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Abstract: In a search for novel agents that boost the anti-neoplastic effects of polo-like kinase 1 (PLK1) inhibitor 
volasertib, we found that a sepantronium and volasertib combination at the nano mole concentration potently in-
hibited growth of various non-small cell lung cancer (NSCLC) cell lines than either drug alone in vitro. Combination 
use of volasertib with sepantronium inhibited adaptation of cells to polo arrest. Addition of sepantronium to vola-
sertib prevented accumulation of survivin and cyclin B protein at a concentration causing no appreciable survivin 
down regulation. Sepantronium induced cell cycle arrest from G1 or G2/M phase. Further studies demonstrated 
DNA damage of cancer cells when they are treated with sepantronium, which is evidenced by induction of phospho-
γH2AX. In line with induction of a DNA damage response in cancer cells, known DNA damage response sensors 
and transducers ATM, ATR, CHK1, CHK2, p53 are phosphorylated following drug treatment. Meanwhile, expression 
of CDKN1A, BAX and XRCC5 are induced at the mRNA level as determined by quantitative real time PCR. A single 
cell electrophoresis assay (Comet assay) of cells treated with sepantronium revealed severe DNA strand breaks. 
M-phase arrest does not increase the lethality of DNA damage by sepantronium as compared to G1 phase arrest. 
Knock down of survivin did not cause DNA damage. Hence, sepantronium is a DNA damaging agent that synergizes 
with volasertib and down-regulation of survivin is likely the consequence of DNA damage induced by sepantronium.
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Introduction

Deregulation in multiple signaling pathways 
exists in cancer cells [1]. Collectively, they con-
tribute to the expression of phenotypes charac-
teristic of cancers known as the hallmarks of 
cancer [2]. Although specific agents that target 
only one pathway usually have lower toxicity, 
such agents have lower response rate due to 
existence in cancer cells of redundant path- 
way(s) that provide compensation for the loss. 
Even the cancer cells respond initially to such 
agents, they usually fail quickly due to develop-
ment of secondary resistance because cancer 
cells are genetically unstable [3]. To overcome 
resistance, drugs with distinct molecular mech-
anisms of action were used in combination in 
lung cancer therapy successfully. As a result, 
platinum based doublet became the first line 
therapy in the metastatic settings [4-7]. 
Unfortunately, the overall response rate to plat-
inum based chemo is low, and patients do not 

benefit from the same beyond six cycles (18 
weeks) even in responders [8]. Combination 
chemotherapies are known to have serious side 
effects such as renal failure, peripheral neurop-
athy etc. This is in the large part due to the fact 
that chemo agents cannot distinguish between 
cancer and normal cells. Side effects show up 
as part of the collateral damage. Many patients 
could not receive the standard of care because 
too many lung cancer patients are elderly 
(median age 70) and sick [9]. Therefore new 
drug combinations that target multiple hall-
marks of cancer with distinct mechanism of 
action are needed to overcome resistance and 
minimize treatment toxicity in lung cancer ther-
apy. Combination therapies were successfully 
used to overcome cross-resistance in both leu-
kemia and solid tumor chemotherapy, as well 
as to treat HIV infection disease [10].

