately 3-5% of
HTLV-1 infections develop into ATL, at an average age of
60 years [3]. During asymptomatic periods, host immu-
nity suppresses the outgrowth of HTLV-1-infected cells.
However, two events, deterioration of host immunity and
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infected T cells, resulting in the development of ATL [4,
5].

HTLV-1 immortalizes primary human T cells in vitro,
and subsequently some cells acquire an interleukin-2
(IL-2)-independent growth phenotype [6]. This HTLV-1-
induced immortalization and transformation event is
essential for establishing a lifelong persistent infection. In
addition to structural genes, HTLV-1 encodes two onco-
proteins, Tax and HBZ [1]. Of the two, Tax is essential
for HTLV-1-mediated IL-2-dependent immortalization of
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T cells. For example, mutation of the tax gene in a
recombinant HTLV-1 strain abolishes its immortalization
activity in T cells [7]. Moreover, Tax alone, without any
other viral genes, can immortalize T cells in vitro [8, 9].
In addition to IL-2-dependent immortalization, Tax may
also play a role in the IL-2-independent transformation of
T cells by HTLV-1. For instance, transduction of the tax
gene into the mouse IL-2-dependent T-cell line CTLL-2
confers IL-2-independent growth [10]. Tax has been
reported to repress the proapoptotic Bcl-2 family protein
Bax and induce the antiapoptotic proteins Bcl-xL and Bfl-
1 [11-13]. However, how Tax induces the IL-2-indepen-
dent growth transformation in T cells has not been fully
elucidated.

Upon depletion of IL-2, activated normal T cells initi-
ate apoptosis through the induction of several proapop-
totic genes, including Bim and Fas ligand [14]. Bim is a
proapoptotic BH3-only protein, which binds to all mem-
bers of the antiapoptotic Bcl-2 family [15]. In this study,
we examined how Tax prevents Bim-induced apoptosis of
T cells after IL-2 depletion. We present evidence that
downregulation of Bim in T cells plays a crucial role in
the IL-2-independent growth of HTLV-1-infected T cells,
including ATL-derived cells.

Materials and Methods

Cells and cell culture conditions

CTLL-2 is a mouse T-cell line that grows in an IL-2-
dependent manner. CTLL-2/Tax is a Tax-transformed
CTLL-2 cell line that grows in an IL-2-independent man-
ner [16]. CTLL-2 cells were cultured in RPMI 1640 med-
ium supplemented with 10% fetal bovine serum (FBS)
and 55 pumol/L 2-mercaptoethanol (2-ME) (RPMI/10%
FBS) plus 0.5 nmol/L recombinant human IL-2 (Takeda
Pharmaceutical Company, Osaka, Japan). CTLL-2/Tax
cells were cultured in RPMI/10% FBS. The human T-cell
lines used in the present study have been characterized
previously [10] and include Jurkat and MOLT-4, which
are HTLV-1-negative; C5/M], C91/PL, HUT-102, MT-2,
MT-4, and SLB-1, which are HTLV-1-transformed; and
KK1 [17], KOB [18], ST1 [19], MT-1, and TL-Oml,
which were derived from ATL patients. These cells were
cultured in RPMI/10% FBS. Human IL-2 was added to a
final concentration of 0.5 nmol/L to the culture of KK1,
KOB, and ST1 cells. Human peripheral blood mononu-
clear cells (PBMC) were isolated from the blood of a
healthy donor using Ficoll-Paque PLUS (GE Healthcare,
Uppsala, Sweden). PBMCs were stimulated with 10 ug/
mL phytohemagglutinin (PHA) (Sigma-Aldrich, St. Louis,
MO) in RPMI 1640 medium supplemented with 20%
FBS and 55 pumol/L 2-ME (RPMI/20% FBS) for 2 days
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and then further cultured in RPMI/20% FBS plus
0.5 nmol/L IL-2. 293T is a human embryonic kidney cell
line and was cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS. To inhibit MEK
activity, CTLL-2 cells were treated with 1, 3, and
10 umol/L U0126 (Merck Millipore, Billerica, MA) for
18 h.

Plasmids

CSII-EF-IB, a lentiviral expression vector coexpressing the
blasticidin resistance gene, was used for expressing Tax,
Tax mutants, and enhanced green fluorescent protein
(EGFP) as a control [20]. To make the expression vectors,
Tax, Tax225-232 (defective for NF-xkB2 activation) [21],
TaxAC (defective for PDZ domain protein binding) [22],
Tax703 (defective for CREB activation), and TaxM22
(defective for NF-xB activation) [23] genes were ampli-
fied by polymerase chain reaction (PCR), cloned into
pENTR/D-TOPO (Life Technologies, Carlsbad, CA), and
then transferred to the CSII-EF-IB vector using LR Clon-
ase (Life Technologies). CSII-EF-EGFP and CSII-EF-Tax1
are the lentiviral expression vectors separately encoding
EGFP and Taxl, respectively [24]. Human BimEL ¢cDNA
was amplified by PCR, cloned into pENTR/D-TOPO, and
transferred to CSII-EF-IG, a lentiviral bicistronic EGFP
expression vector [20], by an LR reaction. Lentiviral vec-
tors expressing short hairpin RNAs (shRNAs) against
mouse Bim mRNA or control shRNA were purchased
from Sigma.

