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Abstract

Background

Adult T-cell leukemia/lymphoma (ATLL) is a malignancy derived from T cells
infected with human T-cell leukemia virus type 1 (HTLV-1), and it is known to be
resistant to standard anticancer therapies. Indole-3-carbinol (I13C), a naturally
occurring component of Brassica vegetables such as cabbage, broccoli and Brussels
sprout, is a promising chemopreventive agent as it is reported to possess
antimutagenic, antitumorigenic and antiestrogenic properties in experimental studies.
The aim of this study was to determine the potential anti-ATLL effects of 13C both in

vitro and in vivo.

Results

In the in vitro study, 13C inhibited cell viability of HTLV-1-infected T-cell lines and
ATLL cells in a dose-dependent manner. Importantly, 13C did not exert any inhibitory
effect on uninfected T-cell lines and normal peripheral blood mononuclear cells. 13C
prevented the G,/S transition by reducing the expression of cyclin D1, cyclin D2,
Cdk4 and Cdk6, and induced apoptosis by reducing the expression of XIAP, survivin
and Bcl-2, and by upregulating the expression of Bak. The induced apoptosis was
associated with activation of caspase-3, -8 and -9, and poly(ADP-ribose) polymerase
cleavage. 13C also suppressed IkBa. phosphorylation and JunD expression, resulting
in inactivation of NF-kB and AP-1. Inoculation of HTLV-1-infected T cells in mice
with severe combined immunodeficiency resulted in tumor growth. The latter was

inhibited by treatment with 13C (50 mg/kg/day orally), but not the vehicle control.



Conclusion

Our preclinical data suggest that 13C could be potentially a useful chemotherapeutic

agent for patients with ATLL.



Background

Adult T-cell leukemia/lymphoma (ATLL) is a fatal T-cell malignancy caused by
infection of mature CD4" T cells by human T-cell leukemia virus type 1 (HTLV-1)
[1-3]. ATLL is clinically and hematologically subclassified into four subtypes: acute,
lymphoma, chronic and smoldering. In the relatively indolent smoldering and chronic
types, the median survival time is >2 years. However, currently, there is no accepted
curative therapy for ATLL and the condition often progresses to death with a median
survival time of 13 months in aggressive ATLL [4]. Death is usually due to severe
infection or hypercalcemia, often associated with resistance to intensive, combined
chemotherapy. Therefore, the establishment of new therapeutic strategies for ATLL is
deemed critical.

ATLL arises after a long latent period of over 50 years and involves a multi-
step mechanism of tumorigenesis [5]. Although the mechanism of transformation and
leukemogenesis is not fully elucidated, there is evidence to suggest that the viral
oncoprotein Tax plays a crucial role in these processes through the regulation of
several pathways including NF-xB and the cell-cycle pathways [6-8]. The observation
that Tax-induced NF-xB is indispensable for the maintenance of the malignant
phenotype of HTLV-1, through the regulation of expression of various genes involved
in cell-cycle regulation and inhibition of apoptosis, provides a possible molecular
target for ATLL.

Indol-3-carbinol (I13C) is an autolysis product of a glucosinolate,
glucobrassicin, found in Brassica species or cruciferous vegetables such as cabbage,
broccoli, cauliflower and Brussels spouts [9,10]. The chemopreventive potential of

I13C has received much attention in light of its reported in vivo efficacy in protection
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against chemically-induced carcinogenesis in animals [11-13]. Moreover, the clinical
benefits of 13C have also been shown in human clinical trials for cervical dysplasia
[14], breast cancer [15,16] and vulvar intraepithelial neoplasia [17]. Despite these
advances in translational research, the mechanism by which 13C inhibits
tumorigenesis remains inconclusive. Mechanistic evidence indicates that 13C
facilitates growth arrest and apoptosis by targeting a broad range of signaling
pathways pertinent to cell-cycle regulation and survival, including those mediated by
Akt, NF-xB and mitogen-activated protein kinases [18-21]. However, as these
signaling targets often operate in a cell-specific fashion, it remains controversial
whether any of them solely accounts for the effect of 13C on growth arrest and
apoptosis of tumor cells [22].

I3C has also been shown to suppress the proliferation of various tumor cells
including breast cancer, prostate cancer, endometrial cancer, colon cancer and
myeloid leukemia cells [21]. However, the potential of 13C to inhibit the proliferation
of ATLL cells has not been evaluated. In this study, we investigated the effects of 13C
on cell growth and apoptosis of HTLV-1-infected and uninfected T-cell lines and
primary ATLL cells. The results demonstrated selective effects on HTLV-1-infected
malignant T cells and support a potential therapeutic role for 13C in patients with

ATLL.

