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A B S T R A C T

ITR-284, a potent anti-leukemia agent of carboxamide derivative, has been shown to inhibit the

proliferation of leukemia cells. In this study, the underlying molecular mechanisms in vitro and anti-

leukemia activity in vivo of ITR-284 were investigated. ITR-284 reduced the cell viability and induced

apoptosis in HL-60 and WEHI-3 leukemia cells. Following exposure of cells to 30 nM of ITR-284, there is a

time-dependent decrease in the mitochondrial membrane potential (DCm) and an increase in the reactive

oxygen species (ROS). ITR-284 treatment also caused a time-dependent increase of Fas/CD95, cytosolic

cytochrome c, cytosolic active form of caspase-8/-9/-3, cytosolic Apaf-1 and Bax, and the decrease of Bcl-2.

However, the ITR-284-induced caspase-8/-9 and -3 activities can be blocked by pan-caspase inhibitor (Z-

VAD-FMK). In addition, the anti-leukemia effects of ITR-284 in vivo were further evaluated in BALB/c mice

inoculated with WEHI-3 cells. Orally treatment with ITR-284 (2 and 10 mg/kg/alternate day for 7 times)

increased the survival rate and prevented the loss of body weight in leukemia mice. The enlargement of

spleen and infiltration of immature myeloblastic cells into spleen red pulp were significantly reduced in

ITR-284-treated mice compared with control mice. Moreover, ITR-284 application can enhance the anti-

leukemia effect of all-trans retinoic acid (ATRA). These results revealed that ITR-284 acted against both HL-

60 and WEHI-3 in vitro via both intrinsic and extrinsic apoptotic signaling pathways, and exhibited an anti-

leukemic effect in a WEHI-3 orthotopic mice model of leukemia.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Leukemia is one of the commonly diagnosed neoplasm and the
major leading causes of human death [1,2]. Bone marrow
transplant, radiotherapy and chemotherapy are used in the clinical
therapy of leukemia patients [3,4], but all treatments are not yet
satisfactory. In clinic, all-trans retinoic acid (ATRA) has been widely
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used as the differentiation derivation therapy of acute promye-
locytic leukemia (APL) [5]. Despite the complete cure of several APL
cases by ATRA, severe side effects such as retinoids and ATRA
syndrome are still observed [6]. This side effect of ATRA in
leukemia is far from acceptable and searching for a novel drug is
crucial. So far, the best strategy for killing leukemia cells is through
the induction of cancer cell apoptosis [7,8]. The induction of
apoptosis in cancer cells has been shown to be the major anti-
cancer mechanism for cancer therapy. Apoptosis is characterized
by a series of morphological changes including translocation of
phosphatidylserine (PS) of the plasma membrane, cell shrinkage,
chromatin condensation, DNA fragmentation and the formation of
apoptotic bodies [9,10]. Two main apoptotic pathways converge to
activate the caspase family proteins when cells undergo apoptosis
[11]. The extrinsic pathway or death receptor pathway is triggered
by binding of the ligand to its surface receptor such as FasL and
CD95/Fas [12,13], sending the death signal from the cell membrane
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to the cytoplasm, activating the caspase-8 and caspase-3 activities
[12]. The intrinsic pathway or mitochondria-dependent pathway is
triggered by various stimuli including DNA damage, reactive
oxygen species (ROS) and chemotherapeutic agents [14,15]. These
apoptotic signals converge on mitochondria, causing the loss of
mitochondrial membrane potential (DCm), and the release of
cytochrome c. The released cytochrome c assembles with Apaf-1 to
form apoptosome and converts pro-caspase-9 into caspase-9. Then
pro-caspase-3 is activated by caspase-9, finally leading to
apoptosis [16]. This apoptotic signal in mitochondria is also
regulated by anti-apoptotic protein Bcl-2 and pro-apoptotic
protein Bax [17,18].

A variety of cell-based systems are available for the in vitro and
in vivo evaluation of new anti-leukemia agents. Recently, we have
Fig. 1. Effects of ITR-284 on cell viability and apoptosis in HL-60 and WEHI-3 cells. (A) Th

viability of both cells after 24 and 48 h of ITR-284 treatment. Each point is the mean � S.E

stained with DAPI and observed by fluorescence microscope (400�). ITR-284 significantly in

ITR-284-treated cells (30 nM, 24 h) were stained for Annexin V and analyzed by flow cytom

cytometry. Gray symbol, control cells. Red symbol, treated cells.
designed and synthesized a series of carboxamide derivatives as
novel anti-leukemia agents and found that many of these
compounds exhibited potent cytotoxicities against leukemia cell
lines [19]. Among these compounds, ITR-284 (N-(2-dimethylami-
noethyl)-4,8-dihydrobenzo [1,2-b,4,5-b0] dithio-phene-2-carbox-
amide phosphoric acid salt) (Fig. 1A) is the most potent anti-
leukemia agent. Our previous report has shown that ITR-284
significantly inhibited the proliferation of human leukemia HL-60
cells, suggesting that ITR-284 represents a promising candidate as
an anti-leukemia drug with low toxicity to normal cells [19].