PLK1 is an essential cell cycle kinase [11]. 
Inactivation of PLK1 cause G2/M arrest and 
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blocks mitotic reentry/adaptation after DNA 
damage checkpoint arrest [12]. Previous stud-
ies have shown that PLK1 is overexpressed in 
cancer cells [13], and suppressing the kinase 
activity of PLK1 with PLK1 inhibitor was as 
effective as down regulation of PLK1 mRNA or 
protein expression by shRNA. Cells exposed to 
PLK1 inhibitor enter into a “polo arrest” [14] 
with elevated phospho histone H3 levels and 
aberrant spindle formation before going into 
apoptosis. As the earlier version of small mole-
cule dihydroperidinone derivative PLK1 inhibi-
tor targeting the Polo Box Domain (PDB), 
BI2536 was highly selective and potent (IC50 
0.83 nm/L). This enabled targeting only some 
but not all the Plks. In a panel of 64 kinases 
tested, BI2536 exhibited 10,000 fold more 
selectivity towards PLK1 compared to 63 other 
kinases [15]. In animal models, it inhibited 
mouse xenograft tumor of human lung cancer 
(A549 and NCI-H460). Because the microtu-
bules are not the target, it does not cause 
peripheral neuropathy like a typical taxane or 
vincristine. So it is well tolerated in phase 1 
studies and the dose limiting toxicities (DLT) is 
hematological and all reversible [16]. Single 
agent was tested in three phase 2 trials in 
patients with NSCLC, head and neck cancer 
and pancreatic cancer [17-19]. These were 
either modestly effective or not effective at all. 
However, BI 2536, used in combination with 
pemetrexed resulted in 2 partial responses and 
54% stable disease in 41 patients in a phase 1 
clinical trial [20]. These patients were all previ-
ously treated and had advanced or metastatic 
lung cancer, thus rising hope that combination 
treatment with other agents might be the way 
to go. Volasertib, also known as BI6727 [21] 
represents the new generation of PLK1 inhibi-
tor. It has a large volume distribution and a long 
half-life in mouse compared to the previous 
generation thus can be given intravenously or 
orally. In a phase 1 clinical dose-escalation trial 
[22], volasertib was found to be safe and had 
signs of efficacy. The dose limiting toxicities are 
again hematological which were all reversible. 

First reported in 2007 [23], sepantronium, also 
known as YM155 was discovered by screening 
a drug library for molecules that suppressed 
luciferase activity under a 1 kb survivin promot-
er. Preclinical studies showed that sepantroni-
um suppressed survivin expression in a dose 
and time dependent manner, causing apopto-
sis in a broad range of cancer cell lines includ-

ing lung cancer, induced tumor regression in 
animal models and rapid distribution into the 
tissue with a 20 fold increase in tumors. 
Despite subsequent favorable report in two 
phase 1 clinical trials showing well tolerance 
[23, 24], the performance of single agent in 
four phase 2 trials in patients with NSCLC [25], 
melanoma [26], prostate cancer [27] as well as 
diffused large B cell lymphoma [28] in patients 
failing one or more lines of chemotherapy were 
disappointing. Combination use with other 
drugs is considered highly desirable.

For agents that are considered for use in a com-
bination, one of the biggest concerns is added 
toxicity. A defined mechanism of action for each 
drug is essential in choosing the partners for 
synergy and lower toxicities. The mechanism of 
action of sepantronium up until now however is 
still elusive [29, 30], hampering efforts in the 
discovery of a rational partner. In a search for 
drug combination(s) that might boost the effi-
cacy of volasertib, overcome resistance with-
out adding significant toxicity, we found that 
sepantronium synergizes with volasertib in 
NSCLC cell killing. Detailed studies have char-
acterized sepantronium as a DNA damaging 
agent that causes DNA strand breaks in con-
trast to the well accepted notion that sepantro-
nium is a survivin inhibitor. Thus, sepantronium 
is a DNA damaging agent that synergizes with 
volasertib in NSCLC. DNA damage caused by 
sepantronium is not dependent on survivin 
down-regulation.

Materials and methods

Cell culture, proliferation assays

All cell lines (H1299, H661 and H2228) were 
purchased from ATCC and cultured in RPMI 
1640 (Invitrogen) with 5% FBS (Hyclone), at 
37°C in 10% CO2. For drug treatments, 5,000-
8,000 cells/well, dependent on the cell lines, 
were seeded in 96-well plates and incubated 
overnight. Cells were then treated with either 
DMSO (control), sepantronium, volasertib or 
sepantronium and volasertib combination at 
various concentrations. Cell viability was deter-
mined using the Cell Titer 96 Aqueous One 
Solution Cell Proliferation Assay (Promega Inc). 
Cytotoxic single drug and combination effects 
of sepantronium and volasertib were assessed 
with 6 different concentrations (1, 3, 10, 30, 
100 and 300, and 1/8 to 8 x IC50Sep/IC50Vol). 
Each concentration was tested in 6 duplicate 
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wells and repeated for total of three times. 
Combination Indices (CIs) were calculated 
using CalcuSyn software (Biosoft, Cambridge, 
UK) based on the Chou-Talalay method. This 
method defines synergy as CI<1, additive 
effects as CI=1 and antagonism as CI>1 [31].

