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ARTICLE INFO ABSTRACT

Keywords: Aims: To reduce the dose of arsenic used against human T-cell leukemia/lymphoma and to sensitize cells to drug
Leukemia treatment, we combined arsenic/interferon-alpha (As/IFN-a) with thymoquinone (TQ) in HTLV-I positive (HuT-
Lymphoma 102 and C91) and HTLV-1 negative (CEM and Jurkat) cell lines.

Xenograft

Main methods: Cells were treated with TQ, As/IFN-a and combinations. Trypan blue and flow cytometry were
used to investigate viability and cell cycle effects. Annexin-V staining, rhodamine assay and western blotting
were used to determine apoptosis induction and changes in protein expression. Efficacy of single drugs and
combinations were tested in adult T-cell leukemia (HuT-102) mouse xenograft model.

Key findings: TQ/As/IFN-a led to a more pronounced and synergistic time-dependent inhibitory effect on HTLV-I
positive cells in comparison to As/IFN-a. While As/IFN-a combination was not effective against CEM or Jurkat
cells, the triple combination TQ/As/IFN-a sensitized these two cell lines and led to a pronounced time-depen-
dent inhibition of cell viability. TQ/As/IFN-a significantly induced apoptosis in all four cell lines and disrupted
the mitochondrial membrane potential. Apoptosis was confirmed by the cleavage of caspase 3 and poly (ADP-
ribose) polymerase (PARP), downregulation of Bcl-2 and XIAP and upregulation of Bax. TQ alone or in com-
bination activated p53 in HTLV-1 positive cell lines. Strikingly, TQ/As/IFN-a resulted in a pronounced sig-
nificant decrease in tumor volume in HuT-102 xenograft mouse model, as compared to separate treatments or
double combination therapy.

Significance: Our results suggest a strong potential for TQ to enhance the drug targeting effects of the standard
clinical drugs As and IFN-a against CD4 + malignant T-cells.

Targeted therapy
Combination therapy

1. Introduction

Genetic and epigenetic alterations of T-lymphocytes during pro-
liferation, differentiation and maturation results in the development of
T-cell lymphoma and leukemia [1]. Such alterations can affect the early
T-cell progenitors leading for T-cell acute lymphoblastic leukemia [2]
or the post thymic lymphocytes leading for the development of acute T-
cell leukemia. If these alterations occur in the adult T-cell following
human T-cell lymphotropic virus (HTLV-1) infection, the accumulation
of genetic mutations cause adult T-cell leukemia (ATL) malignancy [3].

In 2019, the National Cancer Institute (NCI) estimated 5930 new
cases of acute lymphoblastic lymphoma (ALL) with 1500 deaths [4]. T-
cell acute lymphoblastic leukemia (T-ALL) accounts for 25% of ALL

patients [5]. Among them, about 5 to 10% of cases occur in the pre-
cursor T-cell and about 15 to 20% of cases in the adult T-lymphocytes
[6]. For ATL HTLV-1, there is an estimated 5 to 20 million HTLV-1
infected individuals worldwide [7]. Treatment options include bone
marrow or stem cells transplantation, chemotherapy, immunotherapy
and radiotherapy [8]. Indeed, available therapies have so far failed to
cure T-cell lymphoma/leukemia and patients experience several side
effects including complete hair loss, drop in blood cell count, and re-
duced fertility [9].

Targeted therapies, mainly, As/IFN-a have been found to be effec-
tive against ATL [10]. This combination dramatically inhibited the
growth of human leukemia cells via triggering Tax proteolysis [11].
Moreover, it cured Tax-driven ATL in mice [12] and is currently being
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employed in phase II clinical trials [13]. Tested on Jurkat and CEM cell
lines, As/IFN-a did not show any effects [14].

Thymoquinone (TQ), the main constituent of the oil of N. sativa
black seed, was found to exhibit a potential therapeutic effect against
many cancer types. Ample evidence has shown that TQ enhances the in
vitro efficacy and selectivity of mainstream drugs used in cancer therapy
[15]. TQ was found to target many cancer cells that are chemo-resistant
and to arrest cells at different phases of the cell cycle thereby leading to
growth inhibition of critical steps in tumor invasion and metastasis
[16].