In this study, we further investigated the molecular mechan-
isms of ITR-284 on HL-60 and WEHI-3 leukemia cells in vitro and its
anti-leukemia activity in WEHI-3 cells orthotopic model of
leukemia in vivo. The results demonstrated that ITR-284 can
e chemical structures of ITR-284 (upper panel) and ATRA (lower panel). (B) The cell

.M. of three independent experiments. (C) Cells treated with ITR-284 (30 nM, 24 h) were

duced chromatin condensation and nuclei fragmentation in treated cells (arrows). (D)

etry. Viable cells were determined by PI exclusion and immediately analyzed by flow
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trigger apoptosis through both the intrinsic and extrinsic signaling
pathways in HL-60 and WEHI-3 leukemia cells and elicited anti-
leukemia effects in the WEHI-3 cells orthotopic model in vivo.

2. Materials and methods

2.1. Chemicals and reagents

Propidium iodide (PI), RNase A, Proteinase K and 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased
from Sigma–Aldrich (St. Louis, MO, USA). Pan-caspase inhibitor (Z-
VAD-FMK) was from R&D Systems (Minneapolis, MN, USA). 30-
Dihexyloxacarbocyanine iodide (DiOC6) and 40,60-diamidino-2-
phenylindole (DAPI) was from Calbiochem (La Jolla, CA, USA).

2.2. Cell culture and cell viability assay

The leukemia cell lines HL-60 and WEHI-3 were obtained from
the Food Industry Research and Development Institute (Hsinchu,
Taiwan). Cells were cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL
streptomycin and 2 mM glutamine at 37 8C under a humidified 5%
CO2 atmosphere. For cell viability assay, 2.5 � 105 cells were
seeded into each well of 24-well plates, then treated with various
concentrations of ITR-284 for 24 and 48 h. Percentage of viable
cells was determined by PI exclusion method and flow cytometry
(FACS CaliburTM, Becton-Dickinson, NJ, USA) equipped with a laser
at 488 nm wavelength [20]. For treatments with inhibitors, cells
(2.5 � 105 cells/mL) were seeded into 24-well plates for 24 h,
pretreated with 10 mM N-acetylcysteine (NAC, antioxidant)
(Sigma–Aldrich), 1 mM cyclosporine A (CSA, DCm inhibitor)
(Sigma–Aldrich) or 500 ng/mL FasL monoclonal antibodies
(mAb, Fas inhibitor) (BD Pharmingen Inc., San Diego, CA, USA)
for 1 h, followed by treatment with or without 30 nM of ITR-284.
The cells were then harvested at 24 h to determine the percentage
of viable cells as described previously [21].

2.3. Examination of cell apoptosis by DAPI and Annexin

V-FITC staining

For apoptosis assay, cells were cultured in a density of 1 � 104/
mL in 6-well plates, then treated with 30 nM of ITR-284 for 24 h.
For DAPI staining, cells were harvested, stained with DAPI, and
mounted with DABCO (Sigma–Aldrich). Apoptotic cells were
determined by the formation of apoptotic bodies under fluores-
cence microscope. For Annexin V-FITC staining, cells were cultured
in a density of 2.5 � 105/mL in 24-well plates, treated with 30 nM
of ITR-284 for 24 h, harvested and incubated for 30 min with
conjugated Annexin V-FITC (1 mg/mL) at room temperature in the
dark according to the manufacturer’s instruction (Serotec, MN,
USA), and analyzed by flow cytometry [22,23].

2.4. Flow cytometric analysis of reactive oxygen species

(ROS) and mitochondrial membrane potential (DCm)

Cells were cultured in a density of 2.5 � 105/mL in 24-well
plates, then 30 nM of ITR-284 was added and incubated for 0, 3, 6
and 12 h respectively. After ITR-284 treatment, ROS and DCm were
assessed by cell permeable marker dyes DCFH-DA and DiOC6, and
analyzed by flow cytometry [24].

