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ABSTRACT

Mitotic slippage, which enables cancer cells to bypass cell death by transitioning from mitosis to
the G1 phase without undergoing normal cytokinesis, is one likely mechanism of paclitaxel (PTX)
resistance. DNA double-strand breaks (DSBs) in the G1 phase are mainly repaired through non-
homologous end joining (NHEJ). Therefore, inhibiting NHEJ could augment the PTX-induced
cytotoxicity by impeding the repair of PTX-induced DSBs during the G1 phase following mitotic
slippage. We aimed to evaluate the effects of NHEJ inhibition on mitotic slippage after PTX
treatment in non-small cell lung cancer (NSCLC). H1299, A549, H1975, and H520 NSCLC cell
lines were employed. In addition, A-196 and JQ1 were used as NHEJ inhibitors. H1299 cells
were PTX-resistant and exhibited an increased frequency of mitotic slippage upon PTX treatment.
NHEJ inhibitors significantly augmented the PTX-induced cytotoxicity, DSBs, and apoptosis in
H1299 cells. The newly generated PTX-resistant cells were even more prone to mitotic slippage
following PTX treatment and susceptible to the combined therapy. Docetaxel further demon-
strated synergistic effects with the NHEJ inhibitor in PTX-resistant cells. NHEJ inhibition may
overcome intrinsic or acquired PTX resistance resulting from mitotic slippage by synergistically
increasing the cytotoxic effects of antimitotic drugs in NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-related
mortality worldwide, with non-small cell lung cancer
(NSCLC) accounting for approximately 85% of lung
cancer cases [1-3]. Despite the efficacy of recently
developed molecular-targeted drugs and immune
checkpoint inhibitors, the survival rates of patients
with advanced NSCLC remain poor [4,5]. Therefore,
cytotoxic chemotherapeutic agents, including pacli-
taxel (PTX) and docetaxel (DTX), which are antimi-
totic drugs that attenuate the depolymerization of
microtubules, remain widely used for treatment.

PTX impairs microtubule dynamics by interrupt-
ing the proper attachment of microtubules to kineto-
chores, thereby activating the spindle assembly
checkpoint (SAC), leading to mitotic arrest and
DNA double-strand breaks (DSBs) [6]. However, in
most cases, PTX resistance arises after several months
of treatment [7].

Mitotic slippage, where cancer cells circumvent
cell death by transitioning from the M to the Gl
phase without normal cytokinesis, is one possible
mechanism of PTX resistance [8]. After PTX
induces cell arrest at the M phase, cells may either
succumb to mitotic cell death or evade it by mito-
tic slippage. Therefore, those undergoing slippage
either re-enter the cell cycle or die in the G1 phase.

Inhibition of DNA damage repair can augment
the potency of DNA-damaging agents. In addition,
non-homologous end joining (NHE]) and homolo-
gous recombination (HR) are the primary mechan-
isms for repairing DSBs [9]. HR defects have been
linked to increased sensitivity to platinum and poly
(adenosine diphosphate ribose) polymerase (PARP)
inhibitors in certain cancer types, such as breast
cancer with BRCA mutation or prostate cancer
with HR gene mutation. Consequently, these thera-
pies have been widely implemented in clinical
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practice. However, the therapies targeting NHE]
have not been extensively investigated [10,11].
A-196, which is a potent and selective inhibitor of
SUV420H1 and SUV420H2, reduces NHE]J-
mediated DSB repair without affecting HR [12].
Moreover, JQ-1, which is a bromodomain and
extra terminal domain inhibitor, suppresses gene
expressions related to NHE] and reduces NHE]
activity [13,14]. Because DSBs in G1 are exclusively
repaired by NHE] [9,15], NHE] is likely the mechan-
ism of DSB repair after mitotic slippage.

Therefore, we hypothesized that inhibiting
NHE] could augment PTX-induced cytotoxicity
by impeding the repair of PTX-induced DSBs dur-
ing G1 following mitotic slippage. Here, we aimed
to evaluate the effects of NHE] inhibition on mito-
tic slippage after PTX treatment in NSCLC cell
lines.