We have previously shown that TQ induces apoptosis in CD4+
malignant T-cells via the generation of reactive oxygen species [17].
Yet, normal peripheral blood mononuclear cells were resistant to pro-
longed exposure of TQ even at a high dose of 100 uM. Here, we in-
vestigated the outcome of combining the relatively non-toxic com-
pound TQ with lower doses of As and IFN-a against three types of T-cell
lymphoblastic/leukemia using four cell lines and tested drug efficacy in-
vivo using HuT-102 xenograft model. The culture model included HuT-
102 and C91 human adult T-cell leukemia cells, Jurkat human acute T-
cell leukemia cells and CEM human acute lymphoblastic leukemia cell
line. The triple combination (TQ/As/IFN-a) exhibited significant an-
ticancer effects against all four cell lines in comparison to double or
single treatments and sensitized Jurkat and CEM cell lines to the As/
IFN-a treatment. TQ combined with As/IFN induced apoptosis in a
caspase-dependent manner and significantly reduced mouse tumor
volume in the HuT-102 xenograft model via apoptosis induction.

2. Materials and methods
2.1. Cell culture and treatment

Human ATL HTLV-I positive (HuT-102 and C91) and human lym-
phoma HTLV-I negative (CEM and Jurkat) CD4 + malignant T-cell lines
were grown in RPMI 1640 medium (Invitrogen Molecular Probes,
Eugene, OR, USA) with 25 mM HEPES and 1-Glutamine at 37 °C in a
humidified incubator (95% air, 5% CO2). The media was supplemented
with 10% heat-inactivated FBS (Sigma-Aldrich, Germany) and 1%
Penicillin-Streptomycin (100 U/ml) (Invitrogen Molecular Probes,
Eugene, OR, USA). Unless otherwise mentioned, cells were seeded at
the density of 2 X 10° cells/ml and with TQ (MP Biomedicals, France),
arsenic (As) and interferon-alpha (IFN-a) (Roche).

2.2. Combination index analysis

To analyze the anticancer effects of drug combinations, the Chou-
Talalay plot (Fa-CI plot) was used [18]. Briefly, different drug con-
centrations of TQ (5, 10 and 20 pM), As (0.1, 0.5 and 1 pM) and IFN-a
(500 and 1000 IU) were used in 39 different combinations for the
treatment of both ATL (HuT-102 and C91) and lymphoma (CEM and
Jurkat) CD4 + malignant T-cell lines for 24 or 48 h. Cell viability was
assessed by MTT then the fraction affected (Fa) was determined. Each
value is expressed as the mean =+ SD of three independent experiments
each done in triplicates. Each CI was calculated from the mean affected
fraction (Fa) at each drug concentration using Compusyn software
(Compusyn, Inc. Paramus, NJ, USA). CI > 1, CI = 1, and CI <

lindicate antagonistic, additive and synergistic effects, respectively.

2.3. Cell viability assay

Cells were seeded in 96-well plates (2 x 10* cells/well) and treated
with TQ (10 uM), As (0.5 pM) and IFN-a (1000 IU) alone or in com-
binations for 24 or 48 h. Cell viability was assessed by the Cell Titer 96-
non-radioactive cell proliferation assay kit (Promega Corp, Madison,
WI, USA) according to the manufacturer's instructions. The blue for-
mazan, in this assay, is a product of the metabolically active cells, and
its absorbance is measured by the microplate reader enzyme linked
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immuno-sorbent assay (ELISA) at 595 nm. Results are expressed as %
viability relative to control.

2.4. Cell cycle analysis

In 6-well plates, the cells were seeded and treated with TQ, As and
IFN-a alone or in combinations for 24 or 48 h, then collected and
washed with cold PBS. Using ice cold 70% ethanol, the cells were fixed
and stored at —20 °C for 24 h. On the day of DNA staining, the cells
were pelleted then washed with 1 x PBS, incubated in dark at 37 °C for
30 min with 1 x PBS, 1% RNAse A (Roche, Mannheim, Germany), and
propidium iodide (PI) (100 pg/ml) (Invitrogen Molecular Probes,
Eugene, OR, USA). Following centrifugation, the supernatants were
read at the FL-2 channel. Cell cycle analysis was done using the FACS
scan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and
the Cell Quest software (Becton-Dickinson, Franklin Lakes, NJ, USA)
was used to analyze the distributions of cells in the different phases of
the cell cycle.

