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Abstract. 3-({4-[4-(Acridin-9-ylamino)phenylthio]phenyl}
(3-hydroxypropyl)amino)propan-1-ol (CK0403) is a 
sulfur-containing 9-anilinoacridine analogue of amsacrine and 
was found to be more potent than its analogue 2-({4-[4-(acridin-
9-ylamino)phenylthio]phenyl}(2-hydroxyethyl)amino)
ethan-1-ol (CK0402) and amsacrine in the inhibition of the 
topoisomerase II-catalyzed decatenation reaction. A previous 
study by our group reported that CK0402 was effective against 
numerous breast cancer cell lines, and the combination of 
CK0402 with herceptin enhanced its activity in HER2(+) 
SKBR-3 cells. In order to identify novel chemotherapeutic agents 
with enhanced potency, the present study explored the potential 
of CK0403 in the treatment of breast cancer. First, the growth 
inhibitory activity of CK0403 in the breast cancer cell lines 
MCF-7, MDA-MB-231, BT474 and SKBR-3, as well as in the 
non-cancerous MCF-10A cell line, was examined using a 
sulforhodamine B assay. The results showed that CK0403 
exerted more potent growth inhibitory activity than CK0402 in 
all of the breast cancer cell lines except MCF-7. SKBR-3 and 
MDA-MB-231 were the most sensitive cell lines tested, and the 
combination of CK0403 with herceptin in HER2(+) SKBR-3 
cells enhanced the growth inhibitory activity of CK0403. 
Analysis of cell cycle alterations induced by CK0403 in SKBR-3 
cells revealed that, similarly to CK0402, CK0403 induced 
G2/M-phase arrest with a decreased S- and G0/G1-phase ratio. In 
addition, it was shown that CK0403 induced apoptosis more 
effectively than CK0402 in SKBR-3 cells. Further analysis of 
autophagy protein 5 (Atg5) indicated that CK0403 induced more 
cleaved Atg5 than CK0402 and other chemotherapeutic agents 
tested. Of note, although still relatively potent, CK0403 exhibited 

reduced growth inhibitory activity under hypoxic conditions, 
which can induce autophagy. Collectively, the present results 
supported that CK0403 is highly potent and more effective than 
CK0402 aga inst  est rogen receptor-negat ive and 
HER2-overexpressing breast cancer cell lines, suggesting its 
future application for chemotherapy in breast cancer.

Introduction

Breast cancer is the most common type of cancer diagnosed 
in American women and is the second most common cause 
of cancer-associated mortality. In 2014, 232,670 new breast 
cancer cases are expected to be diagnosed, and 40,430 breast 
cancer mortalities are expected in the USA (1). In the treat-
ment of breast cancer, anthracyclines (e.g. doxorubicin and 
daunorubicin) are among the most active anti-neoplastic 
agents in use (2-5). Although highly effective in chemotherapy, 
the mechanism of action of these compounds is not specific 
and several mechanisms have been demonstrated, including 
inhibition of topoisomerase I/II and production of reactive 
oxygen species (ROS). In addition, clinical use of anthra-
cyclines is often hampered by its cumulative dose-limiting 
cardiotoxicity, as well as the development of drug resistance 
by tumor cells (6,7). Following the success of doxorubicin, a 
tremendous amount of effort has been made in the search of 
effective alternatives; however, only few of them are clinically 
approved and none of them are clearly superior to doxoru-
bicin (8,9). Therefore, the development of effective therapeutic 
strategies, including alternatives to anthracyclines and/or their 
combination with other effective agents, remains an important 
task in breast cancer treatment.

The anti-cancer agent amsacrine (m-AMSA; Fig. 1) is 
a topoisomerase II inhibitor and is structurally a 9-anili-
noacridine analogue. 9-Anilinoacridines have displayed an 
advantage over other topoisomerase II inhibitors in that they 
were not affected by transport-mediated multidrug resistance 
(MDR). In addition, atypical MDR can be overcome by struc-
ture modification at its topoisomerase II‑binding domain (10). 
In an attempt to develop improved chemotherapeutic 
agents, 9-anilinoacridine has been subjected to various struc-
tural modifications on the acridine backbone as well as on the 
aniline ring. It is generally thought that the mode of action of 
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this type of compound is through DNA intercalations facili-
tated by the tricyclic acridine moiety; additional interactions 
between the aniline ring of the compound with other molecules 
can lead to the inhibition of topoisomerase II (11,12).

