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研究成果の概要（和文）：PTX耐性非小細肺がん細胞株H1299やPTX感受性非小細胞肺がん細胞株A549を用いて作
成したPTX耐性株(A549-PR)にPTXを投与したところ、mitotic slippageが亢進しており、耐性機序としてmitotic
 slippageの関与が考えられた。これらの細胞株に対してPTXとNHEJ阻害効果のある薬剤を併用したところDNA2本
鎖切断がより多く生じ、相乗的な抗腫瘍効果を認めた。NHEJ機構抑制はde novoのPTX耐性あるいはPTX獲得耐性
を克服する手段となるかもしれない。

研究成果の概要（英文）：H1299 cells were paclitaxel (PTX) resistance and exhibited an increased 
frequency of mitotic slippage upon PTX treatment. The newly generated PTX-resistant cells (A549-PR) 
were even more prone to mitotic slippage following PTX treatment. NHEJ inhibitors significantly 
augmented the PTX-induced  DNA double-strand breaks and cytotoxicity in H1299 cells and A549-PR 
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.

研究分野：肺がん

キーワード： 肺がん　パクリタキセル　DNA修復　非相同末端結合　細胞周期

  ２版

令和

研究成果の学術的意義や社会的意義
非小細胞肺がんに対して使用されているPTXの耐性機序であるmitotic slippageによる細胞死の回避に対してDNA
修復機構であるNHEJ機構の抑制が有効であることを示した初めての研究である。さらなる検討が必要だが、今後
の肺癌治療の発展の一助となる可能性があると考える。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
BET（bromodomain and extraterminal domain）はヒストンのアセチル基を認識し、転写伸長

因子をプロモーター領域に動員することで RNA ポリメラーゼを活性化しており、様々な遺伝子

の転写を促進させることができるエピジェネティック調節因子である。がんにおいては BET を

阻害することで腫瘍促進遺伝子の発現が選択的に抑制され、抗腫瘍効果が得られることがこれ

までに示されている。現在までに BET 阻害剤が肺癌を含めた多くの癌腫に対して有効であるこ

とが報告されており、BET 阻害剤に関する複数の臨床試験が現在進行中である。BET 阻害剤の抗

腫瘍効果は c-MYC 癌遺伝子の転写抑制と関連することがこれまで多く報告されているが、c-MYC

癌遺伝子には非依存的であるとする報告もあり（Lenhart et al. Mol Cancer Ther 2015; 