2.5. Annexin V staining

Apoptosis was determined by Annexin V staining according to the
instructions of the manufacturer (Roche, Mannheim, Germany). In 6-
well plates, the cells were treated with TQ, As or IFN-a alone or in
combinations for 24 or 48 h. After centrifugation, the cells were washed
with PBS then resuspended in 100 pl Annexin-V-Fluos labeling solution
20 pl PI (50 pg/ml) and 20 pl annexin reagent in 1000 pl incubation
buffer (5 mM CaCl,, 140 mM NaCl, 10 mM Hepes/NaOH, pH 7.4). After
incubation at room temperature for 15 min, 450 pl of the incubation
buffer was added. FACS flow cytometry and CellQuest software were
used for cell cycle analysis.

2.6. Rhodamine staining

Drug effects on mitochondrial membrane potential was assessed by
rhodamine 123 (Invitrogen) staining. After treatment with TQ, As or
IFN-a alone or in combinations for 24 or 48 h, the cells were pelleted
then washed twice in rhodamine buffer and stained for 30 min at 37 °C
by adding 5 uM rhodamine dye. Mitochondrial membrane potential was
measured by flow cytometry.

2.7. RT-PCR

Total RNA was extracted using Trizol (Qiagen). cDNA synthesis was
performed with the QuantiTect Reverse Transcription Kit (Qiagen) ac-
cording to the manufacturer's instructions. Real-time-polymerase chain
reaction (RT-PCR) was carried out using SYBR Green (BIORAD). The
sequences of primers for p53, Bcl-2 and GAPDH are as follows:

GAPDH: 5-CATGGCCTTCCGTGTTCCTA-3’ and 5 CCTGCTTCACC
ACCTTCTTGAT-3".

P53: 5- GAGCTGAATGAGGCCTTGGA-3’ and 5-CTGAGTCAGGCC
CTTCTGTCTT-3".

Bcl-2: 5-TCGCCCTGTGGATGACTGA-3’ and 5-CAGAGACAGCCAG
GAGAAATCA-3".

2.8. Western blot analysis

Cells were seeded at 10° cells/ml then treated with TQ, As and IFN-
a alone or in combinations for 24 or 48 h. 50 ug of proteins were se-
parated by SDS-PAGE and transferred onto nitrocellulose membranes.
The primary monoclonal antibodies were then added, and the mem-
branes were incubated at 4 °C overnight. The membranes were then
incubated with the secondary antibodies, anti-rabbit antibody
(1:10000) or anti-mouse antibody (110000) (Santa Cruz Biotechnology
Inc., California, USA). The enhanced chemiluminescence (ECL System)
was then added to the membranes which were exposed to
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Fig. 1. TQ/As/IFN-a synergize to reduce the viability of HTLV-1 positive (A, B, C, D) and HTLV-1 negative (E, F, G, H) CD4 + malignant T cells. Cells were seeded at
2 x 10* cells/well and treated with either methanol (0.1%) or TQ (10 uM), As (0.5 uM) or IFN-a (1000 IU) in combinations or alone for 24 h or 48 h then the cell
viability (expressed as percentage of control) was detected using trypan blue test. Each value is the mean = SD of three separate experiments each done in
triplicates. *significantly different (p < 0.05) from control for each time point using one-way ANOVA test.

autoradiography. The following primary antibodies: PARP, p53, p-
p53(Ser392), caspase3, Bcl-2, XIAP, Bax and GAPDH (all from Cell
Signaling Technology, Danvers, USA) were used at a dilution of 1:1000.
Detection for GAPDH was used as indicator of equal loading.

2.9. Xenograft mouse model

6-8 weeks old Severe Combined Immunodeficiency mice (NOD-
SCID) with an average body weight of 18-22 g, were obtained from
Jackson Laboratories (United States). All mouse protocols were ap-
proved by the Institutional Animal Care and Use Committee (IACUC) of
the American University of Beirut. 8 million HuT-102 cells in 100 pl
solution (media: matrigel) were subcutaneously inoculated in the right
flank of each mouse. When the tumors became measurable, mice were
randomly divided into four groups of 8 animals each. At day 11 post-
inoculation, each mouse received intraperitoneal injections of either
saline, TQ alone, As/IFN-a, or TQ/As/IFN-a combination. TQ (20 mg/
kg body weight), As (2.5 pg/g/day), IFN-a (10° IU/day/mouse) alone
or their combinations were given every other day for 23 days. Every
2-3 days, the sizes of the subcutaneous tumors were measured using a
sterile Vernier caliper and recorded as the longest surface length and
width. To calculate tumor volume (V in cm®), the following formula:
V = 4/3 nR [3] was used. Animals were sacrificed 23 days after

randomization. The mice tolerated the treatment and appeared healthy.
The animal experiment was approved by the Institutional Animal Care
and Use Committee (IACUC) of the American University of Beirut and
all treatments and handling of animals was done in accordance with
IACUC guidelines.