Lentiviruses

Recombinant lentiviruses were generated by transfecting
each lentiviral vector together with pCAG-HIVgp and
pCMV-VSV-G-RSV-Rev (provided by Dr. H. Miyoshi,
RIKEN Tsukuba Institute) into 293T cells by lipofection
using FuGENE HD (Promega, Madison, WI). Since trans-
fection of the BimEL-expressing lentiviral vector into
293T cells induced cell death, the pSVBT plasmid express-
ing the human antiapoptotic protein Bcl-2 (provided by
Dr. Y. Tsujimoto at Osaka University) was cotransfected
into 293T cells. The supernatant of 293T cells containing
the lentiviruses was used to infect CTLL-2, TL-Oml, and
ST1 cells (2-4 x 10°) in a final volume of 1 mL of
RPMI/10% FBS containing 8 ug/mL polybrene, supple-
mented with 0.5 nmol/L IL-2 for CTLL-2 cells. The effi-
ciency of these infections was augmented by
centrifugation of the infected cells with the viruses (800g
at 32°C for 1 h) as described previously [25]. To establish
stably infected CTLL-2 cell lines, infected cells were cul-
tured in selection medium containing 28 ug/mL blastici-
din or 2 pg/mL puromycin for 1-2 weeks.

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Western blotting

Total cell extracts were prepared by lysing cells in SDS
sample buffer (2% SDS, 62.5 mmol/L Tris-HCl [pH
6.8], 10% glycerol, 50 mmol/L dithiothreitol, and 0.01%
bromophenol blue) and heating the mixtures at 95°C
for 5 min. The proteins in the extracts were separated
by SDS polyacrylamide gel electrophoresis, transferred
onto a polyvinylidene difluoride (PVDF) membrane
(Bio-Rad Laboratories, Hercules, CA), and probed with
anti-Tax (Taxy7) [26], p-Erk (Santa Cruz Biotechnol-
ogy, Dallas, TX), Bim, a-Tubulin (Merck Millipore),
Bax, Erk1/2 (Cell Signaling Technology, Danvers, MA),
or Bcl-xL antibodies (BD Biosciences, San Jose, CA).
The intensity of bands was measured using ImageJ soft-
ware.

Real-time PCR

Total RNA was isolated from CTLL-2 or CTLL-2/Tax
cells using the RNAiso reagent (Takara Bio, Otsu,
Japan). Five hundred nanograms of total RNA was
reverse-transcribed using the ExScript RT reagent kit
(Takara Bio). To quantify the amount of Bim RNA, real-
time PCR based on SYBR green fluorescence was per-
formed using SYBR Premix Ex Taq polymerase and the
Thermal Cycler Dice real-time system (Takara Bio).
Primers specific for mouse Bim and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) RNAs were pur-
chased from Takara Bio.

Transformation assay

The IL-2-independent transformation assay was per-
formed as described previously [16]. Briefly, CTLL-2 cells
were infected with the Tax or Tax225-232 lentivirus, and
the cells were cultured in 96-well plates (0.1 x 10%
0.3 x 10%, and 1 x 10* cells per well) without IL-2 for
4 weeks. The number of wells containing outgrowing cells
was counted under a light microscope.

Cell death assays

Cell viability was assessed by staining with trypan blue
under a light microscope. To monitor for apoptosis, cells
were stained with 5 pg/mL of Hoechst 33342 for 30 min
at 37°C and examined with an inverted fluorescence
microscope (Keyence, Osaka, Japan).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
5 software (GraphPad Software Inc., San Diego, CA).

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Results

Bim downregulation in Tax-transformed
CTLL-2 cells

CTLL-2 is a mouse T-cell line that requires IL-2 for con-
tinuous growth. Since depletion of IL-2 from CTLL-2 cul-
tures induces apoptosis, we first examined whether IL-2
withdrawal from CTLL-2 cells induces the expression of
the proapoptotic protein, Bim. Western blot analysis
showed that IL-2 withdrawal from CTLL-2 cells for 18 h
markedly induced the expression of BimEL, BimL, and
BimS (Fig. 1A), which are proteins encoded by the three
alternatively spliced variants of the identical Bim tran-
script. All three isoforms have a proapoptotic function,
with BimS being the most potent [27]. This observation
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Figure 1. Downregulation of Bim in Tax-transformed CTLL-2 cells. (A,
B) Cell lysates were prepared from CTLL-2 cells cultured in the
presence or absence of IL-2 for 18 h and from Tax-transformed CTLL-
2 cells cultured without IL-2, and the levels of Bim, p-Erk, Tax, and «-
tubulin were analyzed by western blotting using the corresponding
antibodies. Band intensities of Bim and p-Erk were quantified and
normalized to a-tubulin and Erk, respectively. (C) Total RNA was
prepared from CTLL-2 cells cultured in the presence or absence of IL-
2 for 18 h and from Tax-transformed CTLL-2 cells cultured without IL-
2. The amount of Bim transcript was measured by real-time PCR and
normalized to the amount of GAPDH RNA.
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suggests that Bim is one factor responsible for IL-2 deple-
tion—induced apoptosis of CTLL-2 cells.