Results

I3C inhibits cell viability of HTLV-1-infected T-cell lines and primary ATLL cells
First, we examined the effects of 13C on cell viability of HTLV-1-infected T-cell lines.
We used two HTLV-1-transformed T-cell lines (MT-4 and HUT-102), an ATLL-

derived T-cell line (TL-Oml) and three HTLV-1-negative T-cell lines (MOLT-4,
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Jurkat and CCRF-CEM). Tax protein was detected by immunoblot analysis in the two
HTLV-1-transformed T-cell lines but not in the ATLL-derived T-cell line (Figure 5A
and data not shown). Cell viability was assessed by the water-soluble tetrazolium
(WST)-8 assay kit. Culture of cells with various concentrations of 13C for 72 h
resulted in the suppression of cell viability in a dose-dependent manner in all three
lines (Figure 1A). The effect of 13C was not significant on control uninfected T-cell
lines.

We also evaluated the effects of 13C on cell viability of fresh ATLL cells
obtained from eight independent ATLL patients. As shown in Figure 1B, 13C
inhibited cell viability of fresh ATLL cells. It seems that there are two groups of
ATLL samples. One of them (ATLL 2, 3 and 6) is more sensitive to 13C than the
other. However, there were no differences between two groups in terms of the clinical
parameters, such as white blood cells count, proportion of ATLL cells, lactate
dehydrogenase level and survival time (data not shown). All patients were negative
for Tax protein by immunoblot analysis (data not shown). Importantly, 13C up to 100
uM had no effect on viability of normal peripheral blood mononuclear cells (PBMC)

obtained from four healthy donors.

I3C treatment causes G,/S cell-cycle arrest in HTLV-1-infected T-cell lines

Next, we examined the cellular DNA contents distribution by flow cytometric
analysis following cell treatment. In all HTLV-1-infected T-cell lines, 13C induced
significant changes in the cell-cycle distribution (Figure 2). Cultivation with 13C for
12 h increased the population of cells in the G; phase, with a marked reduction of
cells in the S phase. These changes were primarily the result of a G4/S cell-cycle
arrest in HTLV-1-infected T-cell lines. At 24 h after treatment, the population of cells

in the pre-Go/G; region, regarded as apoptotic cells, was increased (data not shown).
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I3C induces apoptosis of HTLV-1-infected T-cell lines

To check that the observed increase in the pre-Gy/G; results from apoptosis, 13C-
treated HTLV-1-infected T-cell lines were analyzed by staining with APO2.7
monoclonal antibody. 13C increased the proportion of apoptotic cells in all HTLV-1-
infected T-cell lines, but not in uninfected T-cell lines (Figure 3A). A significant
increase in the apoptotic population was detected in HUT-102 cells in a time- and
dose-dependent manner (Figure 3B and C). A similar experiment was also performed
with Hoechst 33342 staining (Figure 3D). This staining allows evaluation of
chromatin condensation, which is a hallmark of apoptosis. Consistent with the above
results, 13C significantly increased DNA degradation in HUT-102 cells. Taken
together, these results indicate that I13C inhibits cell viability of HTLV-1-infected T-

cell lines through cell apoptosis.

I3C-induced apoptosis is caspase-dependent

We then investigated whether the observed apoptosis was due or not to caspase
activation. Cell extracts were obtained after treatment and processed for Western blot.
Indeed, in HUT-102 cells, 13C-induced apoptosis was associated with caspase
activation, as shown by poly(ADP-ribose) polymerase (PARP) cleavage (Figure 4A).
Furthermore, 13C treatment resulted in activation of caspases-3, -8 and -9 in HUT-102
cells (Figure 4B). These results demonstrate the involvement of caspase activation in

I13C-induced apoptosis in HTLV-1-infected T-cell lines.