A previous study by our group reported the synthesis and 
preliminary anti-cancer evaluation of a ser ies of 
su l f u r- conta in ing 9 -an i l i noacr id ine  der ivat ives, 
including 2-({4-[4-(acridin-9-ylamino) phenylthio]phenyl}
(2-hydroxyethyl)am ino)ethan-1-ol  (CK0402)  and 
3-({4-[4-(acridin-9-ylamino) phenylthio]phenyl}(3-hydroxy-
propyl)amino)propan-1-ol (CK0403) (Fig. 1) (13). Within a 
library of sulfur-containing 9-anilinoacridines, CK0403 and 
CK0402 were the most cytotoxic agents against Chinese 
hamster lung transformed V79 cells (13). Similarly to amsa-
cr ine  and anth racycl ines,  CK0403 in h ibited  a 
topoisomerase IIα-catalyzed decatenation reaction, and it was 
~10 times more effective than amsacrine and its analogue 
CK0402 according to study by our group (14). A further study 
by our group showed that CK0402 was effective against 
numerous breast cancer cell lines; in addition, the combination 
of CK0402 with herceptin enhanced its activity in HER2(+) 
SKBR-3 cells (15). Reduced production of ROS was noted in 
CK0403‑treated fibroblast cells compared with that in cells 
treated with CK0402; furthermore, the cell proliferation 
inhibitory activity of CK0403 was enhanced when combined 
with NU1025, a potent and specific poly(adenosine diphos-
phate-ribose polymerase 1 inhibitor (14). In addition, a 
clonogenic assay demonstrated that CK0403 was more potent 
than CK0402 against hepatocellular carcinoma HepG2 cells; 
however, in breast cancer MCF-7 cells, the activity of 
CK0403 and CK0402 was comparable (14). 

To examine whether CK0403 is more active than 
CK0402 against breast cancer cell lines other than MCF7, the 
present study first evaluated the cytotoxic effect of CK0403 on 
a panel of established human breast cell lines with varying 
levels of estrogen receptor (ER), progesterone receptor (PR) 
and HER2/neu, the most common clinically used biomarkers 
for breast cancer treatment. The human breast cell lines used 
included MCF-7 [ER(+), HER2(-) and PR(+)], BT-474 [ER(+), 
HER2 overexpressing and PR(+)], MDA-MB-231 [ER(-), 
HER2(-), PR(-)] and SKBR-3 [ER(-), HER2 overexpressing, 
PR(-)], and the non-cancerous MCF-10A cell line [ER(-), 
HER2(-), PR(-)]. The cytotoxicity of CK0403 was subsequently 
evaluated on the most sensitive cell line, SKBR-3, under hypoxic 
conditions or with the combination of herceptin. The potential 

underlying mechanisms of the cytotoxic effects of CK0403 
were also explored using cell cycle analysis, quantification 
of the apoptotic rate and assessment of autophagy-associated 
signaling.

Materials and methods

Chemicals and reagents. CK0403 was prepared and purified 
as described previously (13). Herceptin was kindly provided by 
Genentech Inc. (San Francisco, CA, USA). Dimethyl sulfoxide 
(DMSO, cell culture grade), sulforhodamine B and propidium 
iodide were purchased from Sigma-Aldrich Chemical Co. 
(St. Louis, MO, USA). Dulbecco's modified Eagle's medium 
(DMEM)/F12, Iscove's modified Dulbecco's medium (IMDM), 
horse serum, penicillin/streptomycin, phosphate-buffered 
saline (PBS), RNase A and trypsin-EDTA were purchased 
from Gibco-BRL (Invitrogen Life Technologies, Inc. Carlsbad, 
CA, USA). Fetal bovine serum (FBS) was purchased from 
Gemini Bio-Products (Woodland, CA, USA).

