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Abstract

role of A14 on T-cell acute lymphoblastic leukemia.

the survival rate.

the treatment of T-cell acute lymphoblastic leukemia.

Background: Acute lymphoblastic leukemia is an aggressive neoplasm and seriously threatens human health. A14 is
one kind of semisynthetic aurone that exhibits the capability to inhibit prostate cancer, but little is known about the

Methods: Firstly, the effects of A14 on the ability of leukemia cells to proliferate were measured by Vi-cell counter.
Then, we detected the cell cycle and apoptosis by flow cytometry and characterized the related protein expression
using immunoblotting. In addition, we constructed stable luciferase expressing cell lines for use in a cell derived xeno-
graft mouse model to measure the effect of A14 on T-cell acute lymphoblastic leukemia.

Results: Results exhibited that A14 markedly suppressed cell proliferation and induced G2/M phase arrest along with
cell cycles regulating proteins changes. A14 led to apoptosis in leukemia cells, at least partly, through the cytochrome
c signaling pathway. Experiments in cell derived xenograft mouse model also showed that A14 markedly ameliorated

Conclusions: The present study revealed that semisynthetic aurones A14 can effectively protect against T-cell acute
lymphoblastic leukemia progression both in vitro and in vivo, indicating the capability of A14 as a promising drug for
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Background

As a hematological disease, acute lymphoblastic leuke-
mia (ALL) is a heterogeneous malignancy. ALL is one
of the most common forms of leukemia and is mainly
induced from hematopoietic precursors of lymphoid cells
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including B-cell acute lymphoblastic leukemia (B-ALL) or
T-cell acute lymphoblastic leukemia (T-ALL). T-ALL is a
lymphoblasts’ neoplasm, whose genesis is associated with
the lesion of several tissues including blood, bone mar-
row, lymph nodes, thymus and so on [1]. As an aggressive
neoplasm, T-ALL affects both children and adults [2].
T-ALL accounts for approximately 10-15% of pediatric
patients and nearly 25% of adult patients in ALL cases.
Due to its unique clinical features, T-ALL has attracted
more and more attention in recent years. Patients with
T-ALL have high rates of relapse, while also being poor
responders to chemotherapy drugs [3]. Compared with
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B-ALL, T-ALL demonstrates a less favorable prognosis.
Following improvements in T-ALL therapy, the event-
free survival for 5 years in T-ALL patients has increased,
but the survival rate is still only about 30-40% in adult
patients and 60-70% in pediatric patients [4, 5]. As it
stands, chemotherapeutic regimens remain critical for
the treatment of T-ALL patients, however, the short-term
and long-term side effects of chemotherapeutic treat-
ment hasten the discovery of new drugs or advanced
treatments to solve the clinical challenge.

A common characteristic of cancer cells is the mitotic
catastrophe, which is usually associated with DNA dam-
age [6]. The formation of mitotic spindle and overexpres-
sion of cell cycle proteins promote cancer cell mitosis,
leading to cell proliferation. It has been widely accepted
that chemotherapeutic drugs inducing cell cycle arrest
can be used as potential drugs for the treatment of can-
cer. Cell cycle contains the interphase and mitotic phase,
meanwhile, the interphase can be divided into the G1
phase, S phase and G2 phase. The cell cycle checkpoints
play a pivotal role in DNA repair, and the cell cycle phase
transitions are regulated by mitosis-promoting factors
including cyclins and cyclin-dependent kinases (CDKs)
[7]. Aside from cyclins and CDKs, p53 has also been
demonstrated to regulate the G2 checkpoint and activate
p21 [8, 9].

In tumor development, cell apoptosis also plays an
important role. Several proteins can induce cell apopto-
sis through proteolysis of specific targets, such as poly
ADP-ribose polymerase (PARP). Among these proteins,
cysteine proteases, which are members of the caspases
family, can be activated by proapoptotic signal and
induce an apoptosis signal cascade in cancer cells [10].
Because the caspase family can be divided into initiator
caspases and effector caspases, there are several different
apoptosis signals in the caspases family. Caspase-8, cas-
pase-9 and caspase-12 belong to the initiator caspases,
while caspase-3, caspase-6 and caspase-7 belong to the
effector caspases. The initiator caspases are activated by
the apoptotic stimuli, which in turn act on the effector
caspases and promote the process of cell death [11, 12].