Effects of I3C on cell-cycle and apoptosis regulatory proteins
To clarify the molecular mechanisms of 13C-induced inhibition of cell viability and
apoptosis in HTLV-1-infected T-cell lines, we examined the expression of several

intracellular regulators of cell-cycle and apoptosis, including cyclin D1, cyclin D2,



Cdk4, Cdke6, Bak, Bax, Bcl-2, Bel-xL, XIAP and survivin by Western blot analysis.
As shown in Figure 5A, 13C did not alter Bax and Bcl-xL levels in HUT-102 and TL-
Oml cells. In contrast, 13C significantly decreased the expression of cyclin D1, cyclin
D2, Cdk4 and Cdk6 in HUT-102 and TL-Oml cells in a time-dependent manner. 13C
dose-dependently decreased the levels of expression of these proteins (Figure 5B).
Although XIAP was not detected in TL-Oml cells, 13C decreased its expression in
HUT-102 cells in a time- and dose-dependent manner. I13C also decreased the
expression of Bcl-2 and survivin in HUT-102 and TL-Oml cells, respectively. In
contrast, the expression of Bak was increased in TL-Oml cells treated with 13C for 48
h. Western blot analysis showed that 13C treatment had no effect on Tax expression in
HUT-102 cells (Figure 5A). Comparable loading of protein was confirmed with a
specific antibody for the housekeeping gene product actin. Furthermore, mMRNA
expression of Tax and HBZ, which was recently identified in the 3’-long terminal
repeat of the complementary sequence of HTLV-1 and has been suggested as a
critical gene in leukemogenesis of ATLL [23], in HUT-102 and TL-Oml cells treated
with 13C, was examined by RT-PCR. However, both mRNA expression levels were

not affected by I3C treatment (Figure 5C).

I3C modulates activated NF-xB and AP-1

NF-kB is a transcription factor involved in the control of apoptosis, cell-cycle
progression and cell differentiation [24]. NF-«xB is constitutively activated in Tax-
expressing and HTLV-1-infected T-cell lines as well as primary ATLL cells [25], and
such activation correlates with leukemogenesis [26]. Because NF-kB regulates the
expression of cyclin D1, cyclin D2, Cdk4, Cdk6, Bcl-2, XIAP and survivin [27-32],

we examined whether I3C inhibits the NF-kB pathway. To study the DNA-binding



activity of NF-kB, we performed electrophoretic mobility shift assay (EMSA) with
radiolabeled double-stranded NF-kB oligonucleotides and nuclear extracts from
untreated or 13C-treated HUT-102 cells. NF-kB oligonucleotide probe with nuclear
extracts from untreated HUT-102 cells generated DNA-protein gel shift complexes
(Figure 6A, top panel). NF-xB complex contained p50, p65 and c-Rel [33]. Nuclear
extracts prepared from HUT-102 cells treated with 13C for 12 h exhibited a decrease
in the intensity of NF-xB-containing gel shift complexes (Figure 6A, top panel). This
finding suggests that 1I3C downregulates the DNA-binding activities of NF-«xB.
Inhibition appeared specific to NF-xB and not due to cell death, because no
significant change in binding activity of Oct-1 was observed after treatment of cells
with 13C (Figure 6A, bottom panel).

Degradation of IxBa and subsequent release of NF-kB requires prior
phosphorylation at Ser32 and Ser36 residues [34]. To investigate whether the
inhibitory effect of 13C was mediated through alteration of phosphorylation of IkBa.,
HUT-102 and TL-Oml cells were treated with 13C and their protein extracts were
checked for phospho-1kBa. expression. Untreated HUT-102 and TL-Oml cells
constitutively expressed Ser32/36-phosphorylated IkBa., while 13C treatment
decreased the phosphorylated IkBa in a time-dependent manner (Figure 6B), with a
concomitant rise in IkBa. level. These results suggest that 13C inhibits
phosphorylation of IkBa followed by accumulation of this protein. We next examined
the effect of 13C on the cellular distribution of NF-xB components using fluorescence
microscopy. 13C blocked nuclear localization of NF-xB p65 in HUT-102 cells, which
constitutively express this protein in the cell nucleus in the absence of 13C (Figure

6C).
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Transcription factor AP-1 is also identified as a crucial mediator of both cell-
cycle enhancing and cell death inhibiting pathways in HTLV-1-infected T-cells [7].
Tax activates transcription through AP-1 site and induces AP-1 DNA-binding activity
[35,36]. Therefore, we focused on AP-1 inactivation after exposure to 13C. HUT-102
cells exhibited elevated constitutive AP-1 DNA-binding activity (Figure 6A, middle
panel). 13C also reduced AP-1 DNA-binding activity. HTLV-1-infected T-cells with
increased AP-1 DNA-binding activity contained Jun D [35]. I3C decreased time-
dependently the expression of JunD (Figure 6B). These findings suggest that 13C

depletes JunD, resulting in inactivation of AP-1.

