
Abstract. Background: Etoposide and other type-II human
topoisomerase (TOPOII) poisons are widely used for the
treatment of many different cancer types, including non-
small cell lung cancer (NSCLC). However, there is a risk for
the development of therapy-related secondary leukemia
following treatment with these TOPOII poisons. Five to
seven years is the typical latency period for the development
of secondary leukemia. One of the strategies to overcome
this issue is to develop agents that do not act as poisons but
still effectively inhibit topoisomerase activity. This has led
to the development of acridine-based agents, which are
catalytic TOPOII inhibitors, that do not generate DNA
strand breaks that can lead to secondary malignancies in in
vitro tests. Materials and Methods: In this study, we showd
antiproliferative activity of a series of acridine-based
catalytic inhibitors of TOPOII using four NSCLC cell lines
(H460, A549, H2009 and H2030). Cells were treated with
four acridine-based compounds for 72 h. Results: The
results indicate that these compounds inhibit NSCLC cell
proliferation with half-maximal effective concentration
(EC50) ranging from 8.15 to 42.09 μM. Combination
therapy with cisplatin resulted in increased potency. Poly
(ADP-ribose) polymerase cleavage and Guava Nexin assays
confirm that the primary mode of cell death was by
apoptosis. Conclusion: This current work is part of a series
of studies for this panel of acridine-based compounds
bearing TOPOII-inhibitory activity against different solid
tumor types. The acridine-based agents were found to
substantially reduce NSCLC cell viability and induce
apoptosis. In addition, the acridine-based compounds

sensitized cells to cisplatin as measured by cell viability.
The results are consistent with prior work on mesothelioma,
small-cell lung cancer and pancreatic cancer with this same
panel of 9-aminoacridine derivatives. These findings support
further development of this type of catalytic TOPOII
inhibitor as a novel agent for NSCLC therapy.

Topoisomerase inhibitors, including etoposide and teniposide,
commonly induce DNA re-arrangements comprising the
mixed lineage leukemia gene on chromosome 11q23, which
is the driving force behind secondary leukemia (1). A
replacement for the type-II human topoisomerase (TOPOII)
poisons with agents having similar TOPOII-inhibitory
activities but lacking the mechanism for gene re-arrangement
would likely diminish or possibly eliminate the risk of
secondary malignancies.

With this in mind, the role of topoisomerase inhibitors in
cancer therapeutics is evolving. They are effective as single
agents and can be successfully combined with other agents in
the treatment of lung cancer (2). There has been a constant
level of interest in these agents, which includes efforts in the
development of dual inhibitors of both TOPOI and TOPOII,
catalytic inhibitors of TOPOII, and inhibitors specific to the
TOPOIIα isoforms. These new strategies are showing
promise of incorporation into the clinical setting, where the
likelihood of secondary malignancies would diminish. 

Humans have seven types of topoisomerases, which consists
of two groups, TOPOI and TOPOII (3). Each type of enzyme
has a distinct mechanism of action. TOPOI introduces
transient breaks in single-stranded DNA, which helps remove
torsional tensions, and then immediately seals them again.
TOPOII on the other hand introduces nicks in both strands of
the DNA helix simultaneously by an ATP-dependent
mechanism. Two sub-classes of TOPOII, TOPOIIα and
TOPOIIβ, have ATP-dependent strand passage ability, with
few differences in function and structure. TOPOIIα has the
unique ability to promote DNA strand relaxation (4). TOPOIIβ
does not have the ability to do this and is a morphologically
and immunologically distinct molecule (5).
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Catalytic inhibitors have the ability to block the catalytic
cycle of TOPOII prior to formation of the cleavable complex,
preventing double-stranded DNA breaks and the formation
of mutagenic linear DNA fragments. When proliferating cells
are treated with TOPOII inhibitors of this type they stall in
the G1-S transition of the cell cycle (6). The cell responds by
activating repair and recombination pathways. As a result,
the programmed cell death pathways are activated (7).
Multiple catalytic inhibitors of TOPOII have been in
development and have shown promise in pre-clinical settings.
Few of the agents were tested in phase I clinical trials and
were either found to be too toxic or did not have clinical
activity against variety of solid tumors (2).