2.5. Western blotting

For the isolation of cytosolic fractions, 1 � 107 cells were
cultured in a 75T flask, then 30 nM of ITR-284 was added
and incubated for 0, 6, 12 and 24 h. The cells were harvested
and re-suspended in 5 volumes of buffer A (20 mM HEPES–KOH,
pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM sodium EDTA, 1 mM
sodium EGTA, 1 mM dithiothreitol, 1 mg/mL aprotinin, 100 mg/mL
PMSF, and 250 mM sucrose). The cells were homogenized for 40
strokes, and centrifuged at 1200 rpm for 10 min at 4 8C. The
supernatant was collected and further centrifuged at 16 000 rpm
for 60 min at 4 8C to obtain the cytosolic fraction for Western
blotting analyses. For the isolation of whole cell lysate, the cells
were harvested and re-suspended in proteins lysis buffer (20 mM
Tris/acetate, pH 7.5, 270 mM sucrose, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 1 mM orthovanadate, 1 mM sodium glyceropho-
sphate, 5 mM sodium fluoride, 1 mM sodium pyrophosphate,
5 mM b-mercaptoethanol, 1 mM benzamidine, 35 mg/mL PMSF,
and 5 mg/mL leupeptine), homogenized ultrasonically, and put on
ice for 20 min before centrifugation at 13 000 rpm for 15 min. The
protein concentration was measured by using a BCA assay kit
(Pierce Biotechnology, Rockford, USA). Equal amounts of cell lysate
were resolved on 10–12% SDS–PAGE and transferred to PVDF
membrane (Amersham Pharmacia Biotech). After blocking, the
blots were incubated with individual primary antibodies including
Fas/CD95, AIF, Bcl-2 and Bax (Santa Cruz, CA, USA), Apaf-1 (Abcam,
Cambridge, UK), caspase-8, caspase-9 and caspase-3 (Cell Signaling
Technology, Danvers, USA), at 4 8C for overnight and then
incubated for 1 h with HRP-conjugated secondary antibody (Santa
Cruz). The signals were detected by ECL kit using a Lumino Image
Analyzer (TAITEC) [24,25].

2.6. Quantification of caspase activities

Cells (1 � 106) were cultured in a 10-cm dish, treated with or
without 10 mM pan-caspase inhibitor (Z-VAD-FMK) for 3 h before
exposure to 30 nM of ITR-284 for 24 h. The cells were harvested
and lysed in lysis buffer (50 mM Tris–HCl, pH 7.4, 1 mM EDTA,
10 mM EGTA, 10 mM digitonin and 2 mM DTT). The resulting cell
lysates (50 mg protein) were incubated with caspase-3, -9, and -8
specific substrates (Ac-DEVD-pNA, Ac-LEHD-pNA, and Ac-IETD-
pNA) (R&D Systems Inc.) for 1 h at 37 8C. The caspase activity was
determined by measuring the release of pNA at OD405 [24–26].

2.7. Anti-leukemia activity in the WEHI-3 orthotopic model of

leukemia

The WEHI-3 orthotopic mouse model we used is generated by
Chung et al. [25]. For detail, about 60 male BALB/c mice of 22–28 g
in weight at the age of 8 weeks were obtained from Laboratory
Animal Center, College of Medicine, National Taiwan University
(Taipei, Taiwan). The mice were divided into 6 groups and each
group had 10 animals. WEHI-3 cells were injected i.p. at 1 � 105

cells/100 mL PBS into individual BALB/c mice on day 0; Groups II–
VI were treated with either ITR-284 and/or ATRA at day 14th after
WEHI-3 cells injection. Group I was only treated with PBS p.o.;
Group II were treated with p.o. 2 mg/kg/alternate day of ITR-284
for 7 times; Group III were treated with p.o. 10 mg/kg/alternate day
of ITR-284 for 7 times; Group IV were treated with i.p. 30 mg/kg/
alternate day of ATRA for 7 times; Group V were treated with i.p.
30 mg/kg/alternate day of ATRA and p.o. 2 mg/kg/alternate day of
ITR-284 for 7 times and Group VI were treated with i.p. 30 mg/kg/
alternate day of ATRA and p.o. 10 mg/kg/alternate day of ITR-284
for 7 times.