We have previously shown that Tax transforms the
growth of CTLL-2 cells from being IL-2-dependent to IL-
2-independent [10]. Therefore, we next examined how
Tax inactivates Bim in IL-2-depleted CTLL-2 cells. We
found that the amount of Bim proteins in Tax-trans-
formed CTLL-2 cells in the absence of IL-2 was much
lower than that in IL-2-depleted parental CTLL-2 cells,
and was even lower than that in IL-2-supplemented
CTLL-2 cells (Fig. 1A). In addition, four independently
established Tax-transformed IL-2-independent CTLL-2
clones displayed a reduced amount of Bim protein in the
absence of IL-2 (Fig. 1B). These results suggest that Tax
prevents IL-2 depletion—-induced apoptosis of CTLL-2
cells partly through reducing the level of Bim protein.

The amount of Bim protein in lymphocytes is regulated
at transcriptional, posttranscriptional and posttranslational
levels [28-33]. At the posttranslational level, Bim is phos-
phorylated at three serine residues by Erk kinase and is sub-
sequently degraded through the ubiquitin-mediated
proteasome-dependent pathway [34]. As expected, the
active, phosphorylated form of Erk (p-Erk) was present in
IL-2-supplemented CTLL-2 cells, and the amount of p-Erk
was decreased by IL-2 depletion (Fig. 1A). In contrast, the
amount of p-Erk in Tax-transformed cells, including the
four CTLL-2 clones (CTLL-2/Tax), was much higher than
that in IL-2-depleted CTLL-2 cells (Fig. 1A and B), suggest-
ing that Tax activates Erk in IL-2-depleted CTLL-2 cells.

We next examined whether Tax also represses Bim at
the RNA level in CTLL-2 cells. Real-time PCR analysis
showed that Bimn mRNA in CTLL-2 cells was greatly
induced by IL-2 deprivation, but no induction of Bim
mRNA was observed in Tax-transformed CTLL-2 cells
cultured in the absence of IL-2 (Fig. 1C). These results
suggest that Tax-induced IL-2-independent transforma-
tion of CTLL-2 cells is due to downregulation of Bim at
both the protein and the mRNA levels.

To further establish that Tax reduces the expression of
Bim in CTLL-2 cells, we transiently expressed Tax in
CTLL-2 cells by infection with a Tax-expressing lentivirus.
The Tax virus—infected cells were cultured in the presence
of IL-2 for 48 h and further cultured without IL-2 for
18 h. Transient expression of Tax in CTLL-2 cells reduced
the amount of BimEL and BimL protein, with the reduc-
tion of BimEL being greater than that of BimL (Fig. 2A).
It should be noted that BimEL, but not BimL, has three
Erk phosphorylation sites, serines 55, 65, and 73, which
control Erk-induced degradation of Bim [35]. The greater
amount of p-Erk in Tax-expressing CTLL-2 cells than in
control CTLL-2 cells and the slightly slower SDS-PAGE
gel migration of BimEL, but not BimL, in Tax-expressing
CTLL-2 cells (Fig. 2A) are consistent with Tax-induced
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Erk-dependent phosphorylation of BimEL. Collectively,
these results suggest that transient expression of Tax acti-
vates Erk to phosphorylate BimEL, thereby inducing the
degradation of BimEL. Consistent with this, transient
expression of Tax in CTLL-2 cells minimally affected the
level of Bim mRNA (Fig. 2B). Therefore, the observed
downregulation of Bim mRNA in Tax-transformed IL-
2-independent CTLL-2 cells is either a consequence of
long-term expression of Tax or due to selection for
Bim low-expressing cells during the Tax-induced IL-
2-independent transformation process of CTLL-2 cells.

To further examine the finding that Tax reduces Bim
protein level through Erk activation, CTLL-2 cells were
infected with lentivirus coexpressing Tax and blasticidin-
S-deaminase, and the cells were cultured with IL-2 and
blasticidin for 7 days. These cells were treated with the
MEK inhibitor U0126 in the absence of IL-2, and the
amount of Bim in these cells was examined (Fig. 2C and
D). While Tax reduced the amount of BimEL protein in
CTLL-2 cells and U0126 almost completely blocked Erk
activation by Tax, U0126 did not significantly affect the
reduction of BimEL, indicating that Tax reduces Bim pro-
tein by an Erk-independent mechanism.

Next, we characterized various Tax mutants for their
Bim-reducing activities (Fig. 2E). To do so, CTLL-2 cells
were infected with lentivirus coexpressing Tax and blastic-
idin-S-deaminase, cultured with IL-2 and blasticidin for
7 days, and examined for Bim and p-Erk expression after
IL-2 withdrawal for 18 h. Wild-type Tax (WT-Tax)
reduced the expression of BIimEL but not BimL in CTLL-
2 cells. Among the Tax mutants, TaxAC and M22 did not
induce a reduction in Bim expression. Since TaxAC lacks
a PDZ domain-binding motif (PBM) [22] and M22 does
not activate NF-xB-dependent transcription [23], these
results suggest that functions mediated by the PBM and
NF-xB signaling pathways are both required for Tax-
induced Bim reduction. It should be noted, however, that
the amount of TaxAC and M22-mutant proteins in
CTLL-2 cells was lower than that of WT-Tax. Thus, fur-
ther analysis is required to confirm the above conclusion.
In contrast, Tax703 and Tax225-232 reduced Bim expres-
sion equivalent to WT-Tax in CTLL-2 cells. Since Tax703
and Tax225-232 are defective for CREB activation [23]
and NF-xB2-dependent transcriptional activation [21],
respectively, our results indicate that the activation of
both CREB and NF-xB2 pathways by Tax are dispensable
for the Tax-induced reduction of Bim.