Cell culture and treatment. All of the cell lines were obtained 
from the American Type Culture Collection (Manassas, 
VA, USA) and grown in 75-cm2 cell culture flasks at 37˚C 
in a humidified atmosphere of 5% CO2 in air. MCF-7 and 
MDA-MB-231 cells were maintained in IMDM/F12 (1:1 
mixture) medium; SKBR-3 and BT-474 cells were maintained 
in DMEM/F12 (1:1 mixture). All the media were supplemented 
with penicillin/streptomycin (50 mg/ml) and 10% FBS. 
MCF-10A cells were maintained in DMEM/F-12 supplemented 
with 5% horse serum, insulin (10 mg/ml), hydrocortisone 
(500 ng/ml), epidermal growth factor (20 ng/ml), cholera 
toxin (100 ng/ml) and penicillin/streptomycin (50 mg/ml). For 
hypoxia treatment, cells were incubated in 1% O2/5% CO2/94% 
N2 overnight prior to drug treatment. Hypoxic conditions were 
generated using a PROOX sensor (model C21; BioSpherix, 
Hanover, NH, USA) using N2 influx. Drug treatment involved 
continuous incubation with the compounds for six days. For all 
cell culture experiments, cells were seeded at least 24 h prior 
to treatment.

Cell proliferation assay. Cells (~3,000-5,000/well) were 
seeded and allowed to grow in a 96-well plate for at least 24 h 
prior to treatment. DMSO was used as a vehicle to dissolve 
CK0403 with a final DMSO concentration ≤0.1% (v/v) in 
the medium. Herceptin was added 3 h prior to the addition 

Figure 1. Chemical structures of (1) CK0402, (2) CK0403 and (3) amsacrine.
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of CK0403 when cells were treated with the combination of 
CK0403 and herceptin. At the end of the incubation, cultures 
were fixed with 50 µl 50% cold trichloroacetic acid and incu-
bated at 4˚C for 1 h. The plates were washed five times with 
water and then air‑dried. The fixed cells were stained for 30 min 
with 100 µl 0.4% sulforhodamine B solution in 1% acetic acid. 
The plates were then washed five times with 1% acetic acid 
to remove any unbound dye. The bound dye was dissolved 
with 10 mM Tris buffer and the absorbance of the resulting 
solution was measured at 570 nm to quantify the number of 
surviving cells. All of the treatments were performed at least 
three times in triplicate. The drug concentration that produced 
a 50% reduction (LC50) in cell survival was determined using 
median-effect plots.

Apoptotic cell death detection. To quantitatively determine 
the apoptotic cell death induced by CK0403, CK0402 and 
amsacrine (Sigma-Aldrich Chemical Co.), a cell death detec-
tion ELISA kit (Roche Diagnostics, Indianapolis, IN, USA) 
was used and enrichment factor was reported, according to 
the manufacturer's instructions. Briefly, following treatment of 
cells with the indicated drugs at 0.3125 or 0.525 µM for 72 h, the 

cells were lysed and incubated for 30 min at room temperature; 
aliquots of 20 µl supernatant were then transferred into the wells 
of a streptavidin‑coated microtiter plate. To each well, 80 µl 
immunoreagent was added. After incubation at room tempera-
ture for 2 h, the solution was decanted, and each well was 
rinsed three times with incubation buffer. Color development 

was performed by adding 100 µl 2,2'‑azino‑bis(3‑ethylbenzo-
thiazoline-6-sulfonic acid (ABTS) solution and absorbency was 
measured at 405 nm in a microtiter plate reader (Spectramax 
Plus 384; Molecular Devices, Sunnyvale, CA, USA) against 
ABTS solution as a blank.

Flow cytometric cell cycle analysis. SKBR-3 cells growing in 
the exponential phase were treated with the indicated concentra-
tions of CK0403 or DMSO as previously described (15). At the 
end of the incubation, cells were harvested, fixed in ice‑cold 70% 

ethanol and stored at ‑20˚C. The fixed cells were washed with 
phosphate-buffered saline, treated with RNase A (3 units/ml) 
at 37˚C for 30 min and stained with propidium iodide (50 mg/ml) 
for 5 min. DNA content for 250,000 cells per analysis was moni-
tored using a Becton‑Dickinson FACScan flow cytometer (BD 
Biosciences, Franklin Lakes, NJ, USA) and Modfit software (LT 
version 2.0; Verity Software House, Topsham, ME) was used for 
analysis of the cell cycle distribution.