Anti-leukemia activity was assessed as the survival time in the
drug-treated and untreated groups. All animals were weighed and
sacrificed on day 28th. The spleens were isolated, weighed, and
subjected to histopathological analysis. These spleens were fixed in
4% formaldehyde, embedded in paraffin, sectioned at 5 mm, and
stained with hematoxylin and eosin according to the previous
procedure [25,26].
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2.8. Cell surface marker analysis of peripheral blood mononuclear

cells (PBMC)

Whole blood samples were collected (100 mL) from animals of
each group at the end of the experiments, treated immediately
with ammonium chloride buffer (Becton-Dickinson, CA, USA) for
lysing the red blood cells, then centrifuged for 15 min at 1500 rpm
at 4 8C to isolate the PBMC cells. The cells were examined for cell
surface markers, including CD3 (T cell), CD19 (B cell), Mac-3
(Macrophage) and CD11b (Monocyte) by staining with anti-CD3-
FITC, anti-CD19-PE, anti-Mac-3-FITC and anti-CD11b-PE antibo-
dies (BD Pharmingen Inc.) and then incubated with fluorescently
coupled secondary antibody to determine the cell surface marker
expression by flow cytometry as previously described [26].

2.9. Statistical analysis

All the statistical results were expressed as the mean � S.E.M. of
triplicate samples, and the difference between groups was analyzed
by paired two-tailed Student’s t-test, and *P < 0.05; **P < 0.01;
***P < 0.001 was taken as significant.

3. Results

3.1. ITR-284 inhibits cell proliferation and induces apoptosis

in leukemia cells

Our previous report [19] mentioned that ITR-284 (Fig. 1A) can
inhibit cell proliferation of HL-60 leukemia cells and we wondered
whether ITR-284 has the same effect on WEHI-3 leukemia cells. To
gain further into the effects of ITR-284, HL-60 and WEHI-3 cells were
treated with 10–50 nM of ITR-284 for 24 and 48 h and the number of
viable cells was counted by PI exclusion method. ITR-284 inhibited
the growth of HL-60 and WEHI-3 cells in a time- and dose-
dependent manner. The half maximal (50%) inhibitory concentra-
tion (IC50) for 24-h treatment of ITR-284 in HL-60 and WEHI-3 cells
were 29.64 � 1.38 and 32.09 � 2.54 nM respectively (Fig. 1B). Chro-
matin condensation and nuclei fragmentation were evident in HL-60
and WEHI-3 cells treated with 30 nM of ITR-284 by DAPI staining and
examination by fluorescence microscope (Fig. 1C). Treatment of HL-60
and WEHI-3 cells with 30 nM of ITR-284 also induced the translocation
of phosphatidylserine (PS) from inner side of the plasma membrane to
the outer layer of the cell membrane by Annexin V analysis (positive
cells of ITR-284-treated HL-60 and WEHI-3 cells: 82.71� 2.68% and
89.62 � 3.13%; Fig. 1D). Our results indicated that ITR-284 treatments
induced apoptosis in HL-60 and WEHI-3 leukemia cells.

3.2. ITR-284-induced apoptosis in HL-60 and WEHI-3 cells were

accompanied by the increase in ROS production and the loss of

mitochondrial membrane potential (DCm)

We examined the effects of ITR-284 on the ROS production and
loss of DCm by using the ROS-specific dye DCFH-DA and
mitochondria-specific dye DiOC6. A remarkable decrease in the
DCm was observed after 3–12 h of exposure to 30 nM of ITR-284 in
HL-60 and WEHI-3 cells (Fig. 2A). Besides, the increase in ROS
production was evident after 3 to 12 h of exposure to 30 nM of ITR-
284 in HL-60 and WEHI-3 cells (Fig. 2B). Our data showed that ITR-
284 triggered apoptosis through the increase of ROS production
and the disruption of DCm in HL-60 and WEHI-3 cells.

3.3. ITR-284-induced apoptosis on HL-60 and WEHI-3 cells involves

the activation of caspases-8, -9 and -3

To determine if caspases cascade were involved in ITR-284-
induced apoptosis, the caspase-8, -9 and -3 activities were
examined by the caspase activity assay. The results showed that
caspase-8, -9 and -3 activities were all elevated after 24 h of
exposure to 30 nM of ITR-284 in both HL-60 and WEHI-3 both cells
(Fig. 3A, dark column). The caspase-8, -9 and -3 activities
decreased after ITR-284-treated cells were pre-treated with pan-
caspase inhibitor (Z-VAD-FMK) (Fig. 3A, gray column). Therefore,
ITR-284-induced apoptosis is through the induction of caspase-8, -
9 and -3 activities.