Materials and methods
Reagents

PTX solution (10 mM) was purchased from Selleck
Chemicals (Houston, TX, USA). A-196 (Cayman
Chemical Company, Ann Arbor, MI, USA), JQl
(Cayman Chemical Company), AZD7648 (Selleck
Chemicals), and SCR7 (Selleck Chemicals) were dis-
solved in dimethyl sulfoxide (DMSO) to make stock
solutions of 20, 20, 10, and 100 mM, respectively.

Cell culture

The four human NSCLC cell lines, including A549,
H1299, H1975, and H520, were acquired from the
American Type Culture Collection (Manassas, VA,
USA) and maintained in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS) and
100 U/mL penicillin-streptomycin in a humidified
atmosphere at 37°C with 5% CO,. In addition, the
human embryonic kidney cell line 293T was
acquired from the Riken Bioresource Research
Center (Tsukuba, Japan) and maintained in
Dulbecco’s Modified Eagle Medium supplemented
with 10% heat-inactivated FBS under the same con-
ditions. All cell lines were authenticated by the
Japanese Collection of Research Bioresources Cell
Bank (Osaka, Japan), using short tandem repeat
profiling.
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Cell proliferation assay

Antitumor activities of each drug applied singly
and in combination were assessed using the MTT
cell proliferation assay, according to the manufac-
turer’s instructions (Promega  Corporation,
Madison, WI, USA). Cells were seeded in 96-well
plates at a density of 2,000-6,000 cells per well and
cultured for 24h before drug treatment. After
treatment for 72h, cell viability was measured
using Varioskan Flash (Thermo Fisher Scientific,
Waltham, MA, USA). The half maximal inhibitory
concentration (ICsy) was calculated using
GraphPad Prism version 8.4.3 (GraphPad
Software, San Diego, CA, USA).

Antibodies and Western blotting

Whole-cell lysates were subjected to Western blot-
ting to analyze the expression of various proteins
using the specific primary antibodies that followed
at 4°C overnight. Anti-actin antibody (1:1500,
#A2066) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Furthermore, antibodies
for cleaved PARP (1:1000, #5625), yH2AX
(Ser139) (1:1000, #2577), DNA-PKcs (1:1000,
#38168), DNA ligase IV (1:1000, #14649), BRCA1
(1:1000, #14823), and Rad51 (1:1000, #8875) were
purchased from Cell Signaling Technology
(Danvers, MA, USA). ECL Anti-Rabbit IgG,
Horseradish Peroxidase-Linked Whole Antibody
(1:50000 for actin and 1:10000 for the others,
NA934) (Global Life Sciences Solutions
Operations UK Ltd, Little Chalfont, United
Kingdom) was used as the secondary antibody
for 24h at room temperature. ECL Prime
Western Blotting Detection Reagent (Global Life
Sciences Solutions Operations UK Ltd) was used
to detect chemiluminescent signals.

Cell cycle and apoptosis assays

Cell cycle and apoptosis assays were performed
using a BD FACSVerse flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA). The cell
cycle was analyzed using propidium iodide (PI)/
RNase Staining Buffer (Becton Dickinson) and
Alexa Fluor 647 Rat anti-Histone H3 (pS28)
(Becton Dickinson), as per the manufacturer’s
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instructions. In addition, apoptosis was analyzed
using Annexin V and PI with the MEBCYTO
Apoptosis  Kit (Annexin V-FITC kit) (MBL,
Nagoya, Japan) and terminal deoxynucleotidyl
transferase-mediated nick end labeling (TUNEL)
assay with the MEBSTAIN Apoptosis TUNEL Kit
Direct (MBL), as per the manufacturer’s instruc-
tions. Annexin V positive-PI negative and
Annexin V positive-PI positive populations indi-
cated cells in early and late apoptosis, respectively.
TUNEL positive populations indicated cells under-
going apoptosis.