Western blot analysis. SKBR-3 cells were treated with 
CK0403, CK0402, amsacrine, doxorubicin or camptothecin 
(Sigma‑Aldrich Chemical Co.) at 1 µM for 24 h. Cells were 
harvested by scraping and washed with PBS. Cellular proteins 
were isolated with cell lysis buffer purchased from Cell 
Signaling Technology, Inc (Beverly, MA, USA). Equal amounts 
of protein (40 µg) were boiled for 5 min, separated by 10% 
SDS-PAGE at 100 V for 110 min and then electro-transferred 
onto polyvinylidene difluoride membranes. Antibody against 
Atg5 was purchased from Novus (Littleton, CO, USA; rabbit 
polyclonal; cat. no. NB110-53818; 1:3,000). β-Actin antibody 
(as a reference standard) was purchased from Sigma-Aldrich 
(mouse monoclonal; cat. no. A5316; 1:5,000). Primary anti-
body incubations were performed at 4˚C overnight. Following 
extensive washing, specific bands were detected using immob-
ilon western chemiluminescent substrate (Millipore, Billerica, 
MA, USA). Secondary anti-rabbit (cat. no. 7076) or anti-mouse 
(cat. no. 7074) immunoglobulin G conjugated to horse radish 
peroxidase were purchased from Cell Signaling Technology, 
Inc.

Statistical analysis. The statistical comparisons between 
certain pairs of measurements were performed using Student's 
t-test. Statistical analyses were performed using Microsoft 
Excel 2007. The data are expressed as the mean ± standard 
deviation.

Results

CK0403 inhibits the growth of human breast cancer cells. 
The human breast cancer cell lines MCF-7, MDA-MB-231, 
BT-474 and SKBR-3 were selected to evaluate the growth 
inhibitory activity of CK0403. Based on a previous study 
by our group on CK0402, the cells were incubated with 
CK0403 for six days (15). In addition, the growth inhibitory 
effect of CK0403 on the non-cancerous human breast cell line 
MCF-10A was examined. As shown in Table I, MCF-10A was 
the cell line with the lowest sensitivity to CK0403 treatment. 
Among the breast cancer cell lines tested, the magnitude of 
the growth inhibitory effects of CK0403 was in the following 
order: SKBR3≥MDA‑MB‑231>BT‑474≥MCF‑7.

A previous study by our group reported that CK0402 induced 
apoptosis and autophagy in SKBR-3  ells (15). Autophagy is 
induced by a variety of metabolic stresses, including hypoxia 
and oxidative stress. To elucidate the role of autophagy in the 
cell death induced by CK0403, the growth inhibitory activity 
of CK0403 in SKBR-3 cells was examined under normoxic 
and hypoxic conditions in parallel. The results showed 
that CK0403 was less potent under hypoxic conditions as 
compared with normoxia (LC50=0.12 µM vs. 0.07 µM, 
respectively).

Table I. LC50 values of CK0403 in a panel of breast cancer cell 
lines and the normal breast cell line MCF10A. 

Cell line LC50 (µM)a Immunoprofile 

MCF-7 1.06±0.35 ER+, HER2-, PR+

MDA-MB-231 0.09±0.02 ER-, HER2-, PR-

BT-474 0.94±0.53 ER+, HER2+, PR+

SKBR-3  ER-, HER2+, PR-

  Normoxia 0.07±0.05 
  Hypoxia 0.12±0.03
MCF10A 4.25±0.93 ER-, HER2-, PR

aIncubation was performed for six days. Growth inhibition was deter-
mined using the sulforhodamine B assay. Values are expressed as 
the mean ± standard deviation from three independent experiments. 
LC50, concentration leading to a 50% reduction in cell survival. ER, 
estrogen receptor; PR, progesterone receptor.
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CK0403 induces G2/M phase arrest in SKBR‑3 cells. In order 
to examine the cell cycle distribution of SKBR-3 cells, cells 
were treated with CK0403 at 1 µM for 48 or 72 h, stained with 
propidium iodide and subjected to flow cytometric analysis 
(Fig. 2). The results showed that CK0403 time-dependently 
induced G2/M arrest with a reduced G1- and S-phase population 

in SKBR-3 cells. These results are similar to those observed 
for CK0402; however, it was noted that CK0403 induced a 
lower increase in the G2/M-phase population as compared to 
CK0402.