3.4. ITR-284-induced apoptosis is mediated through both death-

receptor and mitochondrial apoptotic pathways in HL-60

and WEHI-3 cells

The aforementioned data showed that ITR-284-induced apop-
tosis is through the activation of caspases-8, -9, and -3 activities. It
is well-known that these caspases can be activated in two major
apoptotic pathways, the death-receptor- and mitochondria-
mediated signaling pathways. We therefore determined whether
both of these pathways contribute to ITR-284-induced apoptosis.
First, the death receptor relative proteins Fas/CD95, caspase-8 and
caspase-3 were examined by Western blotting. The results showed
that 30 nM of ITR-284 treatment caused a time-dependent
increase in the level of Fas/CD95 protein in both cells (Fig. 4A).
Following treatment with ITR-284, the cleavage of pro-caspase-8
and pro-caspase-3 into catalytically active forms were clearly
detected in a time-dependent manner (Fig. 4A). Our data suggested
that ITR-284 could activate the extrinsic pathway of Fas/caspase-8/
caspase-3 cascade. Second, the amount of mitochondrial-regulated
relative proteins including cytosolic cytochrome c, Apaf-1, AIF, and
caspase-9 were determined by Western blotting. As shown in
Fig. 4B, 30 nM of ITR-284 treatment caused a time-dependent
increase in the cytosolic cytochrome c, Apaf-1 and AIF in both HL-
60 and WEHI-3 cells. Following treatment with ITR-284, the
cleavage of pro-caspase-9 and pro-caspase-3 (Fig. 4A and B) into
catalytically active forms were also clearly detected in a time-
dependent manner. Our data suggested that ITR-284 could activate
the intrinsic pathway (mitochondria-apoptotic pathway) of
caspase-9/caspase-3 cascade. Third, we examined whether ITR-
284-induced apoptosis is associated with Bcl-2 family proteins,
which are the important regulator proteins for the activation of
caspase cascade. As shown in Fig. 4C, 30 nM of ITR-284 treatment
decreased the amount of anti-apoptotic protein Bcl-2 and
increased that of the pro-apoptotic protein Bax, which suggested
that both Bcl-2 and Bax proteins are involved in ITR-284-induced
apoptosis. Fourth, when cells were pretreated with N-acetylcys-
teine, cyclosporine A or FasL mAb respectively, and then treated
with ITR-284, there is a significant increase in cell viability
(Fig. 3B). These data suggested that the death receptor protein Fas/
CD95 and the mitochondrial environment are the targets of ITR-
284. Thus the effects of ITR-284 on HL-60 and WEHI-3 leukemia
cells are through both intrinsic and extrinsic apoptotic pathways.

3.5. Anti-leukemia activity of ITR-284 in the WEHI-3 orthotopic

mice model

In our preliminary in vivo test, we demonstrated that the dosage
that kills half (50%) of the animals tested (lethal dose; LD50) of ITR-
284 for orally fed BALB/c mice was 20.578 mg/kg. All-trans retinoic
acid (ATRA) (Fig. 1A) is a well-known anti-leukemia drug [26,27].
To test the effects of ITR-284 and ATRA on the survival rates of
WEHI-3 orthotopic model, we administered one tenth and one half
LD50 dose of ITR-284 (p.o. 2 and 10 mg/kg/alternate day) with or
without ATRA (i.p. 30 mg/kg/alternate day) in BALB/c mice after
inoculated with WEHI-3 cells. As shown in Fig. 5A and B, ITR-284
treatments significantly prolonged the survival rate on day 28th of
WEHI-3/BALB/c leukemia mice. The survival rate of WEHI-3/BALB/



Fig. 2. Effects of ITR-284 on mitochondrial membrane potential (DCm) (A) and ROS production (B) in HL-60 and WEHI-3 cells. The DCm in ITR-284-treated HL-60 and WEHI-3

cells from each time point (0, 3, 6, or 12 h) is measured by staining with DiOC6. The ROS production in ITR-284-treated cells is measured by staining with DCFH-DA. Data from

three independent experiments were presented (*P < 0.05; **P < 0.01; ***P < 0.001, as compared with control treatments). Color symbols were inserted inside the figures.
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c mice was 40%, and the survival rate increased to 50% and 60%
when WEHI-3/BALB/c mice were treated with ITR-284 (p.o. 2 and
10 mg/kg/alternate day). The survival rates even increased to 70–
80% when WEHI-3/BALB/c mice were treated with ATRA (i.p.
30 mg/kg/alternate day) in combination with ITR-284 (p.o. 2 or
10 mg/kg/alternate day) treatment (Fig. 5B).