Lockwood et al. Proc Natl Acad Sci U S A 2012）、詳細な作用機序はいまだ不明である。近

年、BET 阻害が非常に重篤な DNA 損傷である DNA2 本鎖切断（double-strand break: DSB）の修

復を障害することで抗腫瘍効果を示すことが報告されているが、これらの先行研究のほとんど

は細胞周期における S 期細胞の DNA を傷害する薬剤の効果を BET 阻害剤が増強するとする研究

であり、その標的とする DSB 修復機構は相同組換え（homologous recombination: HR）である。

HR は DNA 修復にあたり姉妹染色分体を必要とするため、その働きは細胞周期の S/G2 期に限定さ

れる。もう一つの DSB 修復機構である非相同末端結合（non-homologous end joining: NHEJ）機

構は HR と異なり、S/G2 期に限定されず、すべての細胞周期内で機能する。 BET が NHEJ機構に

も関与していることは報告されている（Stanlie et al. Mol Cell 2014; Li et al. Cell Rep 

2018）が、その機序やそれを利用した抗腫瘍治療戦略について検討しているものは少ない。我々

は BET 阻害が NHEJ機構を抑制することで WEE1 阻害剤による DSB を増強することを、NHEJ レポ

ーターを導入した肺癌細胞株を用いて明らかにした（Takashima et al. Int J Cancer 2019）。

NHEJ 阻害を抗癌治療に応用できれば、S 期特異的な DNA 傷害活性を示す薬剤のみならず幅広い

DNA 傷害性薬剤の作用を増強することが期待でき、新たな抗癌治療の開発につながる。 

 
２．研究の目的 
本研究は BET 阻害などによる DSB 修復抑制（特に NHEJ機構抑制）を利用した肺癌に対する新

たな治療戦略の開発を目的としている。 
 
３．研究の方法 
 事前に作成していた NHEJ レポーターを導入した肺癌細胞株と HR レポーターを導入した肺癌

細胞株を用いて、さまざまな抗腫瘍薬による DNA 傷害に対して BET 阻害剤が NHEJ および HR に

どう影響するかを評価した結果、非小細胞肺癌細胞株に対するパクリタキセル（PTX）の効果と

その耐性機序のひとつとして知られている mitotic slippage の関連に着目することにした。 

非小細胞肺癌細胞株である A549細胞、H1299細胞、H1975 細胞、H520 細胞を用いた。薬剤の

抗腫瘍効果の評価や 2 剤の相互作用については MTT 法で評価した。細胞周期の評価をプロピジ

ウムイオダイド（PI）と抗リン酸化ヒストン H3（pHH3）抗体を用いたフローサイトメトリー法

で行った。アポトーシスの評価はアネキシン Vと PIを用いたフローサイトメトリー法および、

抗 cleaved PARP 抗体を用いたウエスタンブロット法で行った。DSB の評価は抗γH2AX抗体を用

いたウエスタンブロット法で行った。細胞分裂の評価はタイムラプス顕微鏡を用いた肉眼観察

で行った。 

 



４．研究成果 

 H1299は de novo の PTX 耐性であった。H1299では PTXによる mitotic arrest の効果が小さ

く、M期停止の時間が短く、mitotic slippage がより多く起こっていた。BET 阻害剤である JQ1

や NHEJ機構阻害剤である A-196は H1299において PTXと相乗的な併用効果を示したが、その他

の細胞では併用効果は認めなかった。JQ1、A-196は PTXとの併用により H1299に対して DSB お

よびアポトーシスを誘導し、post mitotic death を増加させ、細胞死までの時間を短縮した。 

PTX 感受性非小細胞肺癌株である A549 を培養する際に培地に、低濃度の PTX を添加して PTX

耐性細胞（A549-PR）を作成した。A549-PR では PTXにより mitotic slippage が増加し、A-196

は PTXと相乗的な併用効果を示した。A549-PR に対して A-196と PTXの併用は DSB およびアポト

ーシスを誘導した。 

 NHEJ 阻害は H1299 および A549-PR に対して、PTX との併用により相乗的な抗腫瘍効果を認め

た。NHEJ阻害は de novo の PTX 耐性あるいは PTX 獲得耐性を克服する手段となるかもしれない。
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• Paclitaxel (PTX) inhibits the depolymerization of microtubules, causing mitotic 
arrest/aberrant mitosis and consequent DNA double-strand breaks (DSB).1

• Mitotic slippage, in which cancer cells escape cell death by early transition 
from M to G1 without normal cytokinesis, has been considered as one of the 
mechanisms of PTX resistance.2

• DSB are mainly repaired by non-homologous end joining (NHEJ) and 
homologous recombination (HR).3  DSB in G1 are repaired only by NHEJ. 

• A-196, a potent and selective inhibitor of SUV420H1 and SUV420H2, reduces 
NHEJ-mediated DSB repair without affecting HR.4

• JQ1, a bromodomain and extraterminal domain inhibitor, represses gene 
expressions related to NHEJ and diminishes NHEJ activity.5

• NHEJ inhibition could enhance PTX-induced cell death by hindering repair of 
PTX-induced DSB during G1 after the mitotic slippage.