2.10. Tumor collection and western blot analysis

Mice were euthanized using isoflurane followed by cervical dis-
location. Tumor tissues were collected, harvested and lysates were
subjected to western blot analysis using the same protocol and same
antibodies described under section “Western blot analysis”.

2.11. Statistical analysis

The results were expressed as mean = standard deviations. To
determine the statistical significance of difference between control and
different treatment groups as well as among different drug treatment
groups, one-way ANOVA test was employed. *p < 0.05 and
**p < 0.01 defined the statistical significance.
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3. Results

TQ synergizes with As and IFN-a to significantly reduce the viability
of malignant T cells.

We first assessed the effects of TQ, As, IFN-a, or their combinations
on the cell viability of CD4 + malignant T cells. The CD4 + malignant
T-cell lines, ATL (HuT-102 and C91) and T-ALL (CEM and Jurkat), were
treated with a total of 39 different combinations of TQ (5, 10 and
20 uM), As (0.1, 0.5 and 1 uM) and IFN-a (500 and 100 IU) for 24 h or
48 h (Supplementary data 1). Using Compusyn software, Fraction af-
fected-Combination Index plots (Fa-CI) were generated (Supplementary
Fig. 1). The combination of 10 uM of TQ with 0.5 uM of As and 1000 IU
IFN-a resulted in a strong synergism in HTLV-1 negative cell lines after
24 h and 48 h. This combination resulted in a moderate synergism in
HTLV-1 positive cell lines 24 h post treatment. After 48 h, unlike HuT-
102, combination treatment effects were more synergistic against C91
cell line (Supplementary Fig. 1).

After determining the synergistic combination index of TQ and As/
IFN-a, we investigated the efficacy of each drug alone and their com-
binations in both ATL HTLV-1 positive and T-ALL malignant CD4 + T-
cell lines by trypan blue. Malignant T cells were incubated with TQ
(10 uM), As (0.5 uM) or IFN-a (1000 IU) alone or in combinations and
cell viability was assessed after 24 h or 48 h. As/IFN-a combination
resulted in inadequate inhibitory effects on cell viability in both HTLV-
1 positive C91 (Fig. 1A, C) and HuT-102 (Fig. 1B,D) and HTLV-1 ne-
gative malignant T-cells CEM (Fig. 1E,G) and Jurkat (Fig. 1F,H),
whereas TQ single treatment showed moderate cell growth inhibitory
effects in a time-dependent manner in all cell lines. The combination of
TQ/As/IFN-a significantly reduced the viability of all cell lines com-
pared to single or double drug treatments. CEM and Jurkat cell lines
were more susceptible to the triple combination than C91 and HuT-102
cell lines.

3.1. TQ/As/IFN-a enhances the Pre-G; population in malignant T cells

To explore the cell death mechanisms induced by TQ/As/IFN-a, we
investigated the effects of single drugs or combinations on cell death in
HTLV-1 positive and HTLV-1 negative T-cell lines using PI staining with
flow cytometry. We noticed significant changes in cell-cycle progres-
sion in all cell lines treated with TQ/As/IFN-a combination as com-
pared to single or double drugs (Supplementary Fig. 2). The most
pronounced effect was obtained on the pre-G; phase, whereby there
was a significant greater percentage of cells in Pre G, after treatment
with TQ/As/IFN-a combination compared to TQ alone or As/IFN-a. In
CEM and Jurkat cell lines, the Pre-G; population increased to 71.3%
and 79.3% respectively in cells exposed to the triple combination for
48 h (Fig. 2C,D) in comparison to only 6 to 8% respectively in the
control. The Pre-G; population of C91 and HuT-102 cells increased to
33% and 69.6% respectively after 48 h of incubation (Fig. 2A,B). The
increase in the Pre-G; population was associated with a significant re-
duction in the G,/M, sub-Gy/G; and S populations in all cell lines.