Non-small cell lung cancer (NSCLC) is a heterogeneous
group of diseases, which is not considered curable at advanced
stages. Molecular characterization of this disease helps guide
treatment at advanced stages, however, about 80% of NSCLCs
do not harbor one of the driver mutations, which leaves
chemotherapy as the only treatment option in these cases (8).
Among approved chemotherapeutic agents for NSCLC,
human TOPO inhibitors have an established role and are part
of standard-of-care in this setting. Etoposide, which is a
TOPOII poison, was tested in a phase III trial in combination
with cisplatin and was approved for this indication (9). Often
high-dose etoposide (>2.0 g/m2) chemotherapy regimens are
required for treatment of some tumors. It has been reported
that at this high-dose level, the risk of secondary leukemia
increases 336-fold compared to low-dose etoposide levels
(10). Irinotecan, which is a TOPOI inhibitor, was also tested in
a phase III trial in combination with cisplatin and is currently
approved for the treatment of advanced NSCLC (11).

Aminoacridines are well-known TOPO-directed agents
and one derivative, amsacrine, proved to be a potent
TOPOII poison and demonstrated activity against acute
myeloid leukemia (12). The aminoacridine core structure
has been further exploited in the development of selective
agents that display catalytic inhibitory activity against
TOPOII (6, 13). One series in particular has been shown to
be active across a wide range of cancer cells, both in vitro
and in vivo (13-15). This panel of agents has been found to
inhibit the catalytic cycle of TOPOII prior to formation of
linear DNA fragments. These compounds were recently
tested in mesothelioma cell lines and small-cell lung cancer
cell lines and were shown to induce cell death via apoptosis
for mesothelioma or via apoptosis and autophagy for small-
cell lung cancer (16, 17). 

Materials and Methods

Cell lines and cell culture. NSCLC cell lines H460, A549, H2009
and H2030 (American Tissue Culture Collection, Manassas, Virginia,
USA) were cultured in RPMI-1640 containing L-glutamine (Gibco,
Invitrogen, Waltham, Massachusetts, USA) supplemented with 10%
calf serum (Biofluids, Rockville, Maryland, USA) and 1%,

antibiotic-antimycotic (penicillin, streptomycin and amphotericin B
(Life Technologies, Waltham, Massachusetts, USA). Cells were
maintained at 37˚C in a humidified atmosphere in 5% CO2.

Cell proliferation assays. Cells were seeded as triplicate sets into
96-well plates with 5,000 cells in each well. Following overnight
incubation cells were treated with the panel of four acridine-based
compounds specified in Table I for 72 h. Control cells were treated
with an equal concentration of vehicle (dimethyl sulfoxide) in each
experiment. Cell viability was determined employing Cell Counting
Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Gaithersburg,
MD, USA) of CCK-8 mixture (10 μl) was added to each well, plates
were incubated for 2 h at 37˚C, then the absorbance was measured
at 450 nm. Cell viability values were normalized to those of
untreated cells. The half maximal effective concentration (EC50) of
the four compounds for the NSCLC cell lines was determined by
using GraphPad Prism 5.0 (La Jolla, California, USA).

Enhanced cytotoxicity assays. Cell viability was measured as above
for H460 and A549 cell lines with the inclusion of cisplatin. After
overnight incubation, cells were left untreated or treated with
compounds 2 or 3 alone or each simultaneously with cisplatin. After
an incubation period of 72 h, cell viability was determined using
Cell Counting Kit-8.