In vitro NHEJ DNA repair assay

NHE] reporter assay was performed using the
chromosomally integrated green fluorescent pro-
tein (GFP) reporter pimEJ5GFP in H1299 (H1299-
EJ5) and 293T cells (293T-EJ5), as previously
reported [16,17]; pimEJ5GFP was a gift from
Prof. Jeremy Stark (#44026; Addgene, Cambridge,
MA, USA). The H1299-EJ5 and 293T-EJ5 cells
expressed GFP after successful NHE] repair of
DSBs induced by I-Scel endonuclease. Here,
because DsRed was transfected with I-Scel endo-
nuclease using Iscel-GR-RFP plasmid (#17654;
Addgene), the ratio of GFP-positive cells to
DsRed-positive cells after I-Scel transfection
directly correlated with NHE] DNA repair activity.
At 48 h after I-Scel transfection, GFP and DsRed
expressions were analyzed using a flow cytometer.
H1299-EJ5 and 293T-EJ5 cells were treated with
10 uM A-196 or 0.2 uM JQI.

Live-cell imaging and microscopy

Cells were seeded in 35 mm dishes at a density of
4-10 x 10* cells and cultured for 24 h before cell
cycle synchronization, which was conducted using
a single 2 mM thymidine (Sigma-Aldrich) arrest.
At 24 h after arrest, cells were released into media
containing the following agents and analyzed: 100
nM PTX, 5uM A-196, 2 uM JQI, or the combina-
tion of these. DMSO was used as a solvent control.
In addition, images were captured every 5 min for
24h using a Biorevo BZ-9000 (Keyence, Osaka,
Japan) with incubation at 37°C with 5% CO,.
The fates of at least 100 cells were tracked through
the entire imaging period. Mitotic entry was

characterized by cell rounding and cell death by
cell retraction, blebbing of the plasma membrane,
and cessation of movement. Cell death was classi-
fied as death in mitosis when mitotic cells died
before cell division or post-mitotic death (PMD)
when the death occurred following mitotic slip-
page. Mitotic slippage was defined by mitotic exit
without cell division.

Immunofluorescence staining

Analysis of mitotic catastrophes was conducted as
previously reported [13,18-20]. For immunofluor-
escence staining, cells were treated with vehicle,
100 nM PTX, 5uM A-196, or the combination of
these for 24 h. Cells were fixed using 4% parafor-
maldehyde for 20 min at 4°C and permeabilized
with PBS containing 0.5% Triton X-100 for 10 min
at 4°C. Subsequently, cells were incubated with
Blocking One Histo (Nacalai Tesque, Kyoto,
Japan) for 10 min at room temperature to block
nonspecific antibody-binding sites. Next, cells
were incubated with primary rabbit antibody for
B-tubulin  (1:100, #2128) (Cell  Signaling
Technology) and mouse antibody for pHH3
(1:400, #9706) (Cell Signaling Technology) at 4°C
overnight. Then, they were incubated with Alexa
Flour 488 Goat anti-Rabbit IgG (1:500, A11034)
(Thermo Fisher Scientific) and Alexa Flour 594
Goat anti-Mouse IgG (1:500, A11032) (Thermo
Fisher Scientific) for 90 min, followed by DAPI
staining.  Coverslips were mounted with
a ProLong Diamond Antifade Mountant reagent
(Thermo Fisher Scientific). Fluorescent micro-
scopic analysis was performed using a Biorevo
BZ-9000 (Keyence). At least 100 cells were
counted from random microscopic fields for each
condition in three independent experiments.

Small interfering RNA (siRNA)

DNA-PKcs, DNA ligase IV, BRCA1, and Rad51
RNA interference were performed using ON-
TARGET plus siRNA SMART pool and ON-
TARGET plus Nontargeting Control pool
(Horizon  Discovery, = Cambridge, = United
Kingdom). Knockdown efficacy was assessed
using Western blotting 24h after transfection.
For the cell proliferation assay, cells were seeded



and cultured for 24 h before transfection. After
24 h of transfection, PTX was added to the med-
ium. After a 72h treatment, cell viability was
measured.

Statistical analysis

All data were derived from at least three indepen-
dent experiments and are shown as means + stan-
dard deviation unless otherwise indicated.
Differences between two or four groups were sta-
tistically analyzed using Welch’s t-test or
Dunnett’s multiple comparisons test, respectively.
Statistical significance was set at p < 0.05. Statistical
analyses were performed using GraphPad Prism
version 8.4.3 (GraphPad Software, San Diego,
CA, USA).