Cell apoptosis assay and cell cycle analysis

For analysis of apoptosis, unsynchronized cells 
or cells synchronized with 200 μM of mimosine 
for 24 hours or 50 nM of nocodazole for 16 
hour were treated with either DMSO or different 
drugs/drug combinations for up to 72 hours. 
The cells were then washed with PBS, stained 
with annexin V-APC and 7-AAD (BD Bioscien- 
ces) following the manufacturer’s instruction. 
Appearance of Annexin V and 7-AAD in flow 
cytometric analysis indicated onset of apopto-
sis. Cell cycle analysis was performed using 
standard flow cytometry procedures following 
propidium iodide staining as described previ-
ously [32]. Cells were analyzed using a LSRII 
flow cytometer. All flow cytometry data were 
analyzed using FlowJo software (Tree Star, 
Ashland, OR).

Western blot analyses and antibodies

Proteins were isolated using standard proce-
dures. Whole-cell lysates containing 50 μg of 
proteins, were separated by SDS-PAGE and 
immunoblotted with the following specific anti-
bodies. Antibodies for survivin, p53 or phos-
phorylated p53, H2AX, ATM, CHK1, ATR, CHK2 
were purchased from Cell Signaling Technology 
and beta-actin from Sigma. Antibody for p21cip1, 
cyclinD1, cyclin D3, p27kip1, p18 were included 
in the Cell Cycle Sampler Kit (Cell Signaling). 
Antibodies were used at 1:1,000 as recom-
mended by the manufacturer. Immunoblot was 
performed using standard protocols as 
described previously [33].

Immunofluorescence staining

Immunocytochemistry analysis was performed 
as described previously [32]. Briefly, the cells 
were grown on sterile glass coated coverslip, 
and treated with DMSO, various concentration 
of drugs or drug concentration for indicated 
length of time. Cells were fixed and permeabi-
lized. Cells were first blocked with 3% ovalbu-
min for 30 min at 25°C. They were then stained 
with primary antibody (e.g. H2AX or anti-α-

tubulin) at 4°C overnight. The cells were then 
washed with PBS and incubated further with 
the Cy2-conjugated goat anti-rabbit IgG or Cy3-
conjugated donkey anti-mouse IgG (Jackson 
ImmunoResearch) secondary antibody (1:200) 
for 30 min at 37°C. After two more washings, 
the slides were counterstained with Hoechst 
33342 DNA dye before mounting. Confocal 
images of Cy3 fluorescence were acquired 
using Plan-Apochromat × 63/1.4 oil objective 
in a Zeiss LSM 510 confocal microscope using 
Zen2009 software.

Molecular analyses

Total RNA was isolated using TRIzol (Invitro- 
gen) reagent, and digested with RNAse free 
DNase to eliminate genomic DNA contamina-
tion. Reverse-transcription was achieved using 
a SuperScript first-strand synthesis system 
(Invitrogen), and amplified by PCR or quantitat-
ed by real-time RT-PCR using conditions 
described previously [34]. The PCR primers 
used for amplifying CDKN1A are 5’cct-
gcccaagctctaccttc3’ for the sense strand and 
5’ttccaggactgcaggcttcc3’ for the antisense 
strand respectively. For amplification of BAX, 
the primers used for the sense strand is 
5’ctcaggatgcgtccaccaag3’, and 5’tggtgggac-
cagaacctagg3’ for the antisense strand. For 
XRCC5, the sense and antisense strand prim-
ers are 5’ggcagctgttgtgctgtgta3’ and 5’ttcagtc-
ggacaactcttgg3’ respectively. All primers were 
synthesized from IDT DNA Technology.

Clonogenicity assay

Five-hundred to 1,000 cells/well were seeded 
in six-well plates, allowed to attach overnight to 
the plastic substrate before treatment with 
sepantronium, volasertib, sepantronium and 
volasertib or vehicle (DMSO only). After 48 hr 
treatment, the media were replaced with drug-
free media and cells grown for the desired 
length of time. As the colonies became visible 
(usually 2-3 weeks), cells were fixed with meth-
anol, stained with Giemsa (1:10 in distilled 
water), and counted.

shRNA knock-down of survivin

TRIPZ Inducible Lentiviral shRNAs for survivin 
were purchased from Thermo Scientific (clone 
ID # for the last four digits are 3705, 3706, 
0788, 0789, 2484, and 2796 targeting differ-
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ent exons of survivin). pTRIPZ non-silencing 
vector was used as a control. Retroviral super-
natants (≥5 × 106 CFU/μl) were generated and 
introduced into cells as described previously, 
puromycin was used for selection of clones 
where needed. Doxycycline at 0.2 μg/ml was 
used for induction of protein expression.