Chemotherapeutic effects of I3C on subcutaneous HUT-102 tumors

Finally, we examined the effects of I13C against ATLL in vivo. SCID mice (n = 12)
were inoculated with HUT-102 and then divided into two groups: untreated mice (n =
6) and 13C-treated mice (n = 6). Treatment commenced on the day after inoculation
and the effects of treatment on tumorigenicity were assessed over four weeks. During
treatment, all mice displayed no adverse events with respect to general appearance,
body weight (Figure 7A) and food intake. 13C did not affect tumor incidence but
significantly slowed the growth of the transplanted tumors (Figure 7B). After 28-day
treatment, 13C significantly decreased tumor volume compared with vehicle-treated
mice (P < 0.05) (Figure 7C). Statistically similar differences were found in tumor
weights at necropsy (P < 0.05, Figure 7D and E). Terminal deoxynucleotidyl
transferase mediated nick labeling (TUNEL) assay showed few apoptotic cells in
tumors from untreated mice, while abundant apoptotic cells were noted in tumors
from 13C-treated mice (Figure 7F). At necropsy, gross and histopathological

examinations showed no apparent pathological findings, neoplastic lesions or
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metastatic tumors in the lungs, liver, pancreas, kidneys, spleen or large bowel in all

mice. These results suggest that 13C is therapeutically beneficial in mice with ATLL.

Discussion

In contrast to the latest progress in understanding HTLV-1 infection, pathogenesis and
mode of action, more progress in developing therapies for these infected cells is
needed. There has been only very limited improvement in the prognosis of ATLL
during the past several years. However, few well established pathways including NF-
kB and AP-1 have been shown to be tightly regulated in HTLV-1-infected T-cells and
therefore providing viable targets for treatment [7,26].

The present investigation shows that 13C selectively inhibits cell viability of
HTLV-1-infected T-cell lines and primary ATLL cells. The 50% inhibitory drug
concentration (1C50) values in HTLV-1-infected T-cell lines and primary ATLL cells
were 23.7-67.4 uM and 18.3-69.5 uM, respectively. We also showed that 13C induces
G1/S cell-cycle arrest and apoptosis of HTLV-1-infected T-cell lines. In addition, our
results provide mechanistic information on how I3C exerts its cytostatic and
proapoptotic effects on HTLV-1-infected T-cell lines (i.e., by inhibiting NF-xB and
AP-1 activity). Inhibition of NF-xB activity is mediated by blocking the
phosphorylation of the NF-xB inhibitory protein IkBa and by preventing nuclear
translocation of the NF-kB complex. Suppression of constitutive NF-kB activation by
I13C in HTLV-1-infected T-cell lines is consistent with previous reports, which
showed the suppression of constitutive NF-xB in PC3 prostate cancer cells, MDA-
MB-231 breast cancer cells and acute myelogenous leukemia cells [37-39]. Our
studies are the first to indicate that 13C also inhibits JunD expression, resulting in the

suppression of AP-1 DNA-binding.
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We showed that 13C inhibited NF-kB-regulated gene products involved in cell
proliferation (e.g., cyclin D1, cyclin D2, Cdk4 and Cdk6) and antiapoptosis (e.g.,
XIAP, survivin and Bcl-2). Although cyclin D1 expression is regulated by NF-xB
[27], AP-1 proteins also bind directly to the cyclin D1 promoter and activate it [40].
Furthermore, the cyclin D2 promoter contains NF-xB and AP-1 sites [41]. It is
therefore likely that NF-xB and AP-1, in concert, support proliferation of HTLV-1-
infected T cells by activating cyclin D1 and cyclin D2. We speculate that I13C inhibits
cyclin D1 and cyclin D2 expression through the suppression of both NF-xB and AP-1,
resulting in the induction of cell-cycle arrest at the G; phase. Although Bcl-xL
expression is regulated by NF-kB and AP-1, STAT and Ets also regulate its
expression [42]. Therefore, 13C might fail to affect the expression of Bcl-xL.

The HTLV-1 encodes the oncoptotein Tax from its pX gene and the minus
strand of the provirus encodes HBZ. Tax and HBZ play a central role in
leukemogenesis of ATLL [5]. Tax activates not only viral replication but also induces
the expression of cellular genes through NF-xB and AP-1 activation. HBZ interacts
with JunD to activate the transcription of JunD-dependent promoters of cellular genes
[43,44]. HBZ RNA promotes T-cell proliferation and upregulates E2F1 transcription
[45]. We examined the levels of Tax and HBZ expression in HTLV-1-infected T-cell
lines, HUT-102 and TL-Oml, but both were not molecular targets of 13C treatment.