The uncommon flavonoid class of aurones has garnered
increasing attention in recent years [13]. As a secondary
metabolite from natural products, aurones are classified
into the flavonoids family. The flavonoids family also con-
tains flavones, flavanones, catechins and others [14, 15].
It has been found that aurones are widely present in veg-
etables, fruits and flowers, and contribute to the pigmen-
tation of plants [16]. Notably, the privileged structure of
aurones allow for a wide range of biological activities,
such as antioxidant, antibacterial, antiinflammatory and
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so on [16, 17]. (Z)-2-((2-((1-Ethyl-5-methoxy-1H-indol-
3-yl)methylene)-3-o0xo-2,3-dihydrobenzofuran-6-yl)oxy)
acetonitrile, also known as Al4, is one kind of semisyn-
thetic aurones. Previous studies have reported the inhi-
bition effect of A14 on PC-3 tumor xenografts in nude
mice [18], but little is known about the role of A14 on
T-cell acute lymphoblastic leukemia mice. In this study,
the effects of A14 on T-cell acute lymphoblastic leukemia
were elevated in vitro and in vivo.

Materials and methods

Compounds

To synthesize (Z)-2-((2-((1-Ethyl-5-methoxy-1H-
indol-3-yl)methylene)-3-0xo0-2,3-di-hydrobenzo-
furan-6-yl)oxy) acetonitrile (Al4), 6 mmol anhydrous
potassium carbonate was added to 2 mmol of (2Z)-
2-  [(1-ethyl-5-methoxy-1 h-indole-3-yl)meth-ylene]-
6-hydroxy-1-benzofuran-3(2H)-one in 10 mL
n,n-dimethylformamide (DMF) solution. The mixture
was heated to 60 °C, mixed with 2.4 mmol/L chloroace-
tonitrile and stirred at 60 °C for another 8 h before being
cooled. The resulting mixture was then added to 100 mL
of 0.05 mol/L sulfuric acid aqueous solution. The precipi-
tate was collected by filtration, washed with water, dried
and recrystallized in DMF methanol to obtain A14 yellow
crystal: mp 230-232 °C.

Al4 was dissolved in dimethyl sulfoxide (DMSO,
Sigma-Aldrich, St. Louis, MO, USA) and prepared into
corresponding concentrations for cell experiments. In
the animal experiments, A14 was dissolved in solvent
(50% PEG-400+35% PBS+10% DMSO + 5% Tween-80)
to prepare a 0.2% Al4 solution. Briefly, A14 was added
to 10% DMSO, mixed well, added to 50% PEG-400 and
5% Tween-80, mixed ultrasonically for 2 h, supplemented
with 35% PBS, and stirred using a vortex mixer before
use.

Cell culture

Human leukemia cell lines Jurkat and THP-1, purchased
from China Fenghui Biotechnology Co., Ltd. Cells were
cultured in RPMI-1640 and supplemented with 10%
fetal bovine serum (FBS), 100 mg/mL streptomycin and
100 U/mL penicillin (Gibco Life Technologies, Carlsbad,
CA, USA). The cells were kept in a humid incubator at
37 °C with 5% CO,.

Cell proliferation assay

We detected the proliferation of Jurkat and THP-1 cells
according to the protocol. Cells were treated with differ-
ent concentrations of A14 (10 uM, 3 uM, 1 M, 0.3 pM,
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0.1 uM, 0.03 uM, 0.01 uM), and each concentration was
repeated three times. Equal volumes of DMSO were
added to the blank wells. After 5 days of treatment, Vi-
cell (Beckman Coulter, Indianapolis, IN, USA) counter
was used to calculate the inhibition rate.