CK0403 induces apoptosis in SKBR‑3 breast cancer cells. 
The cell growth inhibition resulting from CK0403 treatment 
was further characterized by evaluating the apoptotic response 
induced by CK0403 and compared with that of CK0402 and 
amsacrine in SKBR-3 cells using an ELISA kit (Fig. 3) (15). As 
it was previously found that CK0402 did not induce apoptosis 
effectively within 48 h of treatment, apoptosis was analyzed 
at 72 h. The results showed that CK0403 induced apoptotic 
effects in SKBR‑3 cells at doses of 0.3125 and 0.625 µM, 
resulting in a 9.02±2.51- and 9.47±1.39-fold enhancement of 
apoptosis, respectively. The results of the present study showed 
that at the dose of 0.3125 µM, CK0403 induced apoptosis in 
SKBR-3 cells more effectively than its analogue CK0402, but 
equally effective as amsacrine. At the dose of 0.625 µM, all 
three compounds were equally effective at inducing apoptosis 
in SKBR-3 cells.

CK0403 induces the autophagic pathway in SKBR‑3 cells. 
Atg5 cleavage provokes apoptotic cell death, and it represents 
a molecular link between autophagy and apoptosis (16). As 
shown in Fig. 4, the present study demonstrated that treating 
SKBR3 cells with CK0403 at the dose of 1 µM led to the induc-
tion of cleaved Atg5 protein expression. Furthermore, it was 
shown that at the same dose, CK0403 induced higher levels 
of cleaved Atg5 protein than other anti-cancer agents tested, 
including CK0402, amsacrine, doxorubicin and camptothecin.

Herceptin potentiates the CK0403‑induced growth inhibi‑
tion of SKBR‑3 cells. As shown in Fig. 1, among the cell 

Figure 3. Induction of apoptosis by CK0402, CK0403 and amsacrine in 
SKBR-3 breast cancer cells analyzed by ELISA. SKBR-3 cells were incu-
bated with the respective compounds at 0.3125 or 0.525 µM for 72 h. The 
data are expressed as the mean ± standard deviation (*P<0.05, compared with 
the control).

Table II. Potentiation of the growth inhibition activity of CK0403 by herceptin in SKBR-3 human breast cancer cellsa.

 Percentage of cell survival (%)
 ---------------------------------------------------------------------------------------------------------------------------------------------------
Concentration of CK0403 (µM) CK0403 Herceptinb CK0403 + Herceptin

0.03125 50.3 75.9 45.3
0.125 39.5 91.6 26.1
1 19.8 69.2 4.3

aCells were continuously incubated with these agents for six days. bThe dose of herceptin was 1/20 of the respective concentration of CK0403.

Figure 4. Induction of Atg5 protein expression by CK0403 in SKBR-3 breast 
cancer cells. A representative western blot is shown. The concentration used 
for all the tested agents other than DMSO was 1 µM. DMSO, dimethyl sulf-
oxide (vehicle control); Atg, autophagy protein; Camp, camptothecin.

Figure 2. Effects of CK0403 on the cell cycle progression of SKBR-3 breast 
cancer cells. Cells were stained with propidium iodide and analyzed by flow 
cytometry. The results are representative data from three independent experi-
ments.
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lines tested in the present study, the HER2-overexpressing 
SKBR-3 cell line was most sensitive to CK0403 treatment. 
Since SKBR-3 cells overexpress the HER2 receptor, SKBR-3 
cells were selected to evaluate the combined effects of 
CK0403 and herceptin. At the tested doses, the growth inhibi-
tory effects of CK0403 on SKBR-3 cells were found to be 
potentiated by the herceptin added at 1/20 of the concentra-
tion of CK0403 (Table II).

Discussion

Structurally, CK0402, CK0403 and amsacrine are 9-aminoac-
ridine analogues. Amsacrine was the first clinically successful 
synthetic DNA-intercalating agent (8). Amsacrine and its 
analogs contain a DNA-binding domain (acridine moiety) and 
a topoisomerase II-binding domain (aniline moiety). Amsacrine 
itself, distinct from anthracyclines, is not affected by trans-
port-mediated MDR; in addition, its topoisomerase II-binding 
domain can be modified to overcome the observed atypical 
MDR (10). Thus, structural modifications of amsacrine analogs 
may provide effective second-line therapeutics for tumors that 
have developed resistance to doxorubicin and etoposide. Certain 
amsacrine analogues have been found to be potent against the 
human breast carcinoma T-47D cell line and showed activity 
in phase II clinical studies on breast cancer (17,18). In spite of 
these successes, continuous efforts are made to develop novel 
9-aminoacridine analogues with enhanced activity against 
breast cancer in pre-clinical studies (13,14,19-21).