3.2. TQ/As/IFN-a induces apoptosis in malignant T cells in a caspase
dependent manner

We next assessed whether the observed increase in Pre-G; by TQ/
As/IFN-a combination was due to apoptotic or necrotic cell death. Cells
were treated with TQ (10 uM), As (0.5 uM) or IFN-a (1000 IU) either
alone or in combinations for 24 h or 48 h. Annexin V-FITC/PI staining
was used to measure the apoptotic cells (Fig. 3). In accordance with the
observed increase in Pre-G; population (Fig. 2), the percentage of
apoptotic cells were significantly increased upon treatment of C91,
HuT-102 and CEM cell lines with TQ alone or with TQ/As/IFN-a
combination in comparison to the control (Fig. 3A,B,C). When treated
with TQ alone or with TQ/As/IFN-a combination, Jurkat cells showed a
significant increase of apoptosis that reached 92.7% and 94.8%,
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respectively after 48 h of treatment (Fig. 3D).

Mitochondrial membrane potential is one of the most important
parameters to be examined in the apoptotic process because it is an
early hallmark of apoptosis. To investigate if TQ/As/IFN-a combination
causes an increased disruption in the mitochondrial membrane poten-
tial, we treated the four cell lines with either methanol (0.1%) or TQ
(10 uM), As (0.5 pM) or IFN-a (1000 IU) alone or in combinations for
24 h or 48 h after which the mitochondrial membrane permeability was
determined by rhodamine assay coupled with flow cytometry. TQ/As/
IFN-a triple combination induced mitochondrial membrane disruption
in a time dependent fashion (Fig. 4). The mitochondrial permeability
was increased to 78% in C91 (Fig. 4A) and HuT-102 (Fig. 4B) cell lines,
to 56% in CEM cell line (Fig. 4C) and to 90% in Jurkat cell line after
48 h of the combination treatment. The observed increases in apoptotic
cells as well as the Pre-G; population increase (Figs. 2,3) were con-
firmed by the higher levels of mitochondrial membrane permeability
induced after the combination of TQ/As/IFN-a (Fig. 4).

Next, we tested whether caspases are responsible for the apoptotic
effects observed upon triple drug combinations. CEM and C91 were
preincubated with either the general caspase inhibitor z-VAD-fmk
(10 uM) or the proteasome inhibitor MG132 (3 uM) for 1 h before drug
treatment and cell viability was assessed by MTT assay. In CEM cells,
and upon preincubation with z-VAD-fmk, the viability of cells exposed
to TQ/As/IFN-a increased from 35% to 63.4% (Supplementary
Fig. 3A); similarly, in C91, cell viability increased from 52.5% to 71.9%
after 48 h of treatment (Supplementary Fig. 3C). Preincubation with
MG132 caused an increase of 32.5% in the viability of CEM cells
(Supplementary Fig. 3B) and a 28.1% increase in C91 cells
(Supplementary Fig. 3D) in the presence of the triple combination.

3.3. TQ/As/IFN-a modulates key apoptotic markers at the mRNA and
protein level

In order to investigate the effect of TQ/As/IFN on the expression
levels of key apoptotic markers, HTLV-1 positive and negative cell lines
were treated for 24 h or 48 h and the mRNA levels of p53 and Bcl-2
were determined by RT-PCR. Upon treatment with TQ alone or in
combination with As and IFN-a, p53 showed a significant upregulation
only in C91 and Hut-102 cell lines (Supplementary Fig. 4A,B) while Bcl-
2 was significantly downregulated in the four cell lines (Supplementary
Fig. 4E,F,G,H).

Our next step was to verify the drug-induced apoptotic effects at the
protein level (Figs. 5,6). Treatment of cells with TQ or with TQ/As/IFN-
a induced the cleavage of PARP (poly (ADP-ribose) polymerasel) and
of caspase 3, two key markers of apoptosis. Significant upregulation of
the pro-apoptotic protein Bax, and significant downregulation of the
anti-apoptotic proteins XIAP and Bcl-2 were detected in response to TQ
and combination treatments at 24 h and 48 h. No significant change in
the expression of these proteins was observed in the other treatment
conditions (As or IFN-a alone or As/IFN-a combination). C91 and HuT-
102 expressed a wild type p53 which was upregulated upon TQ and
TQ/As/IFN-a treatments while the mutated p53 of CEM was down-
regulated. HTLV-1 positive cell lines are characterized by hyper-phos-
phorylation of p53 at many Serine sites including Serine 392 due to Tax
expression. This post-translational modification inhibits p53 transacti-
vation. The expression of p-p53 at Serine-392 was significantly in-
hibited in cells treated with TQ alone or with TQ/As-IFN-a in HTLV-1
positive cell lines (Fig. 5) and CEM cell line (Fig. 6). Jurkat cell line
does not express p53 so no band was detected for p53 and p-p53 (data
not shown).

