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ABSTRACT

Aim: Autophagy is a self-protective process, and it confers cancer cells resistance against
radio-chemotherapeutics. To induce cancer cell death, a series of compounds of 3-
((4-((7-chloroquinolin-4-yl)amino)butyl)amino)- 7-substituted benzo[e][1,2,4] triazine
1-oxide or CQBTO containing two critical chemical groups were designed and synthesized.
One compound, BTO, yielded free radicals to trigger autophagy, and the other one,
chloroquine (CQ), was an inhibitor of autophagy. We hypothesized that the compounds could
kill cancer cells effectively by inducing incomplete autophagy.

Methods: In vitro cultured non-small cell lung carcinoma cells and primary lung tumors in
mice in vivo were used to test the lethal effects of CQBTO on cancer cells and toxicity to
normal tissues. Cell viability was examined using the CCK8 assay. Genomic instability was
determined with the cytochalasin B-blocked micronucleus assay. Cell cycle distribution was
analyzed by propidium iodide staining and flow cytometry. Western blotting and
immunofluorescence were used to detect the induction and localization of LC3, a biomarker
for autophagy.

Results: Compared with CQ, three CQBTO compounds were lethal to lung cancer cells, and
CQBTO-3 was the most effective. The LD50 for CQBTO-3 was 21 uM in A549 cells and
21.5 uM in Calu-1 cells, which was lower than that of CQBTO-2 or CQBTO-1. Induction of
LC3 foci and an increase in the LC311/LC3I ratio demonstrated the induction of autophagy by
CQBTO-3 in A549 cells, whereas no obvious micronuclei or cell cycle arrest was observed.
No detectable toxicity to normal mice was observed. CQBTO-3 improved the quality of
mouse life, reduced the number and size of existing tumors, and suppressed tumor formation.

Conclusion: CQBTO-3 is a potential chemical compound for lung cancer treatment.

Keywords: Autophagy; chloroquine; lung cancer; cell cycle arrest; primary mouse lung
tumor.
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Autophagy is an evolutionarily conserved cellular process[1]. It is an adaptive strategy
by which cells recycle organelles and proteins damaged by reactive oxygen species (ROS) to
survive bioenergetic stress. Persistent activation of autophagy leads to programmed cell
death[2]. However, autophagy serves as a survival pathway in tumor cells treated with
apoptosis activators, and the use of autophagy inhibitors such as chloroquine (CQ) in
combination with therapies has been proposed for inducing apoptosis of cancer cells[3, 4].

CQ blocks the last step of the autophagy pathway by impairing autophagic protein
degradation[5] [6], which leads to the accumulation of ineffective autophagosomes and the
death of cells reliant on autophagy for survival[4]. High concentrations of CQ alone induce
tumor cell death[7]. The combination of 3-methyladenine (3-MA) and CQ radiosensitizes the
breast cancer cell line MDA-MB-231[8]. Several clinical trials of combination treatment with
CQ and other chemotherapeutic drugs are underway.

ROS are constantly generated and eliminated in biological systems, and they play
important roles in a variety of normal biochemical functions and abnormal pathological
processes. It is possible to exploit this biochemical feature and develop novel therapeutic
strategies to preferentially kill cancer cells through ROS-mediated mechanisms[9].

In the present study, we synthesized a series of compounds containing 3-
[(7-chloroquine-4-amino)butyl amino]- 7- benzo[e][1,2,4]triazine- 1- O- derivatives by
connecting CQ to benzo[e][1,2,4]triazine 1- oxide (BTO) with carbon chains of various
length. In addition, a series of compounds were generated by modifying the BTO subunits
with the same length of carbon chains. The lethal effects of these compounds against lung
cancer cells and their toxicity to normal tissues were tested.

Materials and methods

Mice. Animal care and all animal experiments were performed in accordance with animal
safety protocols approved by Soochow University. All in vivo experiments were performed
using 22 + 2 g Kunming SPF mice purchased from Shanghai SLAC Laboratory Animal Co,
Ltd.