Furthermore, we examined the physiology and histopathology
of the drug-treated animals at day 28th. As in Fig. 5C, ITR-284
treatments prevented the body weight loss in leukemia mice.
The spleens are enlarged in leukemia mice, however, ITR-284
treatments significantly alleviated the enlargement of the spleens
(Fig. 5D). Moreover, hematoxylin and eosin (H-E) staining of spleen
sections revealed that infiltration of immature myeloblastic cells
into splenic red pulp was reduced in ITR-284-treated WEHI-3/
BALB/c mice (Fig. 5E). We also examined the cell surface markers of
PBMC from BALB/c mice after exposure to ITR-284. As shown in
Fig. 5F, ITR-284 treatments increased the levels of CD3- and CD19-
positive cell populations but had no effects on the levels of CD11b-
and Mac-3-positive cell populations. Combined treatments of
ATRA with ITR-284 even enhanced the ATRA effects on the loss of
body weight, spleen enlargement, and infiltration of immature
myeloblastic cells into splenic red pulp (Fig. 5C–E). Therefore, ITR-
284 not only has anti-leukemia activity, but also can augment the
anti-leukemia effects of ATRA in vivo.

4. Discussion

Acute promyelocytic leukemia (APL) was found to be specifi-
cally sensitive to pharmacological doses of all-trans retinoic acid
(ATRA) (Fig. 1A). However, the disease may relapse with resistance



Fig. 3. Effects of ITR-284 and pan-caspase inhibitor on caspase-8/-9/-3 activities (A) and the effects of ITR-284 and specific inhibitors on cell viability (B) in HL-60 and WEHI-3

cells. (A) Cells were treated with 30 nM of ITR-284 or treated with pan-caspase inhibitor (Z-VAD-FMK) for 3 h before ITR-284 treatment, then incubated for 24 h, and the

whole-cell lysate were subjected to caspase activity assay. (B) Cells were treated with specific inhibitors, including N-acetylcysteine (NAC), cyclosporine A (CSA) or FasL mAb

for 1 h and then treated with ITR-284 for 24 h. Cells were then collected to determine the percentage of viable cells.
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to further ATRA and chemotherapy treatments. ITR-284, the
promising anti-leukemia compound, was first described and
synthesized in our laboratory (Fig. 1A). This drug significantly
inhibited the proliferation of HL-60 human promyelocytic
leukemia cells [19]. In addition, ITR-284 has much less cytotoxicity
on the PBMC than on HL-60 cells, and significantly enhanced ATRA-
induced cell differentiation at a lower concentration (25 nM) [19].

In the present study, we examined the molecular mechanisms
of anti-leukemia activity of ITR-284 in both HL-60 and WEHI-3
leukemia cells in vitro and accessed the effect of ITR-284 and the
effects of combined treatment of ITR-284 and ATRA in WEHI-3
orthotopic leukemia mice model in vivo. Our results showed that
30 nM of ITR-284 can substantially inhibit the growth of HL-60 and
WEHI-3 cells (Fig. 1B). Recently, several studies showed the use of
carboxamide derivatives to treat human cancer cell lines, and had
revealed some molecular mechanisms including the inhibition of
topoisomerases’ activities and the induction of apoptosis [28–30].
Our studies showed that ITR-284 treatment decreased the cell
viability (Fig. 1B), implicating that ITR-284 may exert its
cytotoxicity by the induction of apoptosis in both leukemia cells.
As shown in Figs. 1C and D and 2 and 3, ITR-284 indeed induced
apoptosis through the activation of caspase cascade in both cells.
These results suggested that the anti-leukemia activity of ITR-284
appears to be through the induction of apoptotic cell death.

We further showed that ITR-284 induced the cleavage and
activation of the initiator caspases, caspase-8 and caspase-9,
and the executor caspase-3 in a time-dependent manner (Fig. 4A
and B), suggesting that ITR-284 could trigger both extrinsic and



Fig. 4. ITR-284 affected the levels of the associated proteins in both the intrinsic and extrinsic apoptotic pathways in HL-60 and WEHI-3 cells. Cells were treated with 30 nM of