Colony formation assay

1.2% and 0.7% agar were prepared and maintained at
42 °C without solidification after high-pressure steriliza-
tion.1.2% agar mixed with RPMI 1640 medium (RPMI
1640+20% FBS+2% PS), was laid on a 6-well plate
as the lower glue and incubated at 37 °C for 30 min to
fully solidify. The prepared Jurkat or THP-1 cell suspen-
sion were mixed with 0.7% agar. The mixed medium
was incubated in a 6-well plate as the upper glue. After
solidification, the complete medium was supplemented
with corresponding A14, and the culture medium was
changed every 3 days. After 2 weeks, the clone size
was stained with 0.1% crystal violet (Sigma-Aldrich)
and observed by Nikon ECLIPSE Ts2 light microscope
(Nikon Corporation, Tokyo, Japan).

Cell cycle assay

We measured the cell cycle of Jurkat and THP-1 cells
according to the instructions of cell cycle kit. Cells with a
density of 1 x 10°/well were inoculated into 6-well plates,
and different concentrations of Al4 were added to each
well for treatment. The blank control well was treated
with DMSO. After 24 h of treatment, cells were collected
and transferred to a centrifuge tube, supernatant was
discarded, and washed with PBS. To detect the cell cycle
by flow cytometry (Beckman Coulter, Indianapolis, IN,
USA), DNA Staining solution and permeability solution
were added to each tube, mixed well with a vortex and
incubated at room temperature in darkness for 30 min.

Cell apoptosis analysis

We also measured the apoptosis of Jurkat and THP-1
cells via the apoptosis kit. Cells with a density of 1 x 10°
were incubated into 6-well plates and challenged with
different concentrations of Al4. After 24 h of treatment,
the cells were collected by centrifugation. After washing
the cells with precooled PBS, we added AnnexinV-FITC
and propidium iodide (PI) (BioLegend Inc., San Diego,
CA, USA Biolegend, San Diego, CA) into each tube, and
incubated them at room temperature for 5 min. We were
then able to detect AnnexinV-FITC by flow cytometry
(Beckman Coulter).

Cell mitochondrial membrane potential analysis
As above, Jurkat cells and THP-1 cells were stimulated
with corresponding concentrations of Al4. Carbonyl
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cyanide 3-chlorophenylhy drazone (CCCP) was added to
the cell culture medium and treated for 20 min as a posi-
tive control. Cells were stained with 5,5',6,6’-Tetrachloro-
1,1/,3,3'-tetraethyl-imidacarbocyanine iodide (JC-1) and
incubated at 37 °C for 20 min. We then washed the cells
with JC-1 staining buffer five times, and analyzed them
using cell flow cytometry (Beckman Coulter).

Cell derived xenograft model
First, we constructed a cell line with stably expressing
luciferase gene. Specifically, Jurkat cells were cultured in
96 well plates with 5% virus per well. After incubation at
37 °C for 6 h, the medium was changed to 2 pg/mL puro-
mycin for continuous screening over several days. Then
the monoclonal antibodies were selected and isolated.
Female NOD/SCID mice aged 6-8 weeks were fed
in a SPF room with free access to water and food. Mice
were divided into five groups randomly and injected with
1x10° Jurkat-Luc (luciferase reporter gene) cells per
mouse through the tail vein. Three days later, the fluo-
rescence was detected by IVIS Lumina Series III (Perki-
nElmer, Waltham, MA, USA) to judge whether the CDX
model was established successfully. The mice that suc-
cessfully expressed fluorescence were randomly divided
into Al4 (20 mg/kg) group and control group (n=15).
The weights of the mice were recorded every day, and the
fluorescence was detected every five days. All the animal
procedures were performed in strict conformance to the
Guidelines for Care and Use of Laboratory Animals of
Hebei Normal University and approved by the Animal
Ethics Committee of Hebei Normal University.