Increasing attention is being paid to the possible use of agents that prevent the
development of ATLL in individuals at high risk. For this purpose, the use of natural
compounds for ATLL prevention has practical advantages with regard to availability,
suitability for oral application, regulatory approval and mechanisms of action.
Candidate substances present in foods and plants have been identified by

experimental studies. Green tea polyphenols inhibit in vitro growth of ATLL cells as
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well as an HTLV-1-infected T-cell line, by inducing apoptosis [46]. The daily intake
of capsulated green tea for 5 months significantly diminished the HTLV-1 provirus
load compared with the controls [47].

Given the pharmacological safety of 13C (established through centuries of
dietary intake), our study suggests that this compound has great potential as both a
chemopreventive and a chemotherapeutic agent, especially when used in combination
with other agents. Whether the concentrations of 13C used in our studies are
achievable in vivo remains to be determined. After oral administration of 13C (250
mg/kg) to mice, the compound was rapidly absorbed and reached a peak
concentration of 4.1 ug/ml at the earliest sampling time point of 15 min after dose
[48]. 13C was rapidly and extensively distributed into sampled tissues, with highest
concentrations in the liver (24.5 ug/g tissue). This concentration is equivalent to 165.4
uM, suggesting that the therapeutically effective concentrations of 13C used in the
present studies may be achievable in vivo.

ATLL remains of poor prognosis. Novel effective drugs are warranted to
reduce the emergence of resistant clones. Because the average Japanese ATLL patient
is 60 year old, severe side effects and complications such as serious infections due to
anti-cancer drugs are major problems in the clinical setting. Natural compounds may
be safer than the currently available chemotherapeutic drugs. In particular, 13C might
be useful in elderly patients or in immunocompromised patients because of its safety
and lack of known toxicity. Overall, our results demonstrate that 13C is a potent
inhibitor of NF-xB and AP-1 activation, which may explain its antiproliferative and
proapoptotic effects. Our results further extend the potential preventive and

therapeutic application of 13C for ATLL.
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Conclusion

We have demonstrated that a dietary agent, 13C, has potent antiproliferative and
proapoptotic properties in vitro and is systemically active against aggressive ATLL in
mice. In addition, I3C is well tolerated by the host animal in therapeutically
beneficial doses, making it an attractive candidate for further preclinical testing as an

anti-ATLL agent.

Methods

Cells

HTLV-1-infected T-cell lines, HUT-102 [1], MT-4 [49] and TL-Oml [50], HTLV-1-
uninfected T-cell line, Jurkat, MOLT-4 and CCRF-CEM, were cultured in RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine serum (JRH
Biosciences, Lenexa, KS), 50 U/ml penicillin and 50 pg/ml streptomycin. HUT-102
and MT-4 are HTLV-1-transformed T-cell lines and constitutively express viral genes
including Tax. TL-Oml is a T-cell line of leukemic cell origin that was established
from a patient with ATLL and does not express viral genes. Previously untreated
ATLL patients were investigated. PBMC were isolated from four healthy volunteers
and eight patients with acute type ATLL, using Ficoll-Paque density gradient
centrifugation (GE Healthcare Biosciences, Uppsala, Sweden). All samples were
obtained after informed consent. The diagnosis of ATLL was based on clinical
features, hematological findings and the presence of anti-HTLV-1 antibodies in the
sera. Monoclonal HTLV-1 provirus integration into the DNA of leukemic cells was

confirmed by Southern blot hybridization in all patients (data not shown).
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Reagents

I13C was purchased from Calbiochem (La Jolla, CA). A 200 mM solution was
prepared in dimethyl sulfoxide (DMSO), stored as small aliquots at —80°C, and then
thawed and diluted as needed in cell culture medium. Control cultures received the
same concentration of DMSO (0.05%), similar to those used for the experimental
cultures. Rabbit polyclonal antibodies to cyclin D2, survivin, IkBa and JunD were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal
antibody to Bcl-xL was purchased from BD Transduction Laboratories (San Jose,
CA). Mouse monoclonal antibodies to Bcl-2, Bax, Cdk4, Cdk6 and actin were
purchased from NeoMarkers (Fremont, CA). Mouse monoclonal antibodies to XIAP
and cyclin D1 were purchased from Medical & Biological Laboratories (MBL;
Nagoya, Japan). Mouse monoclonal antibody to phospho-lkBa. (Ser32/36) and rabbit
polyclonal antibody to cleaved PARP and Bak were purchased from Cell Signaling

Technology (Beverly, MA). Antibody to Tax, Lt-4, was described previously [51].