Knockdown of Bim augments the
transforming activity of Tax in CTLL-2 cells

To investigate whether Bim downregulation by Tax is
involved in the transformation of CTLL-2 cells, we

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Figure 2. Transient expression of Tax induces Bim protein degradation in CTLL-2 cells. (A) CTLL-2 cells were infected with lentivirus expressing
Tax or control EGFP. Total cell lysates were prepared from the infected cells cultured in the absence of IL-2 for 18 h, and the levels of Bim, p-Erk,
Tax, and a-tubulin were analyzed by western blotting using the corresponding antibodies. (B) CTLL-2 cells infected with Tax- or EGFP-expressing
lentiviruses were cultured without IL-2 for 18 h. The amount of Bim transcript in these cells was measured by real-time PCR analysis and
normalized to the amount of GAPDH RNA. (C) CTLL-2 cells were infected with the lentivirus coexpressing Tax and blasticidin-S-deaminase,
selected with blasticidin for 7 days, and cultured without IL-2 for 18 h in the absence (DMSO) or presence of 10 umol/L U0126. Total cell lysates
were prepared and the expression of Bim, p-Erk, Tax, and a-tubulin proteins was determined by western blot analysis. (D) CTLL-2 cells were
infected as in (C) and cultured without IL-2 for 18 h in the absence or presence of 1, 3, and 10 umol/L U0126. Total cell lysates were prepared
and the expression of Bim, p-Erk, Tax, and a-tubulin proteins was determined by western blot analysis. (E) CTLL-2 cells were infected with the
indicated lentiviruses, selected with blasticidin for 7 days and cultured without IL-2 for 18 h. Total cell lysates were prepared and the expression
of Bim, p-Erk, Tax, and a-tubulin proteins was determined by western blot analysis. Band intensities of Bim and p-Erk were quantified and
normalized to a-tubulin and Erk, respectively.

established Bim-knockdown CTLL-2 cells by infection of = improved by Bim knockdown. The expression levels of
lentivirus expressing shRNA targeting Bim. BimEL and WT and mutant Tax proteins 48 h after infection with
BimL were efficiently knocked down in these cells, but their corresponding lentiviral vectors were almost equiv-
the levels of other Bcl-2 family proteins, Bax and Bcl-xL, alent (Fig. 3B). Taken together, these results indicate
were not affected (Fig. 3A). Bim knockdown did not that Bim induction by IL-2 deprivation in CTLL-2 cells
induce IL-2-independent growth transformation of  inhibits their transformation by WT-Tax and Tax225—

CTLL-2 cells without Tax (data not shown). Next, Bim- 232, and that Bim downregulation by Tax is an
knockdown and control CTLL-2 cells were infected with important activity for the cells’ acquisition of IL-2 inde-
lentivirus encoding WT-Tax or a Tax mutant (Tax225- pendence. In addition, these results suggest that the
232) defective for NF-xB2 activation, and the cells were lower transforming activity of Tax225-232 relative to
cultured in the absence of IL-2 for 4 weeks. Tax effi- WT-Tax is mediated by the mechanism distinct from
ciently induced IL-2-independent transformation in the reduction of Bim.

CTLL-2 cells, and the transforming activity was aug- We next compared the role of Tax expression and

mented by Bim knockdown (Fig. 3B). Consistent with ~ Bim-knockdown in CTLL-2 cells during the initial phase
our previous report [21], Tax225-232 had a lower trans- of CTLL-2 cell transformation. CTLL-2 cells transduced
formation capacity than WT-Tax in the control cells, with Tax-lentivirus in the presence of IL-2 and Bim-
but its transforming activity in CTLL-2 was also greatly knockdown CTLL-2 cells were cultured in the absence of

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 1609
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Figure 3. Knockdown of Bim augments the transforming activities of
Tax. (A) CTLL-2 cells were infected with lentivirus encoding Bim
shRNA or control shRNA, and the cells were cultured with puromycin
for more than 1 week. Cell lysates were prepared from the selected
cells after IL-2 withdrawal and the amount of Bim, Bax, Bcl-xL, and o-
tubulin  present was determined by western blot analysis. (B)
Bim-knockdown and control CTLL-2 cells were infected with lentivirus
expressing Tax or Tax225-232, and the cells were cultured in 96-well
plates (0.1 x 10 0.3 x 10% and 1 x 10* cells per well) without IL-
2 for 4 weeks. The number of wells containing outgrowing cells was
determined using a light microscope (*P < 0.0001 by the chi-square
test). Cell lysates were prepared 48 h after infection with the
indicated viruses, and the amount of the Tax protein in the lysates
was determined by western blot analysis. Data are representative of
two independent experiments. (C) Bim-knockdown and control CTLL-
2 cells (left) or Bim-knockdown and Tax-expressing CTLL-2 cells (right)
were cultured without IL-2 for 5 days. The viability of the cells was
evaluated by trypan blue staining using a light microscope
(*P < 0.0001 by the Z-test). Data are representative of two
independent experiments.