3.4. TQ alone or combined to As/IFN-a attenuate tumor volume via
apoptosis induction in a xenograft ATL model

Since arsenic is known to have significant side effects, we in-
vestigated whether we can reduce the dose and toxicity of arsenic in
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Fig. 2. TQ/As/IFN-a increases significantly the Pre-G1 population in HTLV-1 positive (A, B) and HTLV-1 negative cells (C, D). Cells were treated with either 0.1%
methanol or TQ (10 uM), As (0.5 uM) or IFN-a (1000 IU) alone or in combinations for 24 or 48 h. To analyze the DNA content by flow cytometry, cells were stained
with PI. The percentage of the cells in pre-G; phase was calculated using Cell Quest. Each value is the mean *= SD of three independent experiments.

vivo by combining it with TQ while obtaining the same antitumor ef-
fects. After the appearance of malignant palpable tumors, mice were
divided into 4 groups which were then injected intraperitoneally with
different treatments. The injection of mice with TQ/As/IFN-a combi-
nation or with TQ alone significantly reduced tumor volume (Fig. 7A).
Although the volume of tumors increased when treatment was dis-
continued, mice still had significantly smaller tumors than the control
by the end of the experiment. No significant change in mice weight was
noted throughout the experiment and mice did not show any signs of
distress during treatment. At the end of the experiment, mice were
sacrificed, tumors were collected for immunoblotting analysis. In ac-
cordance with the in vitro results, PARP and caspase 3 were cleaved in
tissues of mice injected with TQ/As/IFN-a. Caspase 3 cleavage was also
detected in the TQ and As/IFN-a groups but less than the triple com-
bination. Significant upregulation of Bax was seen in the triple com-
bination. An upregulation of p53 was observed in the TQ alone or TQ/
As/IFN-a treatment while p-p53 was markedly decreased in the com-
bination treated tumors versus the control (Fig. 7B).
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4. Discussion

T-cell neoplasms are uncommon in the general population and are
considered as rare diseases [19]. It comprises a heterogeneous group of
cancers with different characteristics, targets and treatment outcomes.
Current therapies for T-LL include chemotherapy, radiation therapy and
stem cell transplant. Despite the high cure rates, resistance to treatment
and disease relapse remain a significant clinical problem. About 20% of
patients still exhibit poor response associated with chemoresistance or
immunosuppression. Many genes and biological pathways are re-
sponsible for drug chemoresistance [20], and most are involved in cell
proliferation such as the activation of JNK [21] and NF-kB pathways, in
DNA repair mainly nucleotide excision repair and base excision repair
or in cell cycle regulation like mutations in p53 [22] or in cyclin de-
pendent kinases (CDKs) [23]. The immunosuppression in T-ALL is
principally linked to the Tregs cells [24] which are originated from the
thymus [25]. In cancer patients, Tregs can modulate the function of
CD8+ T cells [26] and suppress B-cell activity [27] through the
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Fig. 3. TQ/As/IFN-a causes pronounced apoptotic effects in C91 and HuT-102 (A, B) and in CEM and Jurkat (C, D). Cells were treated with either methanol (0.1%) or
TQ (10 uM), As (0.5 uM) or IFN-a (1000 IU) alone or in combinations for 24 h or 48 h. Cells were stained with PI and Annexin for flow cytometric analysis of DNA
content. Using Cell Quest, the percentage of cells in each of the cell cycle phases was calculated. Annexin V positive/PI-positive cells were counted as late apoptotic

cells. Each value is the mean *+ SD of three independent experiments.
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tochondrial membrane potential was calculated using Cell Quest. Results are mean

secretion of the immune suppressive cytokines such as IL-10 and TGF-3
[28]. It was demonstrated that in hematological malignancies, an in-
creased number of CD4+ CD25 + Tregs cells [29] exist and participate
in the tumor immune cells evasion via increase of IL-10 and TGF-f3 [30]
and decrease of IL-2 [31]. Li et al. showed that upon treatment with
chemotherapeutic drugs, the portion of CD4+CD25+ Tregs in the
peripheral blood of the patients with ALL increased due to the con-
version of CD4 + CD25-Tregs to CD4 + CD25 + Tregs which might be an
important reason for the immunosuppression in ALL [32].