Cell viability and apoptosis assays

The effect of 13C on cell viability was examined by the cell proliferation reagent,
WST-8 (Wako Pure Chemical Industries, Osaka, Japan). Briefly, 1 x 10° cells/ml (cell
lines) or 1 x 10° cells/ml (PBMC) were incubated in a 96-well microculture plate in
the absence or presence of various concentrations of 13C. After 72 h (cell lines) or 24
h (PBMC) of culture, WST-8 (5 ul) was added for the last 4 h of incubation and
absorbance at 450 nm was measured using an automated microplate reader.
Measurement of mitochondrial dehydrogenase cleavage of WST-8 to formazan dye
provides an indication of the level of cell viability. Apoptotic events in cells were

detected by staining with phycoerythrin-conjugated APO2.7 monoclonal antibody
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(Beckman Coulter, Marseille, France) [52] and analyzed by flow cytometry (Epics
XL, Beckman Coulter, Fullerton, CA). For analysis of morphologic changes of nuclei,
cells were stained by 10 pg/ml Hoechst 33342 (Wako Pure Chemical Industries) and
photographed through an ultraviolet filter using Olympus IX70 microscope (Olympus,

Tokyo, Japan).

Cell-cycle analysis

Cell-cycle analysis was performed with the CycleTEST PLUS DNA reagent kit
(Becton Dickinson Immunocytometry Systems, San Jose, CA). In brief, 1 x 10° cells
were washed with a buffer solution containing sodium citrate, sucrose and DMSO,
suspended in a solution containing RNase A and stained with 125 pg/ml propidium
iodide for 10 min. After passing the cells through a nylon mesh, cell suspensions were
analyzed on an Epics XL. The distribution of cell-cycle phases with different DNA

contents was determined.

In vitro measurement of caspase activity

Cell extracts were recovered with the use of the cell lysis buffer and assessed for
caspase-3, -8 and -9 activities using colorimetric probes (MBL). The colorimetric
caspase assay kits are based on detection of the chromophore p-nitroanilide after
cleavage from caspase-specific-labeled substrates. Colorimetric readings were

performed in an automated microplate reader at an optical density of 400 nm.

Western blot analysis

Cells were lysed in a buffer containing 62.5 mM Tris-HCI (pH 6.8), 2% SDS, 10%
glycerol, 6% 2-mercaptoethanol and 0.01% bromophenol blue. Samples were
subjected to electrophoresis on SDS-polyacrylamide gels followed by transfer to a

polyvinylidene difluoride membrane and probing with the specific antibodies. The
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bands were visualized with the enhanced chemiluminescence kit (GE Healthcare

Unlimited, Buckinghamshire, UK).

RT-PCR

Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA) according to the
protocol provided by the manufacturer. First-strand cDNA was synthesized from 5 ug
total cellular RNA using an RNA PCR kit (Takara Bio, Otsu, Japan) with random
primers. Thereafter, cONA was amplified for 40 cycles for Tax, 35 cycles for HBZ
and 28 cycles for B-actin. The sequences of the primers were as follows: for Tax,
sense, 5’-CCGGCGCTGCTCTCATCCCGGT-3’ and antisense, 5’-
GGCCGAACATAGTCCCCCAGAG-3’; for HBZ, sense, 5’-
CCGGCGCTGCTCTCATCCCGGT-3’ and antisense, 5’-
GGCCGAACATAGTCCCCCAGAG-3’; and for B-actin, sense, 5’-
GTGGGGCGCCCCAGGCACCA-3’ and antisense, 5’-
CTCCTTAATGTCACGCACGATTTC-3". Cycling conditions were as follows:
denaturing at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 30
sec (for Tax and HBZ) or for 90 s (for B-actin). The PCR products were fractionated

on 2% agarose gels and visualized by ethidium bromide staining.

Detection of NF-kB p65

Cells were cultured with or without 13C for 12 h, and then fixed with
paraformaldehyde for 10 min. For NF-kB p65 staining, the cells were permeabilized
with 0.1% saponin in phosphate-buffered saline containing 1% bovine serum albumin.
The cells were then incubated with a fluorescein isothiocyanate-conjugated rabbit
polyclonal antibody for NF-xB p65 (Santa Cruz Biotechnology) for 45 min at 4°C.