Immunoblot analysis

Total proteins were extracted from cells using RIPA
buffer with cocktail and phenylmethanesulfonyl fluo-
ride (Cell Signaling Technology, Inc, Boston, MA, USA).
The protein content was determined by the BCA protein
assay kit (Beyotime Institute of Biotechnology, Shanghai,
China). Aliquots were separated on 10% sodium dode-
cyl sulphate—polyacrylamide (SDS-PAGE) gel, and then
transferred to the polyvinylidene fluoride (PVDF) mem-
brane (EMD Millipore, Billerica, MA, USA). After being
sealed with 5% milk, the membrane was washed with
TBST and incubated overnight with primary antibodies
at 4 °C. The primary antibodies include CDK1 (1:1000,
Abcam, Cambridge, MA, USA), cyclin Bl (1:1000,
Abcam), CDK2(1:1000, Abcam), cyclin D1 (1:1000, Cell
Signaling Technology, Inc., Danvers, MA, USA), Caspase
3 (1:1000, Cell Signaling), Cleaved Caspase 3 (1:1000,
Cell Signaling), Caspase 9 (1:1000, Cell Signaling),
Cleaved Caspase 9 (1:1000, Cell Signaling), poly [ADP-
ribose] polymerase (PARP) (1:1000, Cell Signaling), Bcl-2
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(1:1000, Abcam) and GAPDH (1:1000, Cell Signaling).
The membrane was washed three times and incubated
with the horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (1:10,000, Abcam) at room temperature
for one hour. ChemiDoc™” Imaging Systems (BioRad
Laboratories, Inc., Hercules, CA, USA) used an enhanced
chemiluminescence detection kit (Beyotime Institute of
Biotechnology) to detect the protein band. The optical
density of protein bands were quantified by the Quantity
One software (Bio-Rad), and the values were expressed
as the ratio of protein to GAPDH with the values of the
DMSO group set to one.

Statistical analysis

Statistical analyses were performed by one-way analy-
sis of variance (ANOVA) with Tukey’s post hoc test. All
results were presented as the mean =+ standard deviation
(SD), p<0.05 was thought to be statistically significant.

Results

A14 suppressed leukemia cell proliferation

Firstly, we investigated the effect of A14 on the cell prolif-
eration ability of leukemia cells. Results showed that A14
inhibited Jurkat cell proliferation by 50% at 0.3 uM and
THP-1 cells by 40% at 0.03 uM concentration (Fig. 1A).
As we have demonstrated that A14 is a tubulin inhibitor
in PC-3 cells [18], we wonder whether the proliferation
inhibition is associated with the tubulin inhibitor. Results
demonstrated Al4 decreased tubulin polymerization
especially in Jurkat cells, indicating that tubulin inhibi-
tion may be contributed the cell proliferation by the A14
(Fig. 1B). In line, the soft agar cloning experiment showed
that cell cloning in the 0.1 uM concentration is less than
in the control group, and there is nearly no cell cloning
formation in both 0.3 pM and 1 uM A14-treated groups,
suggesting that Al14 can significantly inhibit the cloning
formation capacity in leukemia cells (Fig. 1C). These data
suggested that Al14, as a tubulin inhibitor, can effectively
suppress leukemia cell proliferation.

A14 treatment induces G2/M phase arrest

The cell cycle is tightly associated with the cell prolifera-
tion. In order to explore the potential of A14 resistance to
cell cycles, the cell cycle was validated with flow cytome-
ters. As shown in Fig. 2, the cell cycles of both Jurkat and
THP-1 cells were increasingly arrested in G2/M phase
after A14 treatment compared with the control group
(Fig. 2A) and THP-1 cells (Fig. 2B), indicating that leu-
kemia cell cycles were blocked in the G2/M period after
A14 challenge.
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Cyclins and cyclin-dependent kinases (CDKs) work
together in regulating cell cycles. In order to explore the
cell cycle arrest caused by Al4, we measured the protein
expression of cyclins and CDKs by western blot. Results
demonstrated that Al4 treatment down-regulated the
cyclin B1 and CDK1 expression in Jurkat cells and THP-1
cells. In addition, Al4 challenge also suppressed cyc-
lin D1 expression with inhibition of CDK2 expression
(Fig. 3A and B).