IL-2 (Fig. 3C, right). Tax expression in CTLL-2 cells did
not confer a survival advantage compared with Bim-
knockdown after 3 days, however, at day 4 Tax-expressing
cells, but not Bim-knockdown cells, started to grow.
These results suggest that BImEL downregulation by Tax
in CTLL-2 is not enough to inhibit apoptosis of CTLL-2
after IL-2 withdrawal. Consistently, Bim knockdown only
partially protected CTLL-2 cells from IL-2-depletion—
induced apoptosis (Fig. 3C, left).
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Downregulation of Bim in HTLV-1-infected
T-cell lines

We next investigated the status of Bim protein in
HTLV-1-transformed IL-2-independent T-cell lines and
in T-cell lines that originated from ATL patients. Wes-
tern blot analysis showed that five of the six HTLV-1-
transformed T-cell lines (all except HUT102) expressed
a reduced amount of Bim protein relative to uninfected
T-cell lines and PHA-activated peripheral blood mono-
nuclear cells (PHA-PBMC) (Fig. 4A). Since HTLV-1-
transformed cells express less BimL and BimS than
uninfected T-cell lines, the corresponding Bim mRNAs
are presumed to be downregulated in these HTLV-1-
transformed cell lines. These results suggest that down-
regulation of Bim protein is a factor required for
HTLV-1-mediated IL-2-independent transformation of
human T cells. In addition, four of the five ATL cell
lines tested (all except MT-1) expressed a reduced
amount of Bim protein relative to PHA-PBMC
(Fig. 4B). It should be noted that MT-1 expressed a
relatively high level of p-Erk. Furthermore, the BimEL
detected in MT-1 cells had a slightly higher molecular
weight than that in ST1 cells, suggesting that it may be
inactivated by posttranslational modifications such as
phosphorylation. Collectively, these results suggest that
Bim is inactivated in ATL cells. Of the five ATL cell
lines, only KOB cells expressed a detectable amount of
Tax. Thus, the downregulation of Bim protein in ATL-
Tax-independent, and
another viral protein or a host factor appears to con-
trol the amount of Bim in ATL cells.

derived cell lines is mostly

Re-expression of Bim in ATL cell lines
induces apoptosis

To establish whether the downregulation of Bim in
ATL cell lines plays a role in their aberrant growth
properties, we re-expressed Bim in Bim-negative ATL
cell lines. TL-OmI and ST1 cells were infected with the
EGFP- or BimEL-expressing lentivirus, and 48 h after
infection cell viability was determined by trypan blue
staining. BImEL was detected in BimEL-transduced ST1
cells but not in control cells (Fig. 5A). Furthermore,
BimEL re-expression in the two ATL cell lines signifi-
cantly induced cell death compared with control expres-
sion of EGFP (Fig. 5B). Hoechst 33342 staining
revealed condensed chromatin in BimEL-expressing ST1
cells, indicating that the observed cell death was
induced by an apoptotic mechanism (Fig. 5C). These
results demonstrate that the downregulation of Bim in
ATL cells is required for their aberrant cell growth and
survival.

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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18 h. The levels of Bim, Tax, p-Erk, and a-tubulin proteins were determined by western blot analysis using the corresponding antibodies.
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Figure 5. Re-expression of Bim in ATL cell lines induces apoptosis. (A,
B, C) TL-Oml and ST1 cells were infected with lentivirus (LV)
expressing Bim or control EGFP. Cell lysates were prepared from ST1
cells 24 h after infection, and the level of Bim protein was analyzed
by western blotting (A). Cell viability 48 h after infection was
evaluated by the trypan blue dye exclusion method (*P < 0.0001 by
the Z-test) (B). Bim-transduced ST1 cells were evaluated for apoptosis
by nuclear staining with Hoechst 33342. Arrows indicate the
condensed nuclei of apoptotic cells (C). Data are representative of
two independent experiments.

Discussion

HTLV-1 immortalizes and transforms human T cells in
both an IL-2-dependent and IL-2-independent manner in
vitro, suggesting that HTLV-1-infected cells in vivo grow
at both high-IL-2 and low-IL-2 conditions [36]. In this
study, we found that Tax attenuates the induction of Bim
protein in the T-cell line CTLL-2 after IL-2 depletion,
and that this reduction promotes the Tax-induced

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

IL-2-independent transformation of CTLL-2 cells. More-
over, HTLV-1-transformed IL-2-independent human T-
cell lines generally displayed a low level of Bim protein
relative to control T-cell lines. These results suggest that
Tax-induced Bim reduction plays a role in cell growth in
HTLV-1-infected T cells under IL-2-depleted or low-IL-2
conditions.

Reduction of Bim in Tax-transformed or Tax-express-
ing CTLL-2 cells seems to occur by two distinct mecha-
nisms, one being the downregulation of Bim mRNA level.
Since transient expression of Tax in CTLL-2 cells did not
reduce Bim mRNA, there are two possible mechanisms to
explain the downregulation of Bimn mRNA in Tax-trans-
formed cells. First, because Tax interacts with several
chromatin remodeling factors, such as the histone methyl-
transferase SUV39H1 [37], Tax might induce the silencing
of the Bim gene. Alternatively, only CTLL-2 cells express-
ing low levels of Bim may be selected during Tax-induced
transformation of CTLL-2 cells.