A previous study by our group showed that 
CK0402 possesses activity against a broad spectrum of cancer 
types, including a panel of established human breast cancer 
cell lines (15). CK0403 is an analogue of CK0402 and was 
found to inhibit the topoisomerase-IIα catalyzed decatena-
tion reaction ~10 times more effectively than amsacrine and 
its CK0402 analogue (14). The present study, determined that 
CK0403 is more potent than its CK0402 analogue against 
several breast cancer cell lines, particularly to the HER2-
overexpressing SKBR-3 cell line and the triple-negative 
MDA-MB-231 cell line. Of note, the non-cancerous MCF10A 
cell line was the least sensitive cell line among the cell lines 
tested, indicating that CK0403 may selectively kill malignant 
cells over non-malignant cells. Based on the growth-inhibitory 
effects induced by CK0403 on the panel of cell lines examined 
in the present study, CK0403 appears to be more effective 
against malignant ER(-) cells than against ER(+) cells.

The tumor microenvironment has a crucial role in the 
chemoresistance of tumor cells. A hypoxic environment in 
solid tumors is common, which results in increased anaerobic 
glycolysis, new blood vessel formation, genetic instability 
and a decreased responsiveness to radio- as well as chemo-
therapy (22,23). Therefore, tumor hypoxia represents a 
challenge for chemotherapeutic agents. Autophagy is induced 
by a variety of metabolic stresses, including hypoxia and 
oxidative stress. Increasing evidence has shown that autophagy 
contributes to the resistance to anti-neoplastic agents, including 
topoisomerase II inhibitors (24,25). A previous study by our 
group showed that autophagy as well as apoptosis can be 
induced by CK0402 in SKBR-3 cells (15); however, the role of 
autophagy in CK0402-induced cytotoxic effects has remained 
elusive. The results of the present study indicated that the 

growth inhibitory activity of CK0403 was reduced, although 
not distinctly, under hypoxic conditions. Whether autophagy 
contributes to the cellular resistance to cell death induced by 
CK0403 will be the subject of further study. The LC50 value 
was in the nanomolar range under hypoxic as well as normoxic 
conditions, demonstrating that CK0403 effectively inhibited 
the growth of SKBR-3 cells under either condition.

The present  study fur ther demonst rated that 
CK0403 induced the cleavage of Atg5 in SKBR-3 cells 
more effectively than CK0402, amsacrine, doxorubicin and 
camptothecin at the doses used. The process of autophago-
some formation requires the covalent conjugation of Atg12 
and Atg5 in a ubiquitylation-like process (26). However, the 
non-conjugated forms of Atg12 and Atg5 are involved in the 
induction of apoptosis; in apoptotic cells, Atg5 is cleaved by 
calpains and then translocates to the mitochondria, resulting 
in the release of cytochrome C by interacting with B-cell 
lymphoma 2 family proteins (16,26).

The present and a previous study by our group showed that 
CK0402 and CK0403 induced G2/M arrest in breast cancer 
cells, which is a common cellular response to treatment with 
DNA-damaging agents (15). In addition, the sensitivity of 
various breast cancer cell lines to CK0403 was consistent with 
that to CK0402. A previous study by our group determined that 
apoptosis was the type of cell death induced by CK0402 in breast 
cancer cells. In a similar fashion, CK0403 effectively induced 
apoptosis in SKBR-3 cells, as demonstrated in the present 
study. Based on the above results and the structural similarity 
between the two compounds, it is concluded that CK0403 inhib-
ited breast cancer cell growth through similar mechanisms to 
those of CK0402, but with higher potency. Collectively, our the 
results of the present study supported that CK0403 is superior 
to CK0402 as a potential treatment option for ER-negative and 
HER2-overexpressing breast cancers; furthermore, the growth 
inhibitory effects on HER2-overexpressing breast cancer cells 
were potentiated by the addition of herceptin.
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