A14 treatment induces cell apoptosis

It is well known that cell cycle arrestment usually
leads to cells apoptosis, so the effect of A14 on cell
apoptosis is a detectable phenomenon. The depo-
larization of mitochondrial membrane potential often
indicates early apoptosis of cells, so we first detected
the mitochondrial membrane potential changes.
Results showed that the depolarization of mitochon-
drial membrane potential exhibited the elevation trend
in Jurkat cells but there was no significant change in
THP-1 cells when challenged with A14 (Fig. 4A and B).
Consistently, flow cytometer results also demonstrated
that the proportion of early apoptosis was enhanced
in Jurkat cells, however, the proportion of late apop-
tosis in the two leukemia cells was increased after A14
treatment compared with the control group. These
data suggest that A14 can cause apoptosis in leukemia
cells (Fig. 4C and D).

Following our process with cell cycles, we also detected
the protein expression associated with apoptosis signal-
ing pathways using western blot. Results showed that
Al4 treatment could enhance cleaved caspase-3 and
cleaved caspase-9 in Jurkat cells and THP-1 cells along
with inducing the upregulation of caspase-3 downstream,
thereby cutting substrate cleaved PARP compared to the
control group in both leukemia cells, leading to PARP
cutting (Fig. 5A—C). In addition, A14 also enhanced the
pro-apoptotic protein Bax expression by inhibiting the
expression of the anti-apoptotic protein Bcl-2 (Fig. 5A—
C). These results indicate that A14 contributes to late
apoptosis in leukemia cells and leads to cancer cell apop-
tosis at least partly through the cytochrome C signaling
pathway.

A14 ameliorates the survival rate in cell derived xenograft
(CDX) model mice

We monitored and recorded the body weight of mice
daily. At the end of the experiment, a line graph of the
weight changes was drawn. As showed in (Fig. 6A), the
overall weight of mice in the control group showed a
downward trend, accompanied with death. Surprisingly,
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there were no significant changes of histopathologi-
cal alteration in liver and spleen between the A14 treat-
ment group and control group (Fig. 6B). To determine
the density changes of Jurkat cells in mice, we detected

the bioluminescence of mice using the IVIS Spectrum.
The results exhibited that the fluorescence increase in the
A14 treatment group was generally smaller than that in
the control group compared with the initial fluorescence
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intensity of corresponding mice, suggesting that A14
could inhibit the proliferation of leukemia cells in CDX
mouse model (Fig. 6C—E). We monitored and recorded
the survival of each group of mice and plotted the sur-
vival curve. The results showed that A14 administration
significantly extended the survival rate of mice compared
to the control group. On the 52nd day all mice in the con-
trol group died, while 50% of the mice in the Al4 treat-
ment group survived (Fig. 6F), indicating that A14 may
act as a promoting agent to protect against T-cell acute
lymphoblastic leukemia.

Discussion

The malignant transformation of T-cell precursors is major
contributing factor to the etiology of T-ALL. Chemother-
apy regimens with or without cranial radiation therapy are
usually used for the treatment of patients with T-ALL in
clinic [19]. In the present study, we investigated the effect
of semisynthetic aurone Al4 on T-ALL. Results showed
that A14 suppressed leukemia cell proliferation by inducing
G2 phase arrest and cell apoptosis. In addition, A14 also
exhibited the capability to improve the survival rate of mice
in the xenograft tumor model.