Compound synthesis and administration. CQ and BTO were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All the CQBTO drugs were dissolved in DMSO.
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Cell culture. For in vitro experiments, the human non-small cell lung carcinoma cell lines
A549 and Calu-1 were purchased from American Type Culture Collection in 2010 and
maintained in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NY, USA) and 10 U/mL penicillin/streptomycin [10]. Cell
number was counted using a Coulter Z2 particle analyzer or Trypan Blue exclusion. Both cell
lines were incubated in a humidified incubator (Thermo Scientific, NC, USA) with 5% CO,
at 37°C.

Immunoblotting. Cultured cells were lysed in RIPA buffer (Beyotime, China). Lysates were
standardized for protein content and resolved by SDS-PAGE on 12% PAGE gels. Antibodies
used in this study included anti-actin (mouse monoclonal antibody, 1:10,000;
Sigma-Aldrich); and anti-LC3 (rabbit polyclonal antibody, 1:2,000; CST, Danvers, MA,
USA).

Immunofluorescence imaging. For GFP-LC3 fluorescence imaging, cells cultured on slides
were treated with the compounds and fixed with 4% paraformaldehyde for 10 min at room
temperature, permeabilized for 20 min in ethanol at -20°C, washed with PBS for 30 min,
treated with 0.5% Triton for 10 min, blocked for 1 h with 5% skim milk, and stained with
anti-LC3 (rabbit polyclonal antibody, 1:2,000; CST) for 2 h. The bound antibody was
visualized using Alexa Fluor® 488 anti-mouse antibody (Abcam, NY, USA) and cell nuclei
were counterstained with 4',6-diamidino-2-phenylindole (DAPI, Invitrogen, CA, USA).
Slides were observed using a confocal laser scanning microscope (FVV1200; Olympus, Tokyo,
Japan)[11].

CCK-8 assay. Cell viability was measured using the CCK-8 assay. Briefly, 5 x 10° cells in
the logarithmic growth phase in 100 uL complete medium were seeded into a 96-well plate
and incubated at 37°C in a humidified 5% CO, atmosphere overnight. The cells were then
treated with various concentrations of the CQBTO drugs for 24 h. Then, 10 uL of the CCK-8
reagent (Cell Counting Kit-8 DOJINDO, Rockville, MD, USA) was added to each well and
incubated at 37°C for 2 h. The optical density at 450 nm (ODysp) was measured using a
microplate spectrophotometer (Bio-Rad, Segrate, Italy). Cell viability was expressed as a
percentage of the control.

Cell cycle analysis. At 24 h after treatment, floating and adherent cells were collected,
washed with PBS, fixed with 70% ice-cold ethanol, and stained with propidium iodide (PI, 50
ug/mL). Cell cycle progression was analyzed using a Cytomics FC500 Analyzer (Beckman
Coulter, Brea, USA). Gating was used to remove cellular debris and fixation artifacts [12].
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Assessment of autophagy. Antibodies that recognize the autophagy marker LC3-11 (Novus
Biologicals, Littleton, CO, USA) were used to detect the respective protein levels by western
blotting. LC3-11 was distinguished from LC3-1 by size.

Statistics. Means were compared using the two-tailed Student’s t-test. P <0.05 was
considered statistically significant in all calculations. All data analyses were performed using
GraphPad QuickCalcs version 1 [13].