Results

H1299 was PTX-resistant and showed a more
frequent mitotic slippage after PTX treatment

We evaluated the antiproliferative effects of PTX
on four NSCLC cell lines using an MTT cell pro-
liferation assay. The results revealed that H1299
was resistant to PTX compared with the other cell
lines (Supplementary Figure S1A and Table S1).
Subsequently, we assessed the effect of PTX on the
cell cycle and observed that all cell lines underwent
mitotic arrest. Nevertheless, fewer mitotic cells
were observed in H1299 than in the other cell
lines (Figure la-b). Next, we measured the time
elapsed from mitotic entry to anaphase after PTX
treatment wusing time-lapse microscopy. We
observed that, in H1299 cells, the mean duration
of the normal cell division process was 100 min,
significantly shorter than that observed in the
other cell lines, suggesting a reduced effect of
PTX on mitotic arrest (Supplementary Figure
S1B and Table S2). We further counted the cells
undergoing mitotic slippage using time-lapse
microscopy and discovered that H1299 exhibited
significantly more frequent mitotic slippage after
PTX treatment (Figure 1c and Table 1). Overall,
H1299 resisted PTX and showed a more frequent
mitotic slippage after PTX treatment.
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NHEJ inhibitors significantly enhanced the
PTX-induced cytotoxicity, DSBs, and apoptosis in
H1299

First, we assessed the effect of NHE]J inhibitors to
explore the combined effect of NHE] inhibitors and
PTX. A-196 and JQ1 were found to suppress NHE]
efficacy (Supplementary Figure S2A - B). An MTT cell
proliferation assay was utilized to evaluate the com-
bined effects of NHE]J inhibitors and PTX, which
revealed that A-196 or JQI significantly augmented
the cytotoxic potency of PTX only in H1299 (Table 2;
Supplementary Figure S2C-D and Table S3).
Moreover, flow cytometry using annexin V and PI
confirmed the synergistic effects of PTX and A-196
or JQ1 and revealed that the combination induced
apoptosis (Figure 2a-b). Western blotting demon-
strated that the combined therapy increased cleaved
PARP and yH2AX (Figure 2c-d). TUNEL assay con-
firmed that the combined therapy induced DSBs
(Supplementary Figure 2E-F). Collectively, NHE]
inhibitors significantly enhanced the PTX-induced
cytotoxicity, DSBs, and apoptosis.

To further validate the effect of NHE] inhibi-
tion, we used additional NHE] inhibitors, namely,
the DNA-PKcs inhibitor AZD7648 and the DNA
ligase IV inhibitor SCR7 [21,22]. Combined with
these NHE] inhibitors, the MTT cell proliferation
assay demonstrated that PTX-induced cytotoxicity
was augmented in H1299 (Supplementary Figure
S3A-B and Table S4-6). Flow cytometry, Western
blotting, and TUNEL assay revealed that the com-
bination therapy induced apoptosis and DSBs in
H1299 (Supplementary Figure S3C-H).

Next, we conducted knockdown experiments using
siRNAs against DNA-PKcs (siDNA-PKcs) or DNA
ligase IV (siDNA ligase IV) (Supplementary Figure
S4A). The knockdown of either DNA-PKcs or DNA
ligase IV significantly augmented the PTX-induced
cytotoxicity compared to the control siRNA
(Supplementary Figure S4B-C and Tables S7-8).
Furthermore, we performed knockdown experiments
using siRNAs against BRCA1 (siBRCA1) or Rad51
(siRad51) (Supplementary Figure S4D), which are
essential components of the HR pathway [9]. The
results demonstrated that siBRCA1 or siRad51 did
not augment the PTX-induced cytotoxicity, indicating
that NHE] inhibition, rather than HR inhibition, sig-
nificantly enhances PTX-induced cytotoxicity.
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Figure 1. H1299 was PTX resistant and showed a more frequent mitotic slippage after PTX treatment. (a) Mitotic cells were
analyzed using flow cytometry and pHh3/propidium iodide (PI) staining. Representative images of flow cytometry are shown. (b)
Bar graphs showing summary data for flow cytometry normalized by vehicle control. Bars and error bars represent mean and SD,
respectively (n=3/group). *p < 0.05, ns p = 0.05, Dunnett’s multiple comparisons tests. (c) Representative images of normal cell
division, mitotic cell death, mitotic slippage and post-mitotic death, or mitotic slippage and reentering into the cell cycle. LL,
lower left; LR, lower right; PTX, paclitaxel; UL, upper left; UR, upper right; SD, standard deviation.