As is well known, vinca alkaloid vincristine is usually
used as the standard component in the treatment of acute
lymphoblastic leukemia, which mainly targets the B-tubulin
subunit of af-tubulin heterodimers [20]. Drugs that target
the colchicine binding site on tubulin provide a potential
new approach in the treatment of T-ALL. Colchicine binds
with tubulin and suppresses the microtubule assembly.
Though colchicine itself is not used as an agent to protect
against cancer, several tubulin inhibitors are investigated
in preclinical or clinical trials for the interaction with the
colchicine binding site [21]. Previous studies demonstrated
that semisynthetic aurones inhibit tubulin polymerization
at the colchicine-binding site [18], indicating the possible
mechanism of action of A14 on T-ALL. Indeed, we found
A14 significantly inhibited proliferation.

It has been demonstrated that tubulin-destabilizing
agents induce the cell cycle arrest in the G2/M phase,
which is associated with the cytoskeleton disruption and
microtubule depolymerization [22]. G2/M phase arrest
suppresses cancer cell proliferation by blocking the repair
of damaged DNA, so the G2/M checkpoint is a potential
therapeutic target [23]. We detected the effects of A14 on
cell cycle distribution in Jurkat and THP-1 cell lines. Simi-
lar to other tubulin targeting compounds, A14 also blocked
the G2/M phase, indicating that A14 may be a promising
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drug. It has been well known that different classes of cyc-
lins and CDKs are tightly associated with cell cycle progres-
sion [24]. Cyclins are synthesized and broken down during
the cell cycle, which is regulated by the kinase activity. Usu-
ally the interphase CDKs (CDK2, CDK4 and CDK6) and a
mitotic CDK1 can interact with four kinds cyclins (cyclin
A, cyclin B, cyclin D, cyclin E) to format the CDK-cyclin
complexes. Changes in the CDK-cyclin complexes result in
the continued proliferation of cancer cells [25]. Cell cycle
progression is monitored by the checkpoints during chro-
mosome segregation and DNA synthesis. The checkpoints
regulate the CDK activity and induce cell cycle arrest.
Complex CDK with cyclin D or cyclin E is responsible for
the G1 phase during cell cycle. CDK2 and cyclin A are
associated with the S-phase. Additionally, the complexes
of CDK1 with cyclin A or cyclin B are required for the
G2-phase and M-phase respectively. It has been demon-
strated that the CDK1/ cyclin B1 complex is an important
requirement for cell mitosis [26]. In our study, we meas-
ured the CDK1 and CDK2 protein expression along with
the cyclin B and cyclin D alteration. Results demonstrated
that A14 may inhibit cell proliferation through adjusting
the cell cycle distribution.

Apoptosis is pivotal for physiological cell death in body.
The signaling pathway of apoptosis is mainly divided into
two paths. One is death receptor ligation signaling and the
other is cytochrome c signaling. Briefly, the death receptor
ligation signaling usually recruits the caspase-8 precursor
to a death-inducing complex, leading to the activation of
caspase-8 [27]. However, the cytochrome c signaling is usu-
ally stimulated by challenges such as radiation, drugs and
so on in mitochondria. Cytochrome c is released from the
mitochondria and binds to Apafl and ATP, leading to the
activation of caspase-9 [28]. Previous studies have reported
that the accumulation of « -tubulin acetylation activated
the caspases involved in apoptosis progression [29]. In the
present study, we found A14 induces cell apoptosis and
relies, at least partly, on cytochrome c signaling.

Conclusions

In conclusion, our study revealed that semisynthetic aurone
A14 suppressed leukemia cell proliferation in vitro, in addi-
tion, A14 administration also extended the survival rate in
cell derived xenograft mice model. Our results suggest that
A14 is a promising agent for the treatment of T-ALL, and
requires further investigation in patient derived xenograft
models and T-ALL patients.

(See figure on next page.)

Fig. 6 A14 protect against Jurkat cell derived xenograft model mice. A The body weight were recorded and calculated. B Representative
hematoxylin and eosin (H&E) staining (100x magnification) of liver and spleen (n =3-4). C The bioluminescence of mice was captured by VIS
Spectrum. D The fluorescence change of every mouse. E The average fluorescence change in control and A14-treated groups. F The survival rate in

control and Al4-treated groups. Values represent the means =+ SD. *p < 0.05
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