The second mechanism of Bim reduction in CTLL-2
cells is posttranscriptional reduction of Bim protein. Bim
is known to be phosphorylated by Erk and degraded in a
phosphorylation-dependent manner. Stoppa et al. showed
that Tax expression in the human T-cell line Jurkat
increased the levels of p-Erk, thereby inhibiting cisplatin-
induced apoptosis [38]. They further showed that Tax
activates Ras, an upstream activator of Erk, suggesting
that Tax increases p-Erk by stimulating Ras activity. We
also observed that Tax increased the amount of p-Erk
present in CTLL-2 cells and that this activation was
blocked by the MEK inhibitor U0126, suggesting Erk acti-
vation by Tax is mediated through the upstream kinase
MEK. However, our data also demonstrated that Erk acti-
vation by Tax is not responsible for BimEL degradation.
Since Tax has been reported to activate several kinases,
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including TKKo [39], IKKf [40, 41], AKT [42], mTOR
[43], TAK1, and JNK [44], there are multiple candidates
possibly responsible for BimEL phosphorylation by Tax.
Although Bim degradation by Tax was unable to protect
CTLL-2 cells from apoptosis after IL-2 withdrawal, such
activity would have a critical role in establishing HTLV-1
infection in vivo.

In some HTLV-1 infected cell lines, Erk activation and
BimEL phosphorylation did not correlate with the reduc-
tion of BimEL protein. It has been previously reported that
Erk-dependent BimEL phosphorylation does not induce
BimEL protein degradation in chronic lymphoblastic leu-
kemia cells, but instead reduces its binding to the antiapop-
totic protein Mcll, thus contributing to cell survival [45].
It is possible that the same mechanism of BimEL inhibition
operates in HTLV-1-infected cells or ATL cell lines.

Intriguingly, the amount of Bim protein was low in
ATL-derived T-cell lines, even though they expressed a
very small or nearly undetectable amount of Tax. More-
over, re-expression of Bim in ATL cell lines reduced cell
growth by inducing apoptosis. These results indicate that
the aberrant growth of ATL cells depends on Bim repres-
sion. Thus, Bim may be a good target molecule for thera-
peutics against ATL. For instance, a Bim mimetic, such as
ABT-737, might be a good candidate for anti-ATL thera-
peutics [46].

In addition to Tax, several viral oncoproteins including
LMP2A of Epstein—Barr virus and viral interferon regula-
tory factor 1 of human herpesvirus 8 inhibit Bim function
(47, 48]. Specifically, LMP2A inhibits Bim-induced anoikis
by promoting Erk-dependent Bim degradation in epithe-
lial cells [47]. Thus, Bim is a common target for oncogenic
viruses to establish persistent infection. Further investiga-
tions to elucidate the mechanism of Bim downregulation
in HTLV-1-infected cells will advance the understanding
of viral pathogenesis, including HTLV-1-induced ATL.

Acknowledgments

We thank H. Miyoshi (RIKEN Tsukuba Institute, Japan),
Y. Yamada (Nagasaki University), and Y. Tsujimoto
(Osaka University) for providing the lentiviral packaging
plasmids, ATL-derived cell lines, and Bcl-2 expression
plasmid, respectively. We also thank the Takeda Pharma-
ceutical Company for providing recombinant human IL-2
and M. Tobimatsu for technical assistance. This work was
supported in part by JSPS KAKENHI Grant Number
23590537 and by a Grant for the Promotion of Niigata
University Research Project.

Conflict of Interest

None declared.

1612

M. Higuchi et al.

References

1. Matsuoka, M., and K. T. Jeang. 2011. Human T-cell
leukemia virus type 1 (HTLV-1) and leukemic
transformation: viral infectivity, Tax HBZ and therapy.
Oncogene 30:1379-1389.

2. Yasunaga, J., and M. Matsuoka. 2011. Molecular
mechanisms of HTLV-1 infection and pathogenesis. Int.

J. Hematol. 94:435—-442.

3. Iwanaga, M., T. Watanabe, and K. Yamaguchi. 2012. Adult
T-cell leukemia: a review of epidemiological evidence.
Front Microbiol. 3:322.

4. Satou, Y., and M. Matsuoka. 2013. Virological and
immunological mechanisms in the pathogenesis of
human T-cell leukemia virus type 1. Rev. Med. Virol.
23:269-280.

5. Journo, C., and R. Mahieux. 2011. HTLV-1 and innate
immunity. Viruses 3:1374-1394.

6. Bellon, M., H. H. Baydoun, Y. Yao, and C. Nicot. 2010.
HTLV-I Tax-dependent and -independent events
associated with immortalization of human primary T
lymphocytes. Blood 115:2441-2448.

7. Robek, M. D., and L. Ratner. 1999. Immortalization of
CD4(+) and CD8(+) T lymphocytes by human T-cell
leukemia virus type 1 Tax mutants expressed in a
functional molecular clone. J. Virol. 73:4856-4865.

8. Grassmann, R., S. Berchtold, I. Radant, M. Alt, B.
Fleckenstein, J. G. Sodroski, et al. 1992. Role of human
T-cell leukemia virus type 1 X region proteins in
immortalization of primary human lymphocytes in culture.
J. Virol. 66:4570-4575.

9. Akagi, T., and K. Shimotohno. 1993. Proliferative response
of Tax1-transduced primary human T cells to anti-CD3
antibody stimulation by an interleukin-2-independent
pathway. J. Virol. 67:1211-1217.