Single cell gel electrophoresis (comet assay)

A single-cell gel electrophoresis system (Comet 
assay kit; Trevigen) was used to analyze and 
quantitate DNA damage caused by sepantroni-
um following manufacture’s instruction under 
either alkaline or neutral condition [35]. Briefly, 
cells were harvested by trypsinization and 
mixed with 1% low-melting-point agarose. A 
total of 100 μl (5,000 to 10,000 cells) of the 
cell suspension was spread on a precoated 
glass slide and placed at 4°C for 30 min. Cells 
were lysed by submerging the slides in ice cold 
lysis solution (10 mM Tris, 100 mM EDTA, 2.5 M 
NaCl, with 1% Triton X-100 and 10% dimethyl 
sulfoxide added just prior to use) at 4°C for at 
least 1 h. After lysis, the slides were placed in 
freshly made alkaline buffer (300 mM NaOH 
and 1 mM EDTA, pH>13.0) for 45 min at room 
temperature. The samples were subjected to 
electrophoresis in 0.5 × Tris-borate-EDTA buf-
fer at 1.0 V/cm for 30 min. After electrophore-
sis, the slides were rinsed gently with 0.4 M 
Tris-HCl (pH 7.5), fixed with ethanol and the 
DNA was stained with Sybr Gold (Molecular 
Probes). Fluorescently stained nucleoids were 
scored visually using an epifluorescence micro-
scope (Zeiss Axioplan 3). Images were captured 
at a magnification of × 20. The tail moment, 
and % of DNA in the tail a measure of the 
amount of DNA damage, was calculated using 
CometScore from TriTek Corporation (a mini-
mum of 50 cells was used for each condition).

Statistical analysis

Data from the cell proliferation assay and clo-
nogenicity assay are presented as means ± SD. 
Differences between groups were analyzed 
using the Student’s t-test for independent sam-
ples. The level of significance was set at 
p<0.05.

Results

Sepantronium synergizes with volasertib in 
killing of NSCLC

In a screening for drug combination(s) that sig-
nificantly increase inhibition of growth of NSCLC 

cells by volasertib, we found that sepantronium 
did so at nanomole concentration (2-50 nM) in 
a MTT assay. This synergistic effect existed 
across cell lines (H1299, H661 and H2228). 
The growth inhibition is further confirmed in a 
colony formation assay (CFA) where 5 nM of 
volasertib and sepantronium drastically sup-
pressed the formation of colonies by volasertib 
and sepantronium than either alone (Figure 
1A) in the H1299 and H661 cell lines. Cell 
death often follows Polo arrest. We thus inves-
tigated whether the increase in growth inhibi-
tion by sepantronium is associated with an 
increase in the number of cells undergoing pro-
grammed cell death. As expected, the drug 
combination indeed resulted in a remarkable 
increase of apoptosis 28.7% versus ~8% in 
either drug alone after 72 h treatment (Figure 
1B). To study the degree of synergy in detail, 
the cell lines were assayed for IC50 first. They 
were then treated with a drug combination at a 
fixed ratio based on their IC50s. The combina-
tion effects were calculated using the CalcuSyn 
software. At effect levels of ED90, ED95 and 
ED97, CIs for different cell lines ranged from 
0.205 to 0.708, indicating synergy to strong 
synergy (Table 1) [31]. Thus, sepantronium  
was chosen for further mechanistic study. 
Sepantronium was chosen due to its potency, 
very favorable side effects profile, and non-
overlapping toxicity shown in prior clinical 
trials.