ITR-284 for 0, 6, 12 and 24 h, cytosolic proteins or whole cell lysate were prepared, and subjected to Western blotting. The resulting blots were probed for (A) Fas/CD95,

caspase-8 and caspase-3 (whole cell lysate), (B) cytochrome c, Apaf-1, AIF and caspase-9 (cytosolic proteins), and (C) Bcl-2 and Bax (whole cell lysate). b-Actin served as the

loading control.
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intrinsic signaling pathways. These findings can be further
supported by the following evidences. First, our results demon-
strated that ITR-284 induced a time-dependent increase of Fas/
CD95 proteins (Fig. 4A). We also observed the activation of both
caspase-8 and caspase-3 (Fig. 4A). These data suggested the
involvement of ITR-284 in the extrinsic apoptotic pathway in both
cells. Second, when mitochondria perceive apoptotic signaling, the
outer membrane of mitochondria became permeabilized, then the
apoptotic relative proteins including cytochrome c, Apaf-1, pro-
caspase-9 and AIF were released into the cytosol before the
activation of caspase-3 by caspase-9, and the activated caspase-3
was translocated into the nuclei to activate DNase, leading to DNA
fragmentation (characteristics of apoptotic cells) [31–33]. Herein,
we demonstrated the alteration of DCm and ROS after ITR-284
treatment for 3 h (Fig. 2A and B) and it is very likely that this
alteration led to the release of proteins from mitochondria into the
cytosol (e.g. cytochrome c, Apaf-1, pro-caspase-9 and AIF, Fig. 4B)
and the activation of caspase-9 and caspase-3 cascade (Figs. 3 and
4), as revealed by immunoblotting and caspase activity assays of
ITR-284-treated HL-60 and WEHI-3 cells. These results indicated
that mitochondria-dependent intrinsic pathway is also involved in
ITR-284-induced apoptosis of both cells. These data suggested that
ITR-284 can trigger both the intrinsic and extrinsic signaling
pathways to induce cell apoptosis. However, a signaling pathway
that is involved in the cross-talk between both intrinsic and
extrinsic pathways has been substantiated by the observations
that the activation of caspase-8 causes the cleavage of Bid that in
turn induces a subsequent activation of caspase-9 [34–36]. Our



Fig. 5. Effects of ITR-284 and ATRA on WEHI-3 orthotopic model of leukemia in vivo. Survival rates of (A) ITR-284 and (B) ATRA and ITR-284-co-treated WEHI-3/BALB/c mice.

The mice were inoculated with WEHI-3 cells for 14 days, then either fed orally with ITR-284 (2 and 10 mg/kg alternate day for 7 times) (A) or treated intraperitoneally (i.p.)

with ATRA (30 mg/kg/alternate day for 7 times) together with ITR-284 (B) and the number of surviving mice was counted for 28 days. Symbol for each treatment was

indicated inside the figure. Alteration of body weight (C) and spleen weight (D) of drugs-treated mice. Body weights of drug-treated mice (n = 4) were weighed every 4 days

for 28 days (C). Symbol for each treatment was shown inside the figure. At day 28th, mice were scarified, and the spleen was taken out and weighed (D). H–E staining of the

spleen sections of ITR-284-treated WEHI/BALB/c mice (E) and cell surface marker expression of PBMC (F) of ITR-284 alone and both ATRA and ITR-284-treated WEHI/BALB/c

mice. Paraffin sections of spleens from treated animals were prepared and stained with hematoxylin and eosin (E). PBMC cells were collected from control (PBS p.o.) and drug-

treated animals and analyzed for cell surface markers (CD3, CD19, Mac-3, and CD11b) by flow cytometry (F). The results of spleen weight were expressed as the mean � S.E.M.

and the difference between the groups were tested by paired two-tailed Student’s t-test, and *P < 0.05; **P < 0.01; ***P < 0.001 was taken as significant.
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results indicated that all three caspases (caspase-8, -9, and -3)
were activated after ITR-284 treatment. Therefore, it is possible
that ITR-284 also exerts its effects through subsequent caspase-8
activation, Bid cleavage, caspase-9 activation, and finally caspase-3
activation, leading to apoptosis in HL-60 and WEHI-3 cells.

The mechanism of arsenic trioxide (As2O3)-induced leukemia
cell apoptosis is through activation of caspase cascade. As2O3 can
cause the loss of mitochondria membrane potential (DCm) and
the increase in mitochondrial membrane permeability, leading to
the degradation phase of apoptosis [37]. Previous reports showed
the caspase-9 activation was observed in leukemia cells treated
with 1 mM ATRA and 4 mM As2O3, but As2O3-induced caspase-8
activation was only observed in 4-5 mM As2O3, suggesting that
signaling through death receptors extrinsic pathway or mitochon-
dria-dependent intrinsic pathway is dependent on drug concen-
tration.