10. Iwanaga, Y., T. Tsukahara, T. Ohashi, Y. Tanaka, M. Arai,
M. Nakamura, et al. 1999. Human T-cell leukemia virus
type 1 tax protein abrogates interleukin-2 dependence in a
mouse T-cell line. J. Virol. 73:1271-1277.

11. Brauweiler, A., J. E. Garrus, J. C. Reed, and J. K. Nyborg.
1997. Repression of bax gene expression by the HTLV-1
Tax protein: implications for suppression of apoptosis in
virally infected cells. Virology 231:135-140.

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

13. Macaire, H., A. Riquet, V. Moncollin, M. C.
Biemont-Trescol, M. Duc Dodon, O. Hermine, et al. 2012.
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.
287:21357-21370.

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.



M. Higuchi et al.

14. Bouillet, P., and L. A. O’Reilly. 2009. CD95, BIM and
T cell homeostasis. Nat. Rev. Immunol. 9:514-519.

15. Akiyama, T., and S. Tanaka. 2011. Bim: guardian of tissue
homeostasis and critical regulator of the immune system,
tumorigenesis and bone biology. Arch. Immunol. Ther.
Exp. (Warsz) 59:277-287.

16. Ishioka, K., M. Higuchi, M. Takahashi, S. Yoshida, M.
Oie, Y. Tanaka, et al. 2006. Inactivation of tumor
suppressor Dlgl augments transformation of a T-cell line
induced by human T-cell leukemia virus type 1 Tax
protein. Retrovirology 3:71.

17. Yamada, Y., Y. Nagata, S. Kamihira, M. Tagawa, M.
Ichimaru, M. Tomonaga, et al. 1991. IL-2-dependent ATL
cell lines with phenotypes differing from the original
leukemia cells. Leuk. Res. 15:619-625.

18. Maeda, T., Y. Yamada, R. Moriuchi, K. Sugahara, K.
Tsuruda, T. Joh, et al. 1999. Fas gene mutation in the
progression of adult T cell leukemia. J. Exp. Med.
189:1063-1071.

19. Yamada, Y., Y. Ohmoto, T. Hata, M. Yamamura, K.
Murata, K. Tsukasaki, et al. 1996. Features of the cytokines
secreted by adult T cell leukemia (ATL) cells. Leuk.
Lymphoma 21:443-447.

20. Higuchi, M., C. Tsubata, R. Kondo, S. Yoshida, M.
Takahashi, M. Oie, et al. 2007. Cooperation of
NE-kappaB2/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. 81:11900-11907.

21. Shoji, T., M. Higuchi, R. Kondo, M. Takahashi, M. Oie, Y.
Tanaka, et al. 2009. Identification of a novel motif
responsible for the distinctive transforming activity of
human T-cell leukemia virus (HTLV) type 1 Taxl protein
from HTLV-2 Tax2. Retrovirology 6:83.

22. Hirata, A., M. Higuchi, A. Niinuma, M. Ohashi, M.
Fukushi, M. Oie, et al. 2004. PDZ domain-binding motif
of human T-cell leukemia virus type 1 Tax oncoprotein
augments the transforming activity in a rat fibroblast cell
line. Virology 318:327-336.

23. Smith, M. R., and W. C. Greene. 1990. Identification of
HTLV-I tax trans-activator mutants exhibiting novel
transcriptional phenotypes. Genes Dev. 4:1875-1885.

24. Imai, M., M. Higuchi, H. Kawamura, M. Yoshita, M.
Takahashi, M. Oie, et al. 2013. Human T cell leukemia
virus type 2 (HTLV-2) Tax2 has a dominant activity over
HTLV-1 Taxl to immortalize human CD4 + T cells.
Virus Genes 46:39—46.

25. O’Dobherty, U., W. J. Swiggard, and M. H. Malim. 2000.
Human immunodeficiency virus type 1 spinoculation
enhances infection through virus binding. J. Virol.
74:10074-10080.

26. Tanaka, Y., A. Yoshida, H. Tozawa, H. Shida, H. Nyunoya,
and K. Shimotohno. 1991. Production of a recombinant

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bim Downregulation Augments T-Cell Transformation

human T-cell leukemia virus type-I trans-activator (taxl)
antigen and its utilization for generation of monoclonal
antibodies against various epitopes on the tax1 antigen.
Int. J. Cancer 48:623-630.

O’Connor, L., A. Strasser, L. A. O’Reilly, G. Hausmann, J.
M. Adams, S. Cory, et al. 1998. Bim: a novel member of
the Bcl-2 family that promotes apoptosis. EMBO J.
17:384-395.

Matsui, H., H. Asou, and T. Inaba. 2007. Cytokines direct
the regulation of Bim mRNA stability by heat-shock
cognate protein 70. Mol. Cell 25:99-112.

Dijkers, P. F., R. H. Medema, J. W. Lammers, L.
Koenderman, and P. J. Coffer. 2000. Expression of the
pro-apoptotic Bcl-2 family member Bim is regulated by
the forkhead transcription factor FKHR-L1. Curr. Biol.
10:1201-1204.

D’Souza, W. N., C. F. Chang, A. M. Fischer, M. Li, and
S. M. Hedrick. 2008. The Erk2 MAPK regulates CD8 T
cell proliferation and survival. J. Immunol.
181:7617-7629.