1. Dumontet C, et al. Nat Rev Drug Discov. 2010; 9; 790-803
2. Vitale I, et al. Nat Rev Mol Cell Biol. 2011; 12: 385-392
3. Bradsma I, et al. Genome Integr. 2012; 3: 9-19
4. Bromberg KD, et al. Nat Chem Biol. 2017; 13: 317-324
5. Takashima Y, et al. Int J Cancer. 2020; 146: 1114-1124
6. Bennardo N, et al. PLoS Genet. 2008; 4: 1371
7. Gupta R, et al. Cell. 2018; 173: 972-988

• NHEJ inhibition may overcome de novo or acquired PTX resistance by 
synergistically enhancing the cytotoxic effect of PTX in NSCLC cells.

Conclusion

• Mitotic slippage was found more frequently in de novo PTX-resistant or 
acquired PTX-resistant cell lines.

• NHEJ inhibition may increase apoptosis by hindering repair of PTX-
induced DSB which mitotic slippage carries over to G1 in the PTX-
resistant cells.

Discussion

• H1299 were resistant to PTX compared to other cell lines.
• PTX-induced mitotic cells were less observed in H1299.
• H1299 showed shorter mitotic arrest and more frequent mitotic slippage 

after PTX treatment than other cell lines.
• NHEJ inhibitor A-196 or JQ1 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in H1299. 
• PTX-resistant cell line A549-PR showed more frequent mitotic slippage 

after PTX treatment than the parent A549.
• Administration of A-196 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in A549-PR.

Results

Results

• 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 used.
• The PTX-resistant (PR) lung cancer cells (A549-PR) were established from 

A549 cells by exposure to gradually increasing concentration of PTX 
(maximum 6.7 nmol/L). Subsequently, the cells were cultured in medium 
containing 6.7 nmol/L PTX for 1 month.

PTX

PTX (nM) A-196 (mM) JQ1 (mM)
H1299 37.4 ± 2.9 21.9 ± 0.7 3.6 ± 0.1
A549 8.1 ± 0.8 16.8 ± 3.5 12.3 ± 6.7

H1975 3.6 ± 1.0 18.4 ± 2.1 2.7 ± 0.4
H520 8.9 ± 0.9 24.7 ± 3.5 21.2 ± 0.1

H1299 were resistant to PTX compared to other cell lines

<Cell culture>

• NHEJ reporter assay was performed using the chromosomally integrated GFP 
reporter pimEJ5GFP in H1299 and 293T cells, as previously reported 6-7; 
pimEJ5GFP was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, 
MA, USA)

<In vitro NHEJ DNA repair assay>

• Cells were seeded and cultured for 24 hours prior to cell cycle synchronization 
by a single 2mM thymidine arrest. At 24 hours after arrest, cells were released 
into media containing the following agents and analyzed: 0.1 μmol/L PTX, 5 
μmol/L A-196, or the combination. DMSO was used as a solvent control. 
Images were captured every 5 minutes for 24 hours using Biorevo BZ-9000 
(Keyence, Osaka, Japan) with incubation at 37°C with 5% CO2.

<Live-cell imaging and microscopy>

H1299 showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

H1299
Vehicle 2/140

0.01
PTX 10/124

A549
Vehicle 0/113

>0.99
PTX 0/158

H1975
Vehicle 2/179

0.68
PTX 3/176

H520
Vehicle 1/252

>0.99
PTX 1/265

A-196 or JQ1 inhibited NHEJ efficacy
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A-196 significantly enhanced the PTX-induced cytotoxicity in H1299

JQ1 significantly enhanced the PTX-induced cytotoxicity in H1299
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H1299

PTX

cPARP

Actin

A-196

Vehicle A-196 PTX PTX+A-196
0

5

10

15

20

25

A
nn

ex
in

V 
po

si
tiv

e 
ce

lls

0 0 1 10

H1299

PTX

γH2AX

Actin

A-196

1.0 0.9 2.8 3.4

PTX

H1299 A549 H1975pHH3

PI

H520

(fold)

H1299 A549 H1975 H520
1

10

100

pH
H

3 
po

si
tiv

e 
ce

lls
no

rm
al

iz
ed

 b
y 

ve
hi

cl
e 

co
nt

ro
l

*

*

ns

Vehicle

Mean, SD, 
n=3, * p<0.05, ns: p≥0.05
(Dunnett’s multiple comparisons test)