ITR-284 could have the potential to be a novel anti-leukemia
drug because it enhanced all-trans retinoic acid (ATRA)-induced
cell differentiation in vitro [19]. WEHI-3 leukemia cells, a
monomyelocytic leukemia cell line originally derived from the
BALB/c mouse, are proved to be an ideal system for the studies of
potential therapeutic agents that can induce differentiation and



Fig. 6. A proposed model illustrates the molecular mechanism and the overall

possible signaling pathways for ITR-284-induced apoptosis in HL-60 and WEHI-3

leukemia cells.
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apoptosis in vivo [25,26]. In the WEHI-3 cells orthotopic mice
model, the BALB/c mice were injected i.p. with WEHI-3 cells for
14 days before treatment with ITR-284, and then the animals
were sacrificed at day 28th. ITR-284 treatments significantly
prolonged the survival rate (Fig. 5A), prevented the loss of body
weight (Fig. 5C), inhibited the spleen enlargement (Fig. 5D), and
reduced the infiltration of immature myeloblastic cells into
splenic red pulp (Fig. 5E). We also demonstrated that ITR-284
could increase the amount of T and B cells in peripheral blood
from BALB/c mice inoculated with WEHI-3 cells (Fig. 5F). ATRA is
a naturally derivative of vitamin A and has been shown to act
therapeutically by the induction of cell differentiation in HL-60
and WEHI-3 leukemia cell lines [26,27]. It has been successfully
used in the therapy of hemopoietic malignancies in vivo [27,38].
The combined treatment of ITR-284 with ATRA increased the
survival rate, prevented the loss of body weight, and lessened the
enlargement of the spleen than that of either ITR-284 or ATRA
alone (Fig. 5) suggests that combined treatment of ITR-284 with
ATRA is more effective for the differentiation therapy of
leukemia. Our results indicated that ITR-284 represents a
promising candidate as an anti-leukemia drug with low toxicity
to normal cells.

Promyelocytic leukemia is a different subtype of acute myeloid
leukemia. Chemotherapy agents such as all-trans retinoic acid
(ATRA) and arsenic trioxide (As2O3) were the first-line treatment
with a complete remission rate of 75–95% in patients [39]. Many
studies demonstrated that ATRA (at concentrations of 0.5–1 mM)
strongly induces terminal differentiation of HL-60 and promye-
locytic leukemia cells [39]. However, the retinoic acid syndrome
(RAS) in some patients is recognized as a distinct complication and
a significant percentage of patients still develop resistance to this
treatment [40]. Arsenic trioxide (As2O3) has been reported to cause
the remissions in APL patients. In vitro studies showed that HL-60
cells underwent differentiation with As2O3 at low concentrations
(0.1–0.5 mM) but were induced into apoptosis at high concentra-
tions (0.5–2 mM). The As2O3 exerts its cardiac toxicity in human
patients even at 0.16 mg/kg and repeated injection of As2O3

produces cardiac toxicities in mice [41]. Oral administration of
As2O3 to mice at doses of 3 or 6 mg/kg for 30 days results in
significant reductions in the body weight, protein and glycogen
content, as well as the reduction in the ascorbic acid content of
livers and kidneys [41]. On the other hand, low doses of As2O3

were shown to stimulate angiogenesis and tumorigenesis [42].
Therefore the therapeutic dosage of As2O3 should be carefully
investigated before it is applied to treat solid tumors in patients.
ITR-284 has a better activity than other clinical drugs, such as ATRA
and arsenic trioxide (As2O3) because (i) it exhibits low cytotoxicity
in both leukemia cells and induces apoptotic cell death in vitro at
low concentration (10–50 nM); (ii) it possesses better anti-cancer
activity in orthotopic WEHI-3 model of leukemia than ATRA in

vivo; (iii) the combined treatment of ITR-284 with ATRA has
synergic effect and thus can decrease the concentration of ATRA in
clinic application.

In conclusion, ITR-284 has growth inhibition effects on HL-60
and WEHI-3 leukemia cells by the induction of cell apoptosis. In
Fig. 6, we have outlined the molecular mechanism and the overall
possible signaling pathways for ITR-284-induced apoptosis in
HL-60 and WEHI-3 leukemia cells. Our studies have clearly
pointed out that the death receptor protein Fas/CD95 and the
mitochondrial environment are the targets of ITR-284 and the
effects of ITR-284 on HL-60 and WEHI-3 cells are through
intrinsic and extrinsic apoptotic pathways. In addition, our in

vivo studies in WEHI-3 orthotopic leukemia mice model
indicated that ITR-284 has anti-leukemia activity and combined
treatments with ATRA has synergistic effect. Therefore, ITR-284
has the potential to be one of the best leading compounds for the
development of a novel anti-leukemia agent or synergistic
therapy agent in the future.
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