O’Reilly, L. A., E. A. Kruse, H. Puthalakath, P. N. Kelly, T.
Kaufmann, D. C. Huang, et al. 2009. MEK/ERK-mediated
phosphorylation of Bim is required to ensure survival of
T and B lymphocytes during mitogenic stimulation.

J. Immunol. 183:261-269.

Sabbagh, L., G. Pulle, Y. Liu, E. N. Tsitsikov, and T. H.
Watts. 2008. ERK-dependent Bim modulation downstream
of the 4-1BB-TRAF1 signaling axis is a critical mediator of
CD8 T cell survival in vivo. J. Immunol. 180:8093-8101.
Craxton, A., K. E. Draves, A. Gruppi, and E. A. Clark.
2005. BAFF regulates B cell survival by downregulating the
BH3-only family member Bim via the ERK pathway. J.
Exp. Med. 202:1363-1374.

Ley, R., K. Balmanno, K. Hadfield, C. Weston, and S. J.
Cook. 2003. Activation of the ERK1/2 signaling pathway
promotes phosphorylation and proteasome-dependent
degradation of the BH3-only protein, Bim. J. Biol. Chem.
278:18811-18816.

Ley, R., K. E. Ewings, K. Hadfield, and S. J. Cook. 2005.
Regulatory phosphorylation of Bim: sorting out the ERK
from the JNK. Cell Death Differ. 12:1008-1014.
Grassmann, R., M. Aboud, and K. T. Jeang. 2005.
Molecular mechanisms of cellular transformation by
HTLV-1 Tax. Oncogene 24:5976-5985.

Kamoi, K., K. Yamamoto, A. Misawa, A. Miyake, T.
Ishida, Y. Tanaka, et al. 2006. SUV39H1 interacts with
HTLV-1 Tax and abrogates Tax transactivation of HTLV-1
LTR. Retrovirology 3:5.

Stoppa, G., E. Rumiato, and D. Saggioro. 2012. Ras
signaling contributes to survival of human T-cell leukemia/
lymphoma virus type 1 (HTLV-1) Tax-positive T-cells.
Apoptosis 17:219-228.

Xiao, G., M. E. Cvijic, A. Fong, E. W. Harhaj, M. T. Uhlik,
M. Waterfield, et al. 2001. Retroviral oncoprotein Tax

1613



Bim Downregulation Augments T-Cell Transformation

40.

41.

42.

43.

induces processing of NF-kappaB2/p100 in T cells:

evidence for the involvement of IKKalpha. EMBO J.
20:6805-6815.

Chu, Z. L., J. A. DiDonato, J. Hawiger, and D. W. Ballard.
1998. The tax oncoprotein of human T-cell leukemia virus
type 1 associates with and persistently activates IkappaB
kinases containing IKKalpha and IKKbeta. J. Biol. Chem.
273:15891-15894.

Harhaj, E. W., and S. C. Sun. 1999. IKKgamma serves as a
docking subunit of the TkappaB kinase (IKK) and mediates
interaction of IKK with the human T-cell leukemia virus
Tax protein. J. Biol. Chem. 274:22911-22914.

Fukuda, R. L., K. Tsuchiya, K. Suzuki, K. Itoh, J. Fujita, A.
Utsunomiya, et al. 2012. HTLV-I Tax regulates the cellular
proliferation through the down-regulation of
PIP3-phosphatase expressions via the NF-kappaB pathway.
Int J. Biochem. Mol. Biol. 3:95-104.

Yoshita, M., M. Higuchi, M. Takahashi, M. Oie, Y. Tanaka,
and M. Fujii. 2012. Activation of mTOR by human

T-cell leukemia virus type 1 Tax is important for the
transformation of mouse T cells to interleukin-
2-independent growth. Cancer Sci. 103:369-374.

1614

44,

45.

46.

47.

48.

M. Higuchi et al.

Suzuki, S., P. Singhirunnusorn, A. Mori, S. Yamaoka, 1.
Kitajima, I. Saiki, et al. 2007. Constitutive activation of
TAKI1 by HTLV-1 tax-dependent overexpression of TAB 2
induces activation of JNK-ATF2 but not IKK-NF-kappaB.
J. Biol. Chem. 282:25177-25181.

Paterson, A., C. I. Mockridge, J. E. Adams, S. Krysov, K.
N. Potter, A. S. Duncombe, et al. 2012. Mechanisms and
clinical significance of BIM phosphorylation in chronic
lymphocytic leukemia. Blood 119:1726-1736.

Ishitsuka, K., N. Kunami, H. Katsuya, R. Nogami, C.
Ishikawa, F. Yotsumoto, et al. 2012. Targeting Bcl-2 family
proteins in adult T-cell leukemia/lymphoma: in vitro and
in vivo effects of the novel Bcl-2 family inhibitor ABT-737.
Cancer Lett. 317:218-225.

Iwakiri, D., T. Minamitani, and M. Samanta. 2013.
Epstein-Barr virus latent membrane protein 2A contributes
to anoikis resistance through ERK activation. J. Virol.
87:8227-8234.

Choi, Y. B., G. Sandford, and J. Nicholas. 2012. Human
herpesvirus 8 interferon regulatory factor-mediated
BH3-only protein inhibition via Bid BH3-B mimicry. PLoS
Pathog. 8:¢1002748.

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.