PTX-induced mitotic cells were less observed in H1299
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・Mitotic slippage Post mitotic death (PMD)
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JQ1 significantly enhanced the PTX-induced apoptosis and DSB in H1299
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A549-PR showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

A549-PR
Vehicle 0/158

0.03
PTX 6/170

A549
Vehicle 0/113

>0.99
PTX 0/158

A-196 significantly enhanced the PTX-induced cytotoxicity in A549-PR

A549-PR

Mean, SD, 
n=3, * p<0.05 (Welch’s t-test)
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H1299 showed shorter mitotic arrest after PTX treatment
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Cell line Vehicle (min) PTX (min)
H1299 33.1 ± 16.2 105.0 ± 62.1
A549 29.1 ± 15.6 354.1 ± 181.9

H1975 28.5 ± 31.4 281.0 ± 109.6
H520 56.3 ± 41.9 737.0 ± 221.8

<Time from mitotic entry to anaphase>

* * *

Mean, SD, 
n=3, * p<0.05
(Dunnett’s multiple comparisons test)

Cell line PTX PTX+A-196 p value
H1299 37.4 ± 2.9 18.2 ± 1.7 <0.01
A549 8.1 ± 0.8 6.8 ± 1.3 0.31

H1975 3.6 ± 1.0 3.9 ± 0.6 0.69
H520 8.9 ± 0.9 8.1 ± 0.8 0.39

< IC50 of PTX ± 2.5 mM of A-196 (nM) >

H1299 A549 H1975 H520

Cell line PTX PTX+JQ1 p value
H1299 47.7 ± 1.1 14.4 ± 0.9 <0.0001
A549 8.5 ± 0.7 7.1 ± 1.0 0.19

H1975 4.3 ± 0.4 6.6 ± 1.8 0.22
H520 11.0 ± 1.0 9.5 ± 0.2 0.17

< IC50 of PTX ± 2 mM of JQ1 (nM) >

A-196 significantly enhanced the PTX-induced apoptosis and DSB in A549-PR

A549

Cell line PTX PTX+A-196 p value
A549-PR 63.8 ± 7.0 30.8 ± 1.5 0.02

A549 8.1 ± 0.8 6.8 ± 1.3 0.31

< IC50 of PTX±2.5 mM of A-196 (nM) >
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• Paclitaxel (PTX) inhibits the depolymerization of microtubules, causing mitotic 
arrest/aberrant mitosis and consequent DNA double-strand breaks (DSB).1

• Mitotic slippage, in which cancer cells escape cell death by early transition 
from M to G1 without normal cytokinesis, has been considered as one of the 
mechanisms of PTX resistance.2

• DSB are mainly repaired by non-homologous end joining (NHEJ) and 
homologous recombination (HR).3  DSB in G1 are repaired only by NHEJ. 

• A-196, a potent and selective inhibitor of SUV420H1 and SUV420H2, reduces 
NHEJ-mediated DSB repair without affecting HR.4

• JQ1, a bromodomain and extraterminal domain inhibitor, represses gene 
expressions related to NHEJ and diminishes NHEJ activity.5

• NHEJ inhibition could enhance PTX-induced cell death by hindering repair of 
PTX-induced DSB during G1 after the mitotic slippage.
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• NHEJ inhibition may overcome de novo or acquired PTX resistance by 
synergistically enhancing the cytotoxic effect of PTX in NSCLC cells.

Conclusion

• Mitotic slippage was found more frequently in de novo PTX-resistant or 
acquired PTX-resistant cell lines.

• NHEJ inhibition may increase apoptosis by hindering repair of PTX-
induced DSB which mitotic slippage carries over to G1 in the PTX-
resistant cells.