Poly (ADP-ribose) polymerase (PARP) cleavage assessment. A total
of 7.5×105 cells were seeded on plates (10 cm) and incubated
overnight. Cells were then treated with acridine-based compounds (30
μM) or vehicle. Cell lysate was prepared following 48 h of treatment,
as follows. Subsequently to washing cells with phophate-buffered
saline (PBS), cells were treated with trypsin, centrifuged, washed with
PBS, and resuspended in five times the cell volume of TNESV (50
mM Tris-HCl, pH 7.4; 1% NP-40; 2 mM EDTA, pH 8.0; 0.1 M
NaCl) lysis buffer supplemented with phosphatase and protease
inhibitors. Protein concentration was determined employing the
Bradford assays. Eight percent sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) was utilized to
separate protein samples that were then transferred to hybond-P
polyvinylidene fluoride membrane (GE Healthcare, Little Chalfont,
United Kingdom). Membranes were probed separately with either
mouse anti-β-actin (Sigma-Aldrich, St. Louis, Missouri, USA) at a
dilution of 1:20,000 or rabbit anti-poly (ADP-ribose) polymerase
(Cell Signaling, Inc. Danvers, Massachusetts) at a dilution of 1:1,000.
Membranes were washed three times with tris-buffered saline
containing 0.1% Tween-20 and placed in anti-rabbit or anti-mouse
horseradish peroxidase-conjugated secondary antibodies at a dilution
of 1:2,500 or 1:3,000, respectively, for 1 hour at room temperature
with mild shaking. Blots were then washed four times for 5 min and
developed using ECL Plus Western blotting system (GE Healthcare,
Little Chalfont, United Kingdom) (18). Stimulation of apoptosis was
denoted by the presence of two bands at 89 and 116 kDa
corresponding to the cleaved and intact protein, respectively.

Annexin V measurement. Phosphatidylserine externalization was
measured as a sign of apoptosis employing Guava Nexin Reagent
and the Guava EasyCyte flow cytometer (Guava Technologies,
Hayward, CA, USA). The Guava Nexin assay utilizes two stains
(annexin V and 7-amino actinomycin D) to determine the
percentage of apoptotic cells. Cells were collected as above 48 h
following compound treatment. Guava Nexin reagent was added to

ANTICANCER RESEARCH 35: 5211-5218 (2015)

5212



the diluted (250,000 to 750,000 cells/ml) cells and incubated in the
dark for 20 min at room temperature. Samples were examined using
flow cytometry according to the manufacturer’s recommendations.
Findings are stated as the percentage of gated cells positive for
annexin V staining. Analysis was performed in triplicate.

Results

NSCLC proliferation is suppressed by acridine-based
compounds. Previous research revealed that a panel of acridine-
based compounds inhibited proliferation in a variety of cancer
types (13-17). To investigate whether these same acridine-based
agents would also inhibit proliferation in NSCLC, four NSCLC
cell lines were treated with the panel of drugs and cell survival
was assessed. All four cell lines (H460, A549, H2009 and
H2030) displayed sensitivity to the acridine-based compounds
(Figure 1). At low micromolar concentrations, there was a
dose-dependent effect on all cell lines. The EC50 ranged from
8.15 to 42.09 μM (Table I). The cell line most sensitive to the
drugs was A549, while the most resistant was H460. The most
potent of the four acridine-based agents was compound 2, with
an EC50 range of 8.15 (cell line A549) to 17.65 (cell line
H460) (Figure 1 and Table I).

Acridine-based agents enhance susceptibility of NSCLC cells
to cisplatin. In the treatment of NSCLC, platinum agents are
used in combination with other currently used TOPO
inhibitors such as etoposide and irinotecan. This is based on
proven superior clinical efficacy of combination regimens

(19). To explore the possibility that acridine-based agents
would enhance chemotherapy-induced cell killing, we treated
NSCLC cells with cisplatin alone and in combination with
acridine-based compounds 2 or 3. Cell viability was reduced
for cell lines H460 and A549 treated for 72 h with the
combination of acridine-based drugs and cisplatin compared
to each agent alone (Figure 2). In each instance, cell viability
for the combined treatment was significantly reduced
compared to that with each drug alone. Cisplatin-induced
cell death was enhanced at the indicated concentrations by
23% (H460) and 21.9% (A549) when comparing cells
treated with cisplatin alone to those treated with the addition
of acridine-based compound 2 and by 40% (H460) and
31.2% (A549) when evaluating cells treated with cisplatin to
those also treated with acridine-based compound 3 (Figure
2). These in vitro findings parallel the clinical efficacy of
TOPO inhibitors such as etoposide in combination with
platinum agents (9).