Sepantronium blocks cell adaptation to polo 
arrest

Volasertib induces polo arrest. To determine 
whether adding sepantronium to volasertib 
have any effects on the polo arrest, we have 
performed cell cycle analysis of H1299 cells 
when they are treated with DMSO, sepantroni-
um and volasertib alone or in combination. As 
shown in Figure 2A, while sepantronium (10 
nM) alone did not affect the cell cycle distribu-
tion in unsynchronized cells, volasertib (40 nM) 
blocked the majority of H1299 cells in G2/M 
phase as expected. Volasertib together with 
sepantronium did not show any combination 
effect on cell cycle distribution after 24 h of 
treatment. Cells in the volasertib and combina-
tion treatment groups were largely arrested 
with a 4N DNA content in G2/M phase of the 
cell cycle 24 hours into the treatment indicating 
that cells were able to replicate their DNA but 
were not able to finish cell division. Interestingly, 
when these cells were followed for cell cycle 
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progression for 72 hours, we found that the 
majority of cells that underwent polo arrest 
before progressed into G1 phase in volasertib 
treated cells. However, more than half of cells 
in the drug combination group failed to prog-
ress towards G1 indicating poor adaption to 
polo arrest and/or a tighter G2/M arrest after 
exposure to sepantronium (Figure 2B). Under 
the microscope, cells treated with volasertib for 
24 hours were arrested in the metaphase with 
abnormal spindles (Figure 2C). While sepantro-
nium treatment alone did not change the cell 
cycle distribution, cells in the sepantronium 

and volasertib treatment group had significant-
ly fewer cells in the metaphase suggesting the 
progression into metaphase is delayed (Figure 
2C). The delay of cell cycle progression is sup-
ported by failure of cyclin B1 accumulation in 
sepantronium treated cells compared to cells 
arrested by volasertib (Figure 2D). Interestingly, 
in this case low concentration of sepantronium 
has not caused significant down regulation of 
survivin expression in the protein level yet. 
These data point out that sepantronium might 
be causing delay in cell cycle progression inde-
pendent of survivin suppression.

Sepantronium treatment induces cell cycle 
arrest irrespective of cell cycle phase

To determine whether sepantronium is indeed 
causing cell cycle perturbation, we decided to 
approach using synchronized cells. In our pre-
liminary study, we were able to arrest H1299 
cells at G1 phase by treating them for 24 hours 
with mimosine at 200 μM and M phase by 
treating them for 16 hours with nocodazole at 
50 ng/ml (data not shown). To determine the 
effects of sepantronium on cell cycle progres-
sion, cells were either arrested in G1 phase by 
mimosine or M phase by nocodazole. Drugs 
were then washed out and the cells were 
reseeded into media containing either DMSO 

Figure 1. Sepantronium synergizes with volasertib in killing of different Non-small cell lung cancer cells (H1299, 
H661). A: Clonogenic assay showing the colony-forming capacity of H1299 and H661 cells treated briefly with 
DMSO, sepantronium (5 nM), volasertib (5 nM), sepantronium and volasertib (5 nM each). B: Assessment for apop-
tosis in cells (H1299) treated for 72 hours with DMSO, sepantronium (20 nM), volasertib (40 nM), sepantronium 
and volasertib. Percentage of apoptotic cells are indicated in the box. *P<0.05, **P<0.01, ***P<0.001.

Table 1. Synergism between YM155 and BI6727
Effect level (Fa) H1299 H661 H2228
0.90 YM155 0.181 0.008 0.361

BI6727 0.638 0.028 0.708
CI 0.718 0.390 0.560

0.95 YM155 0.319 0.018 0.503
BI6727 1.128 0.038 0.098

CI 0.465 0.270 0.311
0.97 YM155 0.479 0.146 0.636

BI6727 1.690 0.467 0.124
CI 0.348 0.210 0.205

CI: Combination index. Concentration in μM. CI<1, syner-
gism, CI 0.1-0.3 strong synergy, 0.3-0.7 synergy and 0.7-
0.85 moderate synergy.
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or 40 nM of sepantronium. As expected, cells 
arrested in G1 phase and then released into 
DMSO progressed synchronously through S 
phase 8 hours later and by 24 hours, 62% of 
cells cycled back to G1 again. In comparison, 
cells that were released into media containing 
sepantronium arrested themselves tightly in 
G1 with no progression even after 24 hours 
(Figure 3, left panel). Similarly, in M phase 
arrested cells by nocodazole, 43% of cells in 
the DMSO group progressed to G1 compared to 
only 2% in the sepantronium group 4 hours 
after release. Even after 24 hours, still 52% 

cells were not able to progress beyond M phase 
after release (Figure 3, right panel). All these 
data suggest that sepantronium delays cell 
cycle progression regardless whether they are 
in G1 or M phase of the cell cycle.