Discussion

• H1299 were resistant to PTX compared to other cell lines.
• PTX-induced mitotic cells were less observed in H1299.
• H1299 showed shorter mitotic arrest and more frequent mitotic slippage 

after PTX treatment than other cell lines.
• NHEJ inhibitor A-196 or JQ1 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in H1299. 
• PTX-resistant cell line A549-PR showed more frequent mitotic slippage 

after PTX treatment than the parent A549.
• Administration of A-196 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in A549-PR.

Results

Results

• 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 used.
• The PTX-resistant (PR) lung cancer cells (A549-PR) were established from 

A549 cells by exposure to gradually increasing concentration of PTX 
(maximum 6.7 nmol/L). Subsequently, the cells were cultured in medium 
containing 6.7 nmol/L PTX for 1 month.

PTX

PTX (nM) A-196 (mM) JQ1 (mM)
H1299 37.4 ± 2.9 21.9 ± 0.7 3.6 ± 0.1
A549 8.1 ± 0.8 16.8 ± 3.5 12.3 ± 6.7

H1975 3.6 ± 1.0 18.4 ± 2.1 2.7 ± 0.4
H520 8.9 ± 0.9 24.7 ± 3.5 21.2 ± 0.1

H1299 were resistant to PTX compared to other cell lines

<Cell culture>

• NHEJ reporter assay was performed using the chromosomally integrated GFP 
reporter pimEJ5GFP in H1299 and 293T cells, as previously reported 6-7; 
pimEJ5GFP was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, 
MA, USA)

<In vitro NHEJ DNA repair assay>

• Cells were seeded and cultured for 24 hours prior to cell cycle synchronization 
by a single 2mM thymidine arrest. At 24 hours after arrest, cells were released 
into media containing the following agents and analyzed: 0.1 μmol/L PTX, 5 
μmol/L A-196, or the combination. DMSO was used as a solvent control. 
Images were captured every 5 minutes for 24 hours using Biorevo BZ-9000 
(Keyence, Osaka, Japan) with incubation at 37°C with 5% CO2.

<Live-cell imaging and microscopy>

H1299 showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)
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A549-PR showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)
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H1299 showed shorter mitotic arrest after PTX treatment
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Cell line Vehicle (min) PTX (min)
H1299 33.1 ± 16.2 105.0 ± 62.1
A549 29.1 ± 15.6 354.1 ± 181.9

H1975 28.5 ± 31.4 281.0 ± 109.6
H520 56.3 ± 41.9 737.0 ± 221.8

<Time from mitotic entry to anaphase>
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Mean, SD, 
n=3, * p<0.05
(Dunnett’s multiple comparisons test)

Cell line PTX PTX+A-196 p value
H1299 37.4 ± 2.9 18.2 ± 1.7 <0.01
A549 8.1 ± 0.8 6.8 ± 1.3 0.31

H1975 3.6 ± 1.0 3.9 ± 0.6 0.69
H520 8.9 ± 0.9 8.1 ± 0.8 0.39

< IC50 of PTX ± 2.5 mM of A-196 (nM) >
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Cell line PTX PTX+JQ1 p value
H1299 47.7 ± 1.1 14.4 ± 0.9 <0.0001
A549 8.5 ± 0.7 7.1 ± 1.0 0.19

H1975 4.3 ± 0.4 6.6 ± 1.8 0.22
H520 11.0 ± 1.0 9.5 ± 0.2 0.17

< IC50 of PTX ± 2 mM of JQ1 (nM) >

A-196 significantly enhanced the PTX-induced apoptosis and DSB in A549-PR
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• Paclitaxel (PTX) inhibits the depolymerization of microtubules, causing mitotic 
arrest/aberrant mitosis and consequent DNA double-strand breaks (DSB).1

• Mitotic slippage, in which cancer cells escape cell death by early transition 
from M to G1 without normal cytokinesis, has been considered as one of the 
mechanisms of PTX resistance.2

• DSB are mainly repaired by non-homologous end joining (NHEJ) and 
homologous recombination (HR).3  DSB in G1 are repaired only by NHEJ. 