Protein localization was detected using fluorescence microscopy (Olympus).
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Preparation of nuclear extracts and EMSA

Cells were cultured and examined for inhibition of NF-xB and AP-1 after exposure to
I13C for 12 h. Nuclear proteins were extracted, and NF-kB and AP-1 binding activities
to NF-xB and AP-1 elements were examined by EMSA as described previously
[25,35]. In brief, 5 ug of nuclear extracts were preincubated in a binding buffer
containing 1 ug poly-deoxy-inosinic-deoxy-cytidylic acid (GE Healthcare
Biosciences), followed by the addition of **P-labeled oligonucleotide probe
containing NF-xB and AP-1 elements (approximately 50,000 cpm). These mixtures
were incubated for 15 min at room temperature. The DNA protein complexes were
separated on 4% polyacrylamide gels and visualized by autoradiography. The probes
used were prepared by annealing the sense and antisense synthetic oligonucleotides; a
typical NF-kB element from the interleukin-2 receptor o chain gene (5’-

gatcCGGCAGGGGAATCTCCCTCTC-3’) and an AP-1 element of the interleukin-8

gene (5’-gatcGTGATGACTCAGGTT-3’). The oligonucleotide 5’-
gatcTGTCGAATGCAAATCACTAGAA-3’, containing the consensus sequence of
the octamer binding motif, was used to identify specific binding of the transcription
factor Oct-1. This transcription factor regulates the transcription of a number of so-
called housekeeping genes. The above underlined sequences represent the NF-kB,

AP-1 or Oct-1 binding site.

In vivo administration of I3C

Five-week-old female C.B-17/Icr-SCID mice obtained from Ryukyu Biotec (Urasoe,
Japan) were maintained in containment level 2 cabinets and provided with autoclaved
food and water ad libitum. Mice were engrafted with 1 x 10" HUT-102 cells by

subcutaneous injection in the postauricular region and randomly placed into two
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cohorts of six mice each that received vehicle or 13C. Treatment was initiated on the
day after cell injection. I13C was dissolved in soybean oil at a concentration of 3.3
mg/ml, and 50 mg/kg body weight of 13C was administered by oral gavage every day
for 28 days. Control mice received the same volume of the vehicle (soybean oil) only.
Body weight and tumor numbers and size were monitored once a week. All mice were
sacrificed on day 28, and then the tumors were dissected out and their weight was
physically measured. Thereafter, tumors were fixed for paraffin embedding and tissue
sectioning. Analysis of DNA fragmentation by fluorescent TUNEL was performed
using a commercial kit (Takara Bio) as described in the instructions provided by the
manufacturer. This experiment was performed according to the Guidelines for the
Animal Experimentation of the University of the Ryukyus and was approved by the

Animal Care and Use Committee of the same University.

Statistical analysis

Data were expressed as mean + SD. Mann-Whitney’s U-test and Student’s t-test were
used, as appropriate. A P value less than 0.05 denoted the presence of statistical

significance.
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Figure legends

Figure 1 - Inhibitory effects of I13C on cell viability of HTLV-1-infected T-cell

lines and primary ATLL cells

Cell lines and PBMC were incubated in the presence of various concentrations of 13C
for 72 h and 24 h, respectively, and viability of the cultured cells was measured by
WST-8 assay. Relative viability of cultured cells is presented as the mean determined
on cell lines (A) and PBMC from healthy controls and ATLL patients (B) from
triplicate cultures. A relative viability of 100% was designated as total number of cells
that grew in 72-h cultures in the absence of 13C. HUT-102, MT-4 and TL-Oml are
HTLV-1-infected T-cell lines; Jurkat, MOLT-4 and CCRF-CEM, uninfected T-cell

lines used as controls. Data are mean + SD of triplicate experiments.

Figure 2 - 13C induces cell-cycle arrest in HTLV-1-infected T-cell lines

HTLV-1-infected T-cell lines were incubated in the absence or presence of 13C (100
uM) for 12 h and then stained with propidium iodide, and analyzed for DNA content
by flow cytometry. Three independent experiments per cell line were performed and

results are presented as the mean percentage + SD. *P <0.05, compared with control.