Table 1. The number of cells undergoing mitotic slippage.

Cell line Treatment Slippage/Total cells p-value

H1299 Vehicle 2/140 .01
PTX 10/124

A549 Vehicle 0/113 >.99
PTX 0/158

H1975 Vehicle 2/179 .68
PTX 3/176

H520 Vehicle 1/252 >.99
PTX 1/265

A549-PR Vehicle 0/158 .03
PTX 6/170

Data represent the mean = SD of three independent experiments. PTX, pacli-
taxel; SD, standard deviation.
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Table 2. ICsy of paclitaxel £2.5 uM of A-196.

Cell line PTX
H1299 374+29
A549 8.1+.8
H1975 36+1.0
H520 89+.9
A549-PR 63.8+7.0

PTX + A-196 p-value
182+1.7 <.01
6.8+1.3 31
39+ .6 .69
8.1+.8 .39
38+15 .02

Data represent the mean £ SD of three independent experiments. PTX,

paclitaxel; SD, standard deviation.
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Figure 2. NHEJ inhibitors significantly enhanced the PTX-induced cytotoxicity, DSB, and apoptosis in H1299. (A — B) Flow cytometry
showing apoptotic cells by Annexin V/propidium iodide (PI) staining after treatment with PTX and A-196 (a) or PTX and JQ1 (b).
Representative images of flow cytometry are shown. Bar graphs show summary data of flow cytometry. Bars and error bars represent
mean and SD, respectively (n = 3/group). *p < 0.05, Welch t-test. (C — D) Western blotting of cleaved PARP and yH2AX in cells treated
with PTX and A-196 (c) or PTX and JQ1 (d). DSB, double-strand break; LL, lower left; LR, lower right; NHEJ, non-homologous end
joining; PARP, poly (adenosine diphosphate-ribose) polymerase; PTX, paclitaxel; UL, upper left; UR, upper right.

NHEJ inhibitors augmented cell death following
mitotic slippage without affecting aberrant
mitosis

We speculated that the NHE] inhibitor could augment
PTX-induced cell death by hindering the repair of
PTX-induced DSBs during the G1 phase following
mitotic slippage. Therefore, we investigated PMD
after the mitotic slippage using time-lapse microscopy.
After the combined treatment of PTX and A-196 or
JQ1, PMD increased in H1299 (Supplementary Table

§10). Moreover, the elapsed time from mitotic slip-
page to PMD after the combined treatments was sig-
nificantly reduced to less than half that observed after
PTX monotherapy (Figure 3a).

Therefore, we conducted immunofluorescence
staining to observe the mitotic alterations to
further elucidate the effects of the combination of
PTX and A-196 on mitosis. We confirmed that
rounding cells observed in optical microscopy
images were positive for pHH3 and defined cell
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rounding as a characteristic of mitotic entry in
time-lapse microscopy, consistent with previous
reports [8,23] (Figure 1c and 3b). Abnormal mito-
sis, including misaligned chromosomes, dispersed
chromosomes, and disorganized multipolar spin-
dles, were observed in H1299 after treatment with
either PTX monotherapy or the combined therapy
of PTX and A-196 (Figure 3b). Quantification of
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revealed that PTX markedly increased the cells
with aberrant nuclei. However, adding the NHE]
inhibitor did not enhance the mitotic catastrophe
(Figure 3c-d). These findings indicate that NHE]
inhibitors augment cell death following mitotic
slippage without affecting aberrant mitosis.
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Figure 3. Post-mitotic death and mitotic catastrophe were induced by the combination of PTX and NHEJ inhibitors in H1299. (a) The
elapsed time from mitotic slippage to post-mitotic death. The fates of at least 100 cells were tracked throughout the entire imaging
period for each condition in three independent experiments. Each spot represents one H1299 cell undergoing PMD. *p < 0.05, Welch
t-test. (b) Representative images of abnormal mitoses in H1299 after treatment with PTX, A-196, or the combination. Scale bars
represent 10 um. (c) Representative images of H1299 possess features of mitotic catastrophes, such as micronuclei, fragmented
nuclei, and multi-lobular nuclei. Scale bars represent 10 um. (d) Bar graphs show percentages of cells that exhibited features of
mitotic catastrophe in H1299 after treatment with PTX, A-196, or the combination. Bars and error bars represent mean and SD (n =
3). ns, p=0.05, Welch t-test. DAPI, 4°,6-diamidino-2-phenylindole; NHEJ, non-homologous end joining; OM, optimal microscopy;
PARP, poly (adenosine diphosphate-ribose) polymerase; PMD, post-mitotic death; PTX, paclitaxel.