Apoptosis is induced by acridine-based drugs in NSCLC.
DNA topoisomerase inhibition and TOPOIIα depletion in
mammalian cells is known to induce apoptosis (20). Previous
studies on these compounds confirmed their ability to induce
apoptosis of pancreatic cancer cells (14, 21). We explored the
possibility that acridine-based agents would lead to apoptotic
cell death in NSCLC. Two markers of apoptosis were studied,
poly (ADP-ribose) polymerase (PARP) cleavage and annexin
V staining. NSCLC cell line H2030 was treated with acridine-
based compounds 1 and 2 (30 μM), while H460 was treated
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Table I. Growth inhibition of four non-small cell lung cancer cell lines using acridine-based compounds 1-4. Values reported are half maximal
effective concentration (μM) ±SD, n=3.



with compounds 3 and 4 (30 μM) or both cell lines were left
untreated for 48 h and lysates prepared. Western blot analysis
revealed that treatment of H2030 cells with compounds 1 and
2 and of H460 cells with compounds 3 and 4 led to increased

poly (ADP-ribose) polymerase cleavage, signifying apoptosis
compared to untreated cells (Figure 3). A consequence of
apoptosis that can be measured by annexin V staining is the
externalization of phosphatidylserine. NSCLC cell lines A549
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Figure 1. Acridine-based compounds suppress non-small cell lung cancer (NSCLC) proliferation. NSCLC cell lines H460, A549, H2009 and H2030
were left untreated or treated with compounds at the indicated concentrations for 72 h. Data are expressed as the mean ±SD of three independent
determinations of cell number normalized to untreated cells.

Figure 2. Susceptibility of non-small cell lung cancer (NSCLC) cells to cisplatin is enhanced by acridine-based compounds. NSCLC cell lines treated
with compounds 2 or 3 were treated with the indicated concentrations of cisplatin. Viable cells were counted after 72 h. Vehicle dimethyl sulfoxide
(DMSO) was present and equal in all treatments. Data are the mean±SD of three independent determinations of cell number normalized to untreated
cells. Averages of combination treatment were compared to either agent alone by Student’s t-test. *Significantly different at p<0.02.



and H2009 were treated with acridine-based compounds 2 or
3 or were left untreated, and cells were then subjected to
annexin V measurement. Annexin V-positive cells increased
from 21.9 to 79% and 21.9 to 45.2% for A549 cells and from
2.3 to 15.2% and 2.3 to 21.5% for H2009 cells following
treatment with acridine-based compounds 2 and 3,
respectively (Figure 4). Overall these results demonstrate that
acridine-based agents are capable of inducing apoptotic cell
death in NSCLC cells.

Discussion

The present investigation demonstrates that treatment with
each compound of a panel of four acridine-based agents
suppresses NSCLC proliferation and induces apoptosis.
Importantly, two of the acridine-based drugs were shown to
potentiate NSCLC cell killing when combined with cisplatin.
These data suggest that these 9-aminoacridine compounds,
upon further development, could potentially be an effective
and less toxic therapy for patients with NSCLC.

Multiple new strategies to block the DNA replication
cycle of proliferating cells are revitalizing the role of TOPO
inhibitors in the treatment of cancer. TOPO poisons, such as
etoposide and doxorubicin continue to be frontline agents in
the war on cancer. The utility of these compounds, however,
is often limited due to toxicity, stemming in part from their
mechanism of action that is prone to produce linear DNA
fragments (through trapping of the cleavable complex) that
cause secondary leukemia. Catalytic inhibitors of TOPO, on
the other hand, can function through a variety of
mechanisms that disrupt the catalytic activity of the enzyme
to induce cell-cycle arrest and apoptosis without producing
secondary malignancies (5). The drug dexrazoxane, for
example, belongs to this class of inhibitor and is a member

of bisdioxopiperazine family of agents. These compounds
bind to the N-terminal domain of TOPOII homodimer and
lock the enzyme in the closed clamp form, preventing the
release of the DNA (and hydrolysis of the second ATP
molecule) (20, 22). In contrast to bisdioxopiperazines that
function late in the catalytic cycle after ligation has
occurred, the compounds examined in this study have been
shown to block DNA from binding to the enzyme early in
the cycle (2).