T-ALL and ATL remain of poor prognosis due to the intrinsic chemo-
resistance and immunosuppression. ATL, unlike acute T-cell leukemia
and acute lymphoblastic leukemia, is treated by the combination of As
and IFN-qa, as together they synergize and induce cell cycle arrest and
apoptosis [33]. In order to overcome chemo-resistance, to stimulate the
immune response and to reduce the dose of As, we combined As and
IFN-a with TQ, a natural non-cytotoxic compound derived from black
seed. This natural extract exerts anticancer effects with minimal toxi-
city, has a defined mechanism of action, induces apoptosis in malignant
T-cells through ROS generation [17], induces cell death and cell cycle
arrest in many cancer types including leukemia [34], colorectal [35],
and hepatocellular carcinoma [36]. TQ's anticancer effects against
various types of leukemia [37] occurs via inducing DNA damage, ar-
resting cell cycle at the Go/G; phase and inhibiting NF-xB proliferative
pathway [38]. Furthermore, TQ is known to have immunomodulatory
properties, augmenting the immune responses mediated by the natural
killer cell and T cell [39] in addition to its anti-oxidant and anti-in-
flammatory effects by suppression of the inflammatory mediators [40]
and eicosanoids, including prostaglandins and leukotrienes which
promote tumor growth [41]. Although TQ's anticancer ability has been
well documented in various models, combining it with As and IFN-a
and assessing the efficacy of this combination against T-LL is still un-
known.

Here, we investigated the effects of combining TQ with As/IFN-a
against a panel of CD4 + malignant T-cells, ATL HTLV-1 positive and T-
ALL HTLV-1 negative, and in an ATL mouse model. One of the most
remarkable features of our combination treatment is the ability to re-
duce the dose of As when combined with TQ. This finding is of clinical
relevance since arsenic trioxide causes serious health complications

+ SD of three independent experiments.

including cardiac dysrhythmias [42], birth defects [43] along with
other manifestations such as vomiting, muscle pain and hypoxia [44].

In our model, we showed that TQ synergizes with As/IFN-a to en-
rich the Pre-G; population, and enhance apoptotic cell death in all
tested malignant T-cells in addition to inhibiting tumor growth in an
ATL mouse model. Cells were more sensitive to the triple combination
in comparison to single or double treatments. TQ enhanced the cell
death effects of As/IFN-a in a time dependent manner. T-ALL HTLV-1
negative cells, CEM and Jurkat, were more sensitive to the inhibitory
effects of TQ/As/IFN-a than the HTLV-1 positive cells, C91 and HuT-
102. The higher sensitivity of the negative cell lines, CEM and Jurkat,
was demonstrated by the observed larger increase in the Pre-G; popu-
lation in comparison to the positive cell lines. This suggests that the
viral infection could be responsible for the intrinsic resistance of ATL
cells to treatment. The results are in accordance with other studies that
have shown a greater resistance of transformed leukemic cells having
constitutive Tax gene expression [45] Annexin-V assay confirmed
apoptosis induction as the mechanism of action by the combination
treatment. TQ alone was also reported to cause apoptotic effects in
renal [46], ovarian [47] and leukemia Jurkat cells [17]. By improving
the anticancer activity of As/IFN-a against ATL cells, TQ has repro-
grammed these cells to undergo enhanced apoptosis and overcome drug
resistance [48].