Newly generated PTX-resistant cells showed
a more frequent mitotic slippage after PTX

treatment and were more susceptible to the
combined therapy

We investigated the consequences of NHE] inhibi-
tion on PTX resistance by utilizing newly gener-
ated PTX-resistant cells. Therefore, we developed
the PTX-resistant lung cancer cells, A549-PR,
which were established by exposing A549 cells to
gradually increasing concentrations of PTX.
Subsequently, we quantified the cells undergoing
mitotic slippage and evaluated the combined
effects of NHE] inhibitors and PTX. The results
indicated that A549-PR exhibited more frequent
mitotic slippage after PTX treatment than the par-
ent A549 (Table 1). Furthermore, administering
A-196 significantly augmented the PTX-induced
cytotoxicity (Table 2; Supplementary Figure S5A).
Flow cytometry, Western blotting, and TUNEL
assay additionally revealed that the combination
therapy elicited apoptosis and DSBs (Figure 4a-b;
Supplementary Figure S5B-C).

DTX showed the combined effects with the NHEJ
inhibitor in PTX-resistant cells

To expand these findings to clinical application,
we explored the potential of combining NHE]
inhibitors with an analogous antimitotic agent,
DTX, a standard chemotherapeutic agent for the
previously treated NSCLC [24]. MTT cell prolif-
eration assay demonstrated that PTX-resistant
cells were also DTX-resistant and that A-196 sig-
nificantly augmented the DTX-induced cytotoxi-
city in A549-PR rather than in parent A549
(Supplementary Figure S6A-B and Tables SI,
§11). Flow cytometry using annexin V and PI
confirmed the combination-induced apoptosis
(Figure 4c; Supplementary Figure S6C). In addi-
tion, Western blotting revealed that the combined
therapy increased cleaved PARP and yH2AX
(Figure 4d). TUNEL assay further confirmed
DSBs in combined therapy (Supplementary
Figure 6D). Therefore, our results suggested that
a concomitant regimen of an NHE] inhibitor can
significantly augment the DTX-induced cytotoxi-
city, DSBs, and apoptosis.
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Discussion

We demonstrated that mitotic slippage occurred
more frequently in both intrinsic and acquired
PTX-resistant cell lines and that the inhibition of
NHE] could augment PTX-induced cytotoxicity by
impeding the repair of PTX-induced DSBs follow-
ing mitotic slippage (Figure 4e). We ascertained
that HI1299 cells were innately PTX-resistant,
whereas A549-PR cells were acquired PTX-
resistant. These cell lines demonstrate a decreased
effect of PTX on mitotic arrest and a higher fre-
quency of mitotic slippage. Therefore, we directly
showed a correlation between mitotic slippage and
PTX resistance using time-lapse microscopy.

Several reports have demonstrated attempts to
suppress mitotic slippage using small molecular
compounds or siRNAs that target various mole-
cules involved in the cell division process [23,25];
however, clinical success has been elusive. We
have proposed an approach to induce cell death
after mitotic slippage by impeding DNA damage
repair rather than inhibiting mitotic slippage.
Furthermore, the choice between NHE] and HR
as a method of DNA damage repair depends pri-
marily on the cell cycle stage [26]. NHE] is active
throughout the cell cycle phase except for the
mitotic phase. In contrast, little repair of DNA
damage occurs in the mitotic phase. Under normal
conditions, DNA damage in the mitotic phase is
detected and marked for repair after mitotic exit,
mainly by NHE] in the G1 phase [15], while the
choice of DNA repair pathway after mitotic slip-
page remains poorly understood. The cells under-
going mitotic slippage are believed to enter the G1
phase with DNA damage [27]. Therefore, we
focused on the importance of NHE] in DNA
repair after mitotic slippage.