• A-196, a potent and selective inhibitor of SUV420H1 and SUV420H2, reduces 
NHEJ-mediated DSB repair without affecting HR.4

• JQ1, a bromodomain and extraterminal domain inhibitor, represses gene 
expressions related to NHEJ and diminishes NHEJ activity.5

• NHEJ inhibition could enhance PTX-induced cell death by hindering repair of 
PTX-induced DSB during G1 after the mitotic slippage.
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• NHEJ inhibition may overcome de novo or acquired PTX resistance by 
synergistically enhancing the cytotoxic effect of PTX in NSCLC cells.

Conclusion

• Mitotic slippage was found more frequently in de novo PTX-resistant or 
acquired PTX-resistant cell lines.

• NHEJ inhibition may increase apoptosis by hindering repair of PTX-
induced DSB which mitotic slippage carries over to G1 in the PTX-
resistant cells.

Discussion

• H1299 were resistant to PTX compared to other cell lines.
• PTX-induced mitotic cells were less observed in H1299.
• H1299 showed shorter mitotic arrest and more frequent mitotic slippage 

after PTX treatment than other cell lines.
• NHEJ inhibitor A-196 or JQ1 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in H1299. 
• PTX-resistant cell line A549-PR showed more frequent mitotic slippage 

after PTX treatment than the parent A549.
• Administration of A-196 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in A549-PR.

Results

Results

• 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 used.
• The PTX-resistant (PR) lung cancer cells (A549-PR) were established from 

A549 cells by exposure to gradually increasing concentration of PTX 
(maximum 6.7 nmol/L). Subsequently, the cells were cultured in medium 
containing 6.7 nmol/L PTX for 1 month.

PTX

PTX (nM) A-196 (mM) JQ1 (mM)
H1299 37.4 ± 2.9 21.9 ± 0.7 3.6 ± 0.1
A549 8.1 ± 0.8 16.8 ± 3.5 12.3 ± 6.7

H1975 3.6 ± 1.0 18.4 ± 2.1 2.7 ± 0.4
H520 8.9 ± 0.9 24.7 ± 3.5 21.2 ± 0.1

H1299 were resistant to PTX compared to other cell lines

<Cell culture>

• NHEJ reporter assay was performed using the chromosomally integrated GFP 
reporter pimEJ5GFP in H1299 and 293T cells, as previously reported 6-7; 
pimEJ5GFP was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, 
MA, USA)

<In vitro NHEJ DNA repair assay>

• Cells were seeded and cultured for 24 hours prior to cell cycle synchronization 
by a single 2mM thymidine arrest. At 24 hours after arrest, cells were released 
into media containing the following agents and analyzed: 0.1 μmol/L PTX, 5 
μmol/L A-196, or the combination. DMSO was used as a solvent control. 
Images were captured every 5 minutes for 24 hours using Biorevo BZ-9000 
(Keyence, Osaka, Japan) with incubation at 37°C with 5% CO2.

<Live-cell imaging and microscopy>

H1299 showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)
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PTX-induced mitotic cells were less observed in H1299
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A549-PR showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value
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H1299 showed shorter mitotic arrest after PTX treatment
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Cell line Vehicle (min) PTX (min)
H1299 33.1 ± 16.2 105.0 ± 62.1
A549 29.1 ± 15.6 354.1 ± 181.9

H1975 28.5 ± 31.4 281.0 ± 109.6
H520 56.3 ± 41.9 737.0 ± 221.8

<Time from mitotic entry to anaphase>
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(Dunnett’s multiple comparisons test)

Cell line PTX PTX+A-196 p value
H1299 37.4 ± 2.9 18.2 ± 1.7 <0.01
A549 8.1 ± 0.8 6.8 ± 1.3 0.31