Sepantronium damages DNA and triggers DNA 
damage response and checkpoint signaling

The cell cycle perturbation and prior data of 
sepantronium triggered γH2AX accumulation 
[30] prompted us to hypothesize that cell cycle 
arrest is a result of DNA damage caused by 

Figure 2. H1299 cells were treated with DMSO, sepantronium (20 nM), volasertib (40 nM), sepantronium and 
volasertib. Cell cycle distribution was analyzed at 24 h (A), 72 h (B). Confocal laser microscopy images were taken 
to show details of chromosomes and mitotic spindles (C). In (D), Western blot of cyclin B and survivin expression in 
H1299 cells treated for 24 hours at the same concentrations.
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sepantronium. To determine whether sepantro-
nium induces DNA damage, we treated H1299 
and H661 cells with DMSO, sepantronium, eto-
poside, a podophyllotoxin derivative known to 
cause double strand breaks (DSB). Cells were 
then stained for γH2AX that normally appears 
when DNA damage occurs. Similar to etopo-
side, sepantronium treatments also led to a 
remarkable increase in the number of γH2AX 
positive cells compared with control (Figure 
4A). This result suggest that sepantronium 
induced cell-cycle arrest may be secondary to 
DNA damage. To further confirm this hypothe-
sis, CDKN1A, BAX1 and XRCC5 genes induc-
tion at the transcriptional level was determined 
by quantitative RT-PCR. The mRNA levels of 

BAX and XRCC5 significantly increased in 
H1299 cells treated with sepantronium (Figure 
4B). Their expression levels returned back to 
normal after 4 hours. In contrast, the mRNA 
level of CDKN1A was not increased until sepan-
tronium treatment (Figure 4B). To characterize 
the DNA damage induced by sepantronium fur-
ther, single cell electrophoresis assay (comet 
assay) was performed in cells treated with 
either DMSO or sepantronium. Etoposide was 
used as a control. As shown in Figure 4C, 
sepantronium treatment both at 80 nM and 
320 nM dosages resulted in remarkable DNA 
damage that the nucleoid DNA stained like light 
bulbs. Quantitative analysis of the percentage 
of DNA in the comet tails showed 9 fold more in 

Figure 3. Sepantronium induces cell cycle arrest. H1299 cells were synchronized to G1 phase with mimosine for 24 
hours (left) and to M phase with nocodazole for 16 hours (right). Cell cycle distribution was followed after cells were 
released into DMSO or sepantronium. Sepantronium caused cell cycle delay in both cases.
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H1299 and H661 cells treated with 320 nM of 
sepantronium. Cells treated with high concen-
tration of etoposide. (Figure 4D) showed 4 fold 
as much DNA in the tail compared to DMSO 
alone. To determine whether DNA checkpoint 
signaling is triggered, we conducted a survey of 
phosphorylation of multiple known checkpoint 
sensors and transducers in H661 cells. γH2AX 
levels increase when cells are treated. p53 sta-
bilizes while increased phosphorylation was 
seen across the board in ATM/CHK2 and ATR/
CHK1 (Figure 4E).

Effects of sepantronium on the vitality of cells 
arrested at G1 or M phase

To compare the effects of DNA damage on cell 
vitality in cells transiently arrested in G1 or M 
phase, we first arrested H1299 cells with mimo-
sine or nocodazole as described above. DMSO 
or sepantronium were then added to the cul-

ture. Apoptosis was monitored for 72 hours 
after addition of sepantronium. The number of 
apoptotic cells kept increasing in both groups 
(Figure 5A). Overall more cells died when 
sepantronium is added in cells arrested in G1 
phase compared to cells arrested in M phase 
suggesting that sepantronium caused DNA 
damage is at least as lethal if not more in 
G1-arrested as M-arrested cells. Over the whole 
period, cells were arrested tightly in G1 or M 
phase (Figure 5B). Follow up for the extent of 
DNA damage revealed that cells arrested in G1 
phase had significant bigger increase in γH2AX 
levels from the baseline than cells arrested in 
M phase (Figure 5C).