RESULTS
1. Synthesis of CQBTO

The CQBTO used in the present study was obtained as follows: 4-(aminoalkyl)
amino-7-chloroquine derivatives were generated by the reaction of 4, 7-dichloroquinoline and
alkyl diamine under conditions of high temperature. Then, the 4-(aminoalkyl)
amino-7-chloroquine derivatives were reacted with 7-substituted- 3-chloro-
1,2,4-benzotriazole-1-oxide in the presence of triethylamine to generate the desired product |
(Fig. 1). While the R, was H and R; was H, then obtained the product | was CQBTO-1. While
the R, was H and R; was methyl, then product | was CQBTO-2. While the R, was H and R;
was ClI, the product | was CQBTO-3. For the synthesis of the 3- ((4- ((7- chloroquinolin- 4-
yl)amino)butyl)amino)- 7-substituted benzo[e][1,2,4]triazine 1-oxide, chloro-
1,2,4-benzotriazole- 1-oxide (50 mg, 0.275 mmol) and 4-piperazinyl- 7-chloroquinoline (68
mg, 0.275 mmol) were dissolved in 10 mL DME and 0.5 mL triethylamine. The mixture was
sealed in a 50 mL bottle, heated at 80°C, and refluxed for 5 h. After the reaction was
completed, the solvent was removed by rotary evaporation, and the residue was extracted
with dichloromethane and water, followed by washing with a saturated salt solution and
drying over anhydrous sodium sulfate. After the solvent was removed by rotary evaporation,
80 mg 4- (N-1,2,4- benzotriazole-1- oxide)-piperazinyl- 7-chloroquinoline (yield=75%) was
obtained after purification by column chromatography on silica gel (PE:EA=5:1-PE:EA=2:1).

1H NMR (400 MHz, DMSO-d6), 5=8.74 (d, J = 5.5 Hz, 1H), 8.24-8.15 (m, 2H), 8.04 (d, J =

2.2 Hz, 1H), 7.86 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.70 -7.61 (m, 2H), 7.43 (ddd, J = 8.4, 6.9,
1.2 Hz, 1H), 7.11 (t, J = 9.0 Hz, 1H), 4.08 (m, 7.6 Hz, 4H), 3.51 (t, 4H). 13C NMR (151

MHz, CDCI3) & 158.22 (s), 156.67 (s), 151.90 (s), 150.12 (s), 148.86 (s), 135.74 (s), 135.23
(s), 130.25 (s), 129.02 (s), 126.66 (d, J = 1.5 Hz), 125.39 (s), 124.89 (s), 121.89 (s), 120.50
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(s), 109.30 (s), 52.04 (s), 44.04 (s), 31.94 (s), 30.21 (S), 29.71 (S), 29.38 (S). The procedures
for the chemical synthesis of the other drugs can be found in Supplemental 1.

2. CQBTO-3 shows the strongest killing effect on in vitro cultured lung cancer cells.

Because inhibition of autophagy usually results in the brisk death of cancer cells, and
treatment with 50 uM CQ alone is enough to induce tumor cell death[7], we chose two
concentrations (25 uM and 40 u M) to test the lethal effects of CQBTO compounds on two
cultured human non-small cell lung carcinoma cell lines, A549 and Calu-1. As shown in Fig.
2A, CQ and CQBTO compounds at two concentrations inhibited the viability of both cell
lines. The efficacy of CQBTO-1 and CQBTO-2 was similar to that of CQ, whereas
CQBTO-3 showed the highest efficacy. Treatment with 25 pyM CQBTO-3 decreased A549
cell viability to 40 + 10% and Calu-1 cell viability to 38 + 9% of the controls, which was
significantly lower than that induced by the same concentration of CQ. When cells were
treated with 40 uM CQBTO-3, more than 90% of cells lost viability, whereas 70% cells
exposed to the same concentration of CQ remained active.

CQBTO-2 was selected for further comparison with CQBTO-3 regarding cancer cell
lethal effects, as it showed the most similar structure to CQBTO-3 and the most similar
efficacy for inhibiting cell viability to CQ and CQBTO-1. Dose response curves for cell
viability were generated using the CCK-8 assay. The results showed that the lethal effects of
both CQBTO-2 and CQBTO-3 were dose-dependent (Fig. 2B). The dose causing 50%
lethality (LDsg) for CQBTO-2 was 45uM in A549 cells and >50uM in Calu-1 cells, whereas
that of CQBTO-3 was 21uM in A549 cells and 21.5uM in Calu-1 cells (Table 1).