Figure 3 - 13C induces apoptosis of HTLV-1-infected T-cell lines

(A) Cell lines were treated with or without I13C (100 uM) for 72 h. (B) 13C induces
apoptosis of HUT-102 cells in a time-dependent manner. HUT-102 cells were treated
with or without I13C (100 uM) for the indicated periods. (C) 13C induces apoptosis of
HUT-102 cells in a dose-dependent manner. HUT-102 cells were treated with 13C at
the indicated concentrations for 72 h. Cells were harvested, then stained with the

APO2.7 monoclonal antibody and analyzed by flow cytometry. Data represent the
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mean percentage + SD of apoptotic cells. (D) Hoechst 33342 staining. HUT-102 cells
were treated with 13C (100 uM) for 48 h and stained by Hoechst 33342. Original

magnification, x1,000.

Figure 4 -13C-induced apoptosis is caspase-dependent in HTLV-1-infected T-

cell lines

(A) Effect of 13C on the cleavage of PARP in HUT-102 cells. Cells were treated with
I13C (100 uM) for the indicated periods. Total SDS protein lysates (20 ug per lane)
were prepared and immunoblotted against cleaved PARP. Representative data of three
experiments with similar results. (B) 13C treatment activates caspase-3, -8 and -9 in
HUT-102 cells. Cells were treated with or without 13C (100 uM) for 48 h. Caspase
activity was assayed as described in “Methods” and expressed relative to untreated
cells, which were assigned a value of 1. Values represent the mean + SD of three

experiments.

Figure 5 - Effects of I3C on the expression of cell-cycle and apoptosis

regulatory proteins

Western blot analysis of HUT-102 and TL-Oml cells treated with 13C. (A) Cells were
treated with 13C (100 uM) for the indicated periods. (B) Cells were treated with 13C

at the indicated concentrations for 48 h. Total cellular proteins (20 ug per lane) were
separated on SDS-polyacrylamide gels and transferred to the membrane. Protein

levels were detected by Western blotting with antibodies directed against each protein.
(C) Total RNA was extracted from HUT-102 and TL-Oml cells following treatment
with 13C (100 uM) for 12 or 24 h. The mRNA expression of Tax and HBZ was
analyzed by RT-PCR analysis. 3-actin served as an internal control in the RT-PCR

procedure. Representative data of three experiments with similar results.
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Figure 6 - 13C suppresses activities of nuclear NF-xB and AP-1in HTLV-1-

infected T-cell lines

(A) Effects of 12-h treatment of HUT-102 cells with 13C (100 uM) on activation of
NF-kB, AP-1 and Oct-1 assessed by EMSA using oligonucleotide probe for NF-xB,
AP-1 or Oct-1. (B) Effects of I13C on the level of IkBa, phosphorylated 1kBa. (p-
IkBa) and JunD by Western blot analysis. HUT-102 and TL-Oml cells were treated
with 13C (100 uM) for the indicated periods, followed by protein extraction. Whole
cell extracts (20 pg per lane) of treated cells were immunoblotted with specific
antibodies. The arrowhead and arrow point to 38 kDa phosphorylated IkBo and 36
kDa IxBa protein, respectively. Representative data of three experiments with similar
results. (C) Inhibition of nuclear translocation of NF-kB p65 by 13C. Representative
results of immunofluorescence analyses in HUT-102 cells treated with I13C (100 uM)

for 12 h using antibody against NF-xB p65. Original magnification, x1,000.

Figure 7 - 13C inhibits growth of HUT-102 cells in SCID mice

HUT-102 cells (1 x 10" per mouse) were inoculated subcutaneously into SCID mice.
The mice (n = 6/group) were treated with either vehicle or 13C (50 mg/kg given orally
every day). Treatment was initiated on the day after inoculation. (A) Body weight of
mice measured weekly for four weeks. (B) Photographs of an untreated mouse and
I13C-treated mouse inoculated 28 days earlier with HUT-102 cells subcutaneously in
the postauricular region. (C) The mice were monitored for tumor volumes at 7, 14, 21
and 28 days after cell inoculation. (D and E) Tumors removed from 13C-treated mice
and untreated mice on day 28 after cell inoculation were weighed. *P <0.05,
compared with the control. (F) TUNEL assays show apoptotic cells in tumors from

mice treated with vehicle control or I13C. Note the presence of only few apoptotic cells
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in tumors from the control mice (top panel), compared with the abundant apoptotic

cells in tumors from the 13C-treated mice (bottom panel). Magnification, x100.
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