Knockdown survivin does not cause DNA dam-
age

To determine the effects of survivin knock 
down on DNA damage, we have created several 
shRNA knockdown clones of survivin in H1299 

Figure 4. Sepantronium damages DNA. Immunofluorescence staining of γH2AX (green) in H1299 and H661 cells 
treated with DMSO, sepantronium and etoposide. Red color is tubulin counterstaining (A). Quantitative real time 
PCR results showing induction of BAX and XRCC5 RNA at 2 hours and CDKN1A at 4 hours (B). GAPDH was used as 
control. (C) Comet assay images of H1299 treated with DMSO, sepantronium and etoposide. (D) Quantitation of tail 
length, tail area, %DNA in tails and tail moment performed with software. (E) Analysis of checkpoint phospho protein 
by Western blot. *P<0.05, **P<0.01, ***P<0.001.
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cells. In these clones, survivin shRNAs are 
expressed under the control of a tet-on induc-
ible promoter. Addition of doxycycline to the 
media effectively induced knockdown of sur-
vivin level by 90% after 72 h of induction (Figure 
6A). Western blot analyses with specific anti-
bodies for DNA damage checkpoint protein 
show that there were no differences in the level 
of phosphorylation regardless of whether sur-
vivin level is reduced (Figure 6A). These data 
suggest that knockdown of survivin does not 
trigger DNA damage checkpoint signaling. To 
test whether knock down of survivin is suffi-
cient to increase the amount of DNA strand 
breaks, the same shRNA knockdown clones 
were subjected to comet assay 72 hours after 
survivin shRNAs are induced. There was no 
increase in the amount of DNA damage seen in 
the tails (Figure 6B). Together, these results 

indicate that sepantronium induced DNA dam-
age is not mediated by inhibition of survivin.

Discussion

In a search for drug(s) that boost the killing of 
NSCLC cells by volasertib, we screened more 
than a dozen small molecule compounds 
known to be antiproliferative in lung cancer 
cells. One compound named sepantronium 
stood out. At nanomolar level, sepantronium 
potently augmented the growth inhibitory 
effects of volasertib, triggering programed cell 
death. This effect existed in all three cell lines 
tested (H1299, undifferentiated, H661, large 
cell, and H2228 adenocarcinoma). The combi-
nation effects are clearly synergistic since the 
CIs ranged from 0.205 to 0.708 [31]. This pro-
vides a potentially a start point for thinking of 

Figure 5. DNA damage by sepantronium is cell cycle non-specific. H1299 cells synchronized with nocodazole or mi-
mosine and treated with sepantronium were analyzed for apoptosis by flow cytometry for 72 hours (A). The cell cycle 
distribution was followed at the same time point when apoptosis was analyzed (B). Cells were checked for γH2AX 
and BIRC5 expression at the time point indicated (C).
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combination chemotherapy using sepantroni-
um and volasertib in NSCLC.

Volasertib is known to ablate PLK1 kinase 
potently and selectively, causing a polo arrest, 
a cell cycle arrest at M phase with abnormally 
formed spindles [36]. Cell cycle progression 
was significantly delayed 72 h after treatment 
by the sepantronium and volasertib drug com-
bination. Adaptation of cells to volasertib 
induced polo arrest and further progression 
into the G1 phase was significantly delayed. 
Immunofluorescence staining of the mitotic 
spindle and the chromosomes revealed cell 
cycle arrest before metaphase also consistent 
with delayed progression through the S and 
G2/M phase when sepantronium is added to 
volasertib. This concept of cell cycle delay is 
also supported by the fact that survivin and 
cyclin B1 level did not peak in the drug combi-
nation group compared with the volasertib 
alone 24 hours into the treatment.

Using cells synchronized at G1 phase by mimo-
sine and M phase by nocodazole, we were able 
to further strengthen the notion that sepantro-
nium is causing cell cycle arrest and cell cycle 
perturbation. Therefore, sepantronium induces 
cell cycle arrest irrespective the phase cells 
reside. Sepantronium is best known as a sur-
vivin suppressant [37-39]. The dependency of 
sepantronium effects on survivin suppression 
has never been demonstrated. It is interesting 
to note here that, at low concentration (<100 
nM) and short treatment (<24 hours), sepantro-
nium has not had a big impact on survivin 
expression at the protein level suggesting that 

the cell cycle delay may not be dependent on 
survivin suppression. Also in our hands and 
others, 1) survivin level did not correlate with 
sepantronium sensitivity, 2) sepantronium did 
not cause a sharp increase percentage of cells 
going into apoptosis instead it was cytostatic 
when Merkel cell carcinoma were treated [29]. 
3) sepantronium and NSC80467 share struc-
tural similarity with doxorubicin, mitomycin C 
known to damage DNA [30]. All these prompted 
us to think that sepantronium is a DNA damag-
ing agent. This would be consistent also with 
the fact that sepantronium causes cell cycle 
arrest.