The ability of TQ to induce apoptosis in CD4+ malignant T-cells
was then validated by the measurement of the mitochondrial mem-
brane potential. TQ alone and As/IFN-a caused the disruption in the
mitochondrial membrane potential in malignant T cells, yet the triple
combination showed an even more enhanced response, suggesting that
observed cell death involves the activation of the intrinsic apoptotic
pathway through the disruption of mitochondrial membrane potential
(Fig. 4). Apoptosis was also documented through changes in the ex-
pression levels of key apoptotic proteins that trigger or inhibit apop-
tosis, including the anti-apoptotic protein Bcl-2, pro-apoptotic protein
Bax, the executioner of apoptosis caspase 3 and its downstream target
PARP, the inhibitor of apoptosis XIAP, the tumor suppressor p53 and its
phosphorylated form at Serine 392. The expression of the different
proteins varied significantly in response to TQ alone which demon-
strates that TQ was the agent responsible for the overall changes in
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Fig. 5. TQ/As/IFN-a modulate key apoptotic markers in HTLV-1 positive cell lines. Cells were treated with either methanol (0.1%) or TQ (10 uM), As (0.5 pM) or
IFN-a (1000 IU) alone or in combinations for 24 h or 48 h. Immunoblotting analysis was employed to analyze the protein levels of Bcl-2, Bax, XIAP, caspase 3, p53, p-
p53 and PARP. GAPDH was used as loading control. Each protein was normalized to its relevant GAPDH then p-p53/p53 and Bax/Bcl-2 ratios were calculated.

protein expression. The cleavage of caspase 3 and PARP in C91, HuT-
102, CEM and Jurkat cells was clearly detected at both 24 h and 48 h.
XIAP and Bcl-2 were downregulated whereas Bax was upregulated in
the TQ and TQ/As/IFN-a treatment in all cell lines at 24 h and 48 h.
Interestingly, the changes in expression levels of p53 and Bcl-2 proteins
in response to treatment correlated with the changes in mRNA levels in
all cell lines.

The HTLV-1 positive malignant T-cells harbor wild type p53 which
is functionally inactive due to the transcriptional inactivation induced
by Tax [49]. An upregulation of p53 in these cell lines was detected. On
the other hand, CEM cell line harbor a mutated form of p53. Upon
treatment with TQ alone or the triple combination, p53 was down-
regulated in CEM HTLV-1 negative malignant cells. This suggests that,
in our cell culture model, TQ induced apoptosis via p53 dependent and
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Fig. 6. TQ/As/IFN-a modulate key apoptotic markers in HTLV-1 negative cell lines. Cells were treated with either methanol (0.1%) or TQ (10 uM), As (0.5 pM) or
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p53 and PARP. GAPDH was used as loading control. Each protein was normalized to its relevant GAPDH then p-p53/p53 and Bax/Bcl-2 ratios were calculated.

p53 independent mechanisms which most likely used mitochondrial
events in a caspase dependent manner. Previous work in our lab
showed that TQ activated p53 dependent apoptosis in colorectal cancer
[50] and p53 independent apoptosis in osteosarcoma cells [51]. The
inactivation of p53 in HTLV-1 positive cells is attributed to its hyper
phosphorylation at many Serine sites including Serine-15 and Serine-
392 [52]. In addition, phosphorylation of p53 at Ser392 is increased in
human tumors [53]. Unlike As/IFN-a treatment, TQ alone or the triple
combination caused p-p53 inhibition suggesting a targeting effect of TQ
on the phosphorylation form of p53. CEM negative cell line also showed
a similar expression of p-p53 which could be explained as a result of the

p53 downregulation. In line with these findings, an in-silico study
showed that TQ can bind the N-terminal of wild type p53 and can re-
activate its function in the cancer cells in which wild type p53 activity is
suppressed [54].

The xenograft experiment validated our in vitro results of TQ sy-
nergizing with As/IFN-a. After 32 days of treatment, TQ/As/IFN-a
combination suppressed the tumor formation by 87% (P < 0.01). Even
when treatment was stopped, the inhibitory effect on tumor develop-
ment was maintained. The mice weight gain and their survival were not
affected by the treatments. Cleavage of caspase 3 and PARP with up-
regulation of Bax confirmed the in vivo induction of apoptosis in the
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triple combination. An increase in p53 expression and decrease in p-p53
at Ser-392 was also observed in mouse tissues in the TQ/As/IFN-a
treatment group, suggesting that TQ apoptotic mechanism in vivo cor-
relates well with its in vitro activity and that TQ/As/IFN-a combination
which hold promise for treating leukemia/lymphoma patients merits
further clinical investigation.

5. Conclusion

In summary, our findings support the hypothesis that TQ enhances
and improves the cell death effects of As/IFN-a combination both in
vitro and in vivo. The results present a working model for a triple
combination between the natural agent TQ and a minimal dose of As/
IFN-a and identifies TQ as a potent enhancer of these two targeted
therapies used currently in the clinic against ATL. Future studies will
focus on investigating the specific molecular targets of the TQ/As/IFN-a
combination.
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