Structural studies have indicated that the primary
mechanism of action of these compounds is through DNA
intercalation, either through duplex or quadraplex association
prior to enzyme recognition (2). These agents have been
further shown to inhibit TOPOII before it breaks the
phosphodiester backbone of DNA, thereby avoiding the
generation of linear DNA fragments (2). Such a mechanism
may have significant advantages in the design of safer
treatments that diminish side-effects compared to poisons or
other catalytic inhibitors that function late in the catalytic
cycle. In fact, pre-clinical studies employing acridine-based
compounds 1-4 in a mouse model of glioma have been
performed and produced promising results in both
pharmacokinetic measurements and survival (15). Similar
results were shown both in vitro and in vivo using a
pancreatic cancer model (21). In another investigation, these
same substituted 9-aminoacridine derivatives have shown
success in vitro as anticancer agents in small cell lung cancer
and malignant mesothelioma (16, 23). 
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Figure 3. Apoptosis is induced in non-small cell lung cancer (NSCLC) by
acridine-based compounds. H460 cells treated with compounds 3 and 4
and H2030 cells were treated with compounds 1 and 2 at the concentration
of 30 μM for 48 h. Proteins from lysates were immunoblotted with anti-
poly (ADP-ribose) polymerase. β-Actin served as a loading control. Poly
(ADP-ribose) polymerase cleavage, an indicator of apoptosis, was
signified by the presence of an 89-kDa fragment. 

Figure 4. Acridine-based compounds stimulate apoptosis of non-small
cell lung cancer (NSCLC) cells. Graphic depiction of flow cytometric
analysis of A549 and H2009 cell lines treated with compound 2 and 3
(30 μM) or vehicle dimethyl sulfoxide (DMSO) for 48 h. Annexin V
staining is elevated in compound treated NSCLC cells. Results are
expressed as the mean±SD of three independent determinations.
*Significantly different at p<0.0003 between treated and untreated cells.



Lately, emerging concepts of dual inhibitors of TOPOI and
TOPOII, catalytic inhibitors of TOPOII, and inhibitors specific
to the TOPOIIα isoforms indicate a great potential for
expanding treatment options. A compound with dual activity
against TOPOI and TOPOII has the theoretical advantage of
increasing activity and potential advantage of overcoming drug
resistance. Compounds such as quinone derivatives and
homocamptothecins have demonstrated dual inhibitory activity
in preclinical studies (2). The Croton lechleri derivative
alkaloid tapsine has shown activity against both TOPOI and
TOPOII and proved effective against cells overexpressing drug
efflux transporters (24). Many other compounds which include
tafluposide, batracylin, and phenazine derivatives have shown
promise and were tested in phase I and II clinical trials (25).
Further research into multi-drug resistance protein pumps and
P-glycoprotein and breast cancer resistance protein transporters
will be needed to ascertain the relationship of dual inhibition
of human TOPO and drug resistance mechanisms.

Drugs that target TOPOIIα can potentially eliminate the
risk of secondary malignancies. Many TOPOIIα-specific
poisons and catalytic inhibitors are under development.
Poisons such as etoposide and doxorubicin have potent
activity against the TOPOIIα isoform, while mitoxantrone is
specific to the β isoform (2). A TOPOIIα inhibitor NK314
has shown preclinical activity against NSCLC (26). The α
isoform has also been studied in depth in human epidermal
growth factor receptor 2 (HER2)-amplified breast cancer.
The gene for TOPOIIα is located in close proximity to HER2
oncogene and copy number aberrations are found in HER2-
amplified breast cancer (2). However, gene overexpression
or amplification in this case did not increase susceptibility to
HER2-directed treatment and its role as predictive biomarker
remains unclear (27). 

The data reported herein extend the potential utility of
these compounds to treating NSCLC and further validates
the catalytic cycle of TOPOII as a universal target in drug
discovery and development. The journey of development of
catalytic TOPOII inhibitors has been challenging. Multiple
agents have been tested in clinical trials with varying results
and so far, no catalytic inhibitor has been approved for
clinical use. However, continued research and effort is
helping us understand these challenges, which will lead to
the creation of more potent and less toxic catalytic inhibitors
of human TOPO enzyme.
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