DNA damage was first revealed here by the 
observation that increased γH2AX level hap-
pened 4-6 hours after low concentration (80 
nM) of sepantronium. So this is an event that 
happens much quicker, under very low concen-
tration of sepantronium, and when survivin 
level is not suppressed. Importantly, we also 
detected events associated with DNA damage 
when cells are treated with sepantronium. 
These include transcriptional induction of neg-
ative cell cycle regulator CIP1 which is impor-
tant for cell cycle arrest [40], apoptosis (BAX1) 
[41] and DNA repair (XRCC5, also known as 
KARP1, Ku86 Autoantigen Related Protein-1) 
[42]. XRCC5 plays an important role in DNA 
double strand break repair as a regulator of the 
DNA dependent kinase complex, known to be 
induced up to 100 fold after DNA damage. This 
concept is further backed by the Comet assay 
results that showed unambiguous evidence of 
DNA strand breaks under both alkaline and 
neutral condition (data not shown). The per-

Figure 6. Survivin knockdown does not contribute to DNA damage. Three knock down clones of survivin were 
induced with doxycycline for 72 hours before they were processed for analysis of BIRC5 knock down levels and 
checkpoint signaling (A). Comet assays were performed to assess DNA damage. Shown are representative pictures 
from the comet assay (B).
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centage of DNA in the comet tail and the tail 
moment in sepantronium treated cells are even 
more prominent than etoposide treated cells, 
providing the strongest evidence that sepantro-
nium is a DNA damaging agent. Consistent with 
this, survey of DNA damage checkpoint signal-
ing revealed changes consistent with active sig-
naling inside the pathway with increased phos-
phorylation of p53, ATM, ATR, CHK1, CHK2. 
Cell cycle regulators also displayed changes 
consistent with occurrence of DNA damage.

One explanation for the sepantronium and vola-
sertib synergy might be that DNA damage 
incurred in M phase is more detrimental to cell 
vitality than cells arrested in G1 because DNA 
damage checkpoint signaling mechanism may 
not be active until cells finishes mitosis [43]. 
Our results do not support such hypothesis. 
Compared to cells transiently arrested in M 
phase, cells transiently arrested in G1 phase 
were at least as susceptible if not more to 
sepantronium treatment. This notion is sup-
ported by our Western results showing a bigger 
increase in the amount of γH2AX when G1 
arrested cells are treated with sepantronium 
compared with M arrested cells. Consistently, 
There seems to be more DNA damage when G1 
arrested cells are treated with sepantronium.

Previous work has shown association of sur-
vivin suppression with sepantronium toxicity 
[23, 44]. We also observed the suppression of 
survivin expression by sepantronium, in addi-
tion to DNA damage. The question is whether 
survivin downregulation mediates DNA dam-
age. Our survivin knockdown experiments do 
not seem to support such possibility. This is 
because knockdown of survivin neither 
increased level of phosphorylation in known 
DNA damage checkpoint sensors or transduc-
ers, nor there was a difference in the percent-
age of DNA resides in the comet tails when sur-
vivin shRNA were induced. Therefore, sepan- 
tronium damages DNA and its effects does not 
seem to be mediated by survivin down-regula-
tion. Instead, survivin down-regulation might be 
the consequence of DNA damage. The ques-
tion for future study is how sepantronium dam-
ages DNA. Due to its positive charge, sepantro-
nium could be a good DNA binding agent. 
Binding to DNA by way of major/minor groove 
binding or intercalating may cause DNA dam-
age. High concentration of sepantronium could 
compete out transcription factor such as sp1 

poised to bind the survivin promoter [45]. 
Currently we are investigating whether sepan-
tronium is a DNA binding agent.
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