A-196 is a chemical probe that potently and selec-
tively inhibits SUV420H1 and SUV420H2, which
facilitate proficient NHE]J-mediated DSB repair by
catalyzing the di- and trimethylation of lysine 20 on
histone H4 [12]. A-196 inhibits 53BP1 foci forma-
tion and reduces NHE]-mediated DSB repair with-
out affecting HR. JQ-1 is a bromodomain and extra
terminal domain inhibitor that suppresses gene
expressions related to NHE]J and reduces NHE]
activity [13,14]. In addition to these, several NHE]
inhibitors have been developed. DNA-PK inhibitors,
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Figure 4. A newly generated PTX-resistant cell line showed a more frequent mitotic slippage after PTX treatment and was more
susceptible to the combined therapy. (a and c) Apoptotic cells were analyzed using flow cytometry and Annexin V/propidium iodide
(P1) staining after treatment with PTX and A-196 (A) or DTX and A-196 (c). Bar graphs show summary data for flow cytometry. Bars
and error bars represent mean and SD, respectively (n =3/group). *p < 0.05, ns p = 0.05, Welch t-test. (b and d) Western blotting of
cleaved PARP and yH2AX in cells treated with PTX and A-196 (b) or DTX and A-196 (d). (e) Schematic of mitotic slippage and NHEJ
inhibition. DTX, docetaxel; NHEJ, non-homologous end joining; PARP, poly (adenosine diphosphate-ribose) polymerase; PMD, post-

mitotic death; PTX, paclitaxel; SD, standard deviation.

including M3814 and AZD7648, and DNA ligase IV
inhibitors, such as SCR7, target NHE]-mediated pro-
tein, resulting in NHE] inhibition [21,22,28].
Because there are currently no clinically available
inhibitors of NHE], the exploration of NHE] inhibi-
tors is crucial.

We have shown that combining PTX and NHE]
inhibitors could be advantageous in treating PTX
resistance caused by mitotic slippage. Additionally,

we demonstrated the efficacy of an NHE] inhibitor
in concert with DTX, which is a taxane analog in
the same class as PTX and a standard chemother-
apeutic agent for the previously treated NSCLC
[24]. Consequently, combining DTX and NHE]
inhibitors may be a viable strategy to overcome
PTX resistance resulting from mitotic slippage.
Mitotic slippage has been reported to be
affected by SAC [29]. SAC is a mitotic surveillance



mechanism that arrests mitotic progression during
cell cycle dysfunction and ensures proper chromo-
some alignment before controlled segregation of
the chromosomes [25]. Mitotic exit, including nor-
mal cell division and mitotic slippage, occurs when
cyclin Bl is degraded by the anaphase-promoting
complex/cyclosome and its targeting subunit
CDC20. Although SAC activation results in pro-
longed mitotic arrest followed by mitotic cell
death, SAC silencing results in normal cell division
or mitotic slippage [30]. The SAC activity is
mediated by the SAC proteins, such as MAD2
and p31°°™" [31]. Therefore, we evaluated the
difference between A549-PR and A549 using
Western blotting and quantitative reverse tran-
scription-PCR to assess the molecular mechanisms
of mitotic slippage. However, the expression of
proteins and mRNAs related to the cell cycle and
SAC, such as CDK4, CDK6, MAD2, p31°°™, and
cyclinBl1, did not differ between these cell lines
(data not shown). Other factors may need to be
investigated to assess the mechanistic link between
mitotic slippage and PTX resistance in the future.

In conclusion, NHE] inhibition may over-
come intrinsic or acquired PTX resistance
resulting from mitotic slippage by synergistically
augmenting the cytotoxic effects of antimitotic
drugs in NSCLC.
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