Table 1. LDsp of CQBTO compounds

A549 Calu-1
CQBTO-2 45 uM >50 M
CQBTO-3 21 uM 21.5 uM
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3. CQBTO-3 inhibits autophagy more efficiently than CQBTO-2.

Elevated expression of LC3, specifically the ratio of LC311 to LC3lI, is a marker of
autophagy[14]. We therefore detected LC3 expression in A549 (Fig. 3A) and Calu-1 cells
(Fig. 3B) by western blotting. The LC3II/LC3I ratio was 0.66 + 0.06 in control cells, 5.08 +
3.40 in BTO treated cells, and 3.47 + 1.85 in CQ treated cells. Treatment with CQBTO-1 or
CQBTO-2 increased the ratio to 6.23 + 3.21 or 7.50 + 4.52, respectively, whereas CQBTO-3
increased it to 2.52 + 1.33. These results indicated that CQBTO-3 inhibited autophagy.

To confirm these findings, immunofluorescence assays were performed to determine the
localization of LC3. As shown in Fig. 4, LC3 foci localized to the cytoplasm of A549 cells.
CQBTO-3 induced the formation of LC3 loci at a considerably lower rate than CQ or
CQBTO-2 treatment, which was consistent with the relatively low LC311/LC3I ratio in cells
exposed to CQBTO-3. Starvation and exposure to ionizing radiation induce autophagy.
Treatment with CQBTO-3 reduced the formation of LC3 foci induced by starvation or
radiation exposure. Next, cell cycle distribution was analyzed by flow cytometry. As shown
in Fig. 5, CQ, CQBTO-2, or CQBTO-3 induced G1 block in both cell lines, and CQBTO-2
had a stronger effect on inducing G1 phase block than CQBTO-3. Taken together, these
findings indicated that CQBTO-3 inhibited autophagy more efficiently than CQBTO-2.

4. CQBTO-3 shows the strongest effects in a mouse lung cancer model.

A urethane-induced primary mouse lung tumor model was used to explore the efficacy
of CQBTO-3 for the treatment of lung cancer. Mice bearing lung primary tumors were
divided into five groups: Ctrl, BTO, CQ, CQBTO-3, and CQBTO-2 groups. Mice were
treated with five drugs at a dose of 1 mM (200 uL) once a day for 30 days. As shown in Fig.
6A, one of eight mice treated with CQBTO-3 died after 30 days, whereas four of eight mice
in the Ctrl group, two in the CQ group, and one in the CQBTO-2 group died after 30 days.
None of the mice in the CQBTO-3 group died after 28 days of treatment. These data
suggested that CQBTO-3 was effective in killing primary mouse lung tumors.

There was no significant weight loss in all the mouse groups (Fig. 6B). In the CQBTO-3
group, the size and number of tumors were smaller than those of the other groups (Fig. 6C).
As shown in Fig. 6D, there were no visible changes in organs such as the liver, spleen, and
kidney. Peripheral blood cells were detected by automated hematology (Fig. 6E), BTO, CQ,
or CQBTO decreased the levels of HGB, MCHC, and MCH, whereas there were no
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significant differences between the effects of CQBTO-3 and CQBTO-2. Compared with the
other groups, mice in the CQBTO-3 group were more active, suggesting that CQBTO-3 can
improve the quality of life of mice bearing lung tumors.

Discussion

Chemotherapeutic drugs are often toxic. Therefore, it is important to develop antitumor
drugs possessing strong lethal effects with little toxicity. In the present study, we chemically
combined CQ with BTO, a ROS generator, with carbon chains and tested its lethal effects on
cancer cells and in a mouse lung cancer model. Among the synthesized CQBTO compounds,
CQBTO-3 showed promise for the treatment of lung tumors, with a strong lethal effect and
little toxicity.

The antitumor mechanism of CQ involves the induction of apoptosis[15] and
autophagy[16, 17], scavenging of tumor stem cells[18, 19], and vascular normalization[20].
CQ is therefore a promising agent for the treatment of cancer.

Autophagy is a stabilizing process that acts via organelle degradation. Autophagy has a
dual purpose in processing useless or damaged organelles and helping cells survive
unfavorable conditions. This mechanism has two different effects on cancer cells: it can cause
cancer cell death, and it can help tumor cells resist severe environmental conditions and
promote tumor cell growth.

The use of CQ alone can inhibit the proliferation of tumor cells both in vitro and in vivo.
[21]. Although CQ can cause tumor cell death directly, large doses of CQ can cause liver
damage. [22] Therefore, although large doses of CQ can inhibit autophagy and induce the
direct death of tumor cells, its clinical application in the treatment of cancer is limited. [23]

The structure of CQBTO has a critical impact on its lethal effects on cancer cells. The
length of the carbon chain between CQ and BTO is a critical factor, as the lethal effects
increase with chain length. The strong lethal effects of CQBTO-3 were correlated with its
long carbon chain, which is associated with a low ROS quenching ability among the CQ
group. In addition, the substituent group plays an important role. CQBTO compounds are
characterized by differences in the substituent group, 7-benzo[e][1,2,4]triazine 1-oxide: the
group is hydro- for CQBTO-1, methyl- for CQBTO-2, and chloro- for CQBTO-3. The strong
lethal effects of CQBTO-3 may be attributed to the impact of the chloro- group on promoting
the production of ROS [16, 23].
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In summary, CQBTO-3 is a promising agent for the treatment of lung tumors, showing a
strong lethal effect and little toxicity. Additional experiments are needed before this agent can
be used in clinical practice.
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Figure legends

Figure 1. Synthesis of CQBTO compounds. (A) The synthesis of
3-[(7-chloroquinolin-4-amino) alkylamino]-7-substituted-benzo [e] [1,2,4] triazine-1-0xo0. (B)
Chemical structural formula of CQBTO-1, CQBTO-2, and CQBTO-3.
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Figure 2. The lethal effects of CQBTO compounds on two kinds of in vitro cultured human
non-small cell lung carcinoma cell lines. (A) CQ and CQBTO compounds at two
concentrations inhibited the viability of both cell lines (A549 and Calu-1) as measured by the
CCK-8 assay. (B) Dose response curves for cell viability were generated based on the results
of the CCK-8 assay in both cell lines. The error bars denote the mean + SE derived from
three independent experiments.

Figure 3. The expression of LC3 in A549 (A) and Calu-1 cells (B) measured by western
blotting in cells treated with different drugs (n = 3).The error bars denote the mean + SE from
three independent experiments.

Figure 4. Localization of LC3 in A549 cells. Immunofluorescence analysis was used to
determine the localization of LC3 in A549 cells after different treatments.

Figure 5. (A) Flow cytometry showing significant increases in the percentage of cells in the
G1 phases when the cells were treated with CQ, CQBTO-2, or CQBTO-3 in both cell lines.
(B) Cell cycle distribution measured with flow cytometry. The error bars denote the mean +
SE derived from three independent experiments.

Figure 6. Efficacy of CQBTO-3 in a urethane-induced mouse lung cancer model. The mice
bearing lung primary tumors were divided into five groups: Ctrl group, BTO group, CQ
group, CQBTO-3 group, and CQBTO-2 group. Mice were treated with five different drugs at
I mM (200 uL) once a day for 30 days. (A) One of eight mice died in 30 days in the
CQBTO-3 group, whereas four of eight mice in the Ctrl group, two in the CQ group, and one
in the CQBTO-4 group died in 30 days. None of the mice in the CQBTO-3 group died after
28 days. (B) No significant weight changes were observed in all the mouse groups. (C)
Tumor size of the different groups. (D) Changes in organ index including liver, spleen, and
kidney. (E) The peripheral blood cells were detected by automated hematology. The levels of
HGB, MCHC, and MCH decreased after treatment with BTO, CQ, or CQBTO.
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Figure 4
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