H1975 3.6 ± 1.0 3.9 ± 0.6 0.69
H520 8.9 ± 0.9 8.1 ± 0.8 0.39

< IC50 of PTX ± 2.5 mM of A-196 (nM) >
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Cell line PTX PTX+JQ1 p value
H1299 47.7 ± 1.1 14.4 ± 0.9 <0.0001
A549 8.5 ± 0.7 7.1 ± 1.0 0.19

H1975 4.3 ± 0.4 6.6 ± 1.8 0.22
H520 11.0 ± 1.0 9.5 ± 0.2 0.17

< IC50 of PTX ± 2 mM of JQ1 (nM) >
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• Paclitaxel (PTX) inhibits the depolymerization of microtubules, causing mitotic 
arrest/aberrant mitosis and consequent DNA double-strand breaks (DSB).1

• Mitotic slippage, in which cancer cells escape cell death by early transition 
from M to G1 without normal cytokinesis, has been considered as one of the 
mechanisms of PTX resistance.2

• DSB are mainly repaired by non-homologous end joining (NHEJ) and 
homologous recombination (HR).3  DSB in G1 are repaired only by NHEJ. 

• A-196, a potent and selective inhibitor of SUV420H1 and SUV420H2, reduces 
NHEJ-mediated DSB repair without affecting HR.4

• JQ1, a bromodomain and extraterminal domain inhibitor, represses gene 
expressions related to NHEJ and diminishes NHEJ activity.5

• NHEJ inhibition could enhance PTX-induced cell death by hindering repair of 
PTX-induced DSB during G1 after the mitotic slippage.

1. Dumontet C, et al. Nat Rev Drug Discov. 2010; 9; 790-803
2. Vitale I, et al. Nat Rev Mol Cell Biol. 2011; 12: 385-392
3. Bradsma I, et al. Genome Integr. 2012; 3: 9-19
4. Bromberg KD, et al. Nat Chem Biol. 2017; 13: 317-324
5. Takashima Y, et al. Int J Cancer. 2020; 146: 1114-1124
6. Bennardo N, et al. PLoS Genet. 2008; 4: 1371
7. Gupta R, et al. Cell. 2018; 173: 972-988

• NHEJ inhibition may overcome de novo or acquired PTX resistance by 
synergistically enhancing the cytotoxic effect of PTX in NSCLC cells.

Conclusion

• Mitotic slippage was found more frequently in de novo PTX-resistant or 
acquired PTX-resistant cell lines.

• NHEJ inhibition may increase apoptosis by hindering repair of PTX-
induced DSB which mitotic slippage carries over to G1 in the PTX-
resistant cells.

Discussion

• H1299 were resistant to PTX compared to other cell lines.
• PTX-induced mitotic cells were less observed in H1299.
• H1299 showed shorter mitotic arrest and more frequent mitotic slippage 

after PTX treatment than other cell lines.
• NHEJ inhibitor A-196 or JQ1 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in H1299. 
• PTX-resistant cell line A549-PR showed more frequent mitotic slippage 

after PTX treatment than the parent A549.
• Administration of A-196 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in A549-PR.

Results

Results

• 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 used.
• The PTX-resistant (PR) lung cancer cells (A549-PR) were established from 

A549 cells by exposure to gradually increasing concentration of PTX 
(maximum 6.7 nmol/L). Subsequently, the cells were cultured in medium 
containing 6.7 nmol/L PTX for 1 month.

PTX

PTX (nM) A-196 (mM) JQ1 (mM)
H1299 37.4 ± 2.9 21.9 ± 0.7 3.6 ± 0.1
A549 8.1 ± 0.8 16.8 ± 3.5 12.3 ± 6.7

H1975 3.6 ± 1.0 18.4 ± 2.1 2.7 ± 0.4
H520 8.9 ± 0.9 24.7 ± 3.5 21.2 ± 0.1

H1299 were resistant to PTX compared to other cell lines

<Cell culture>

• NHEJ reporter assay was performed using the chromosomally integrated GFP 
reporter pimEJ5GFP in H1299 and 293T cells, as previously reported 6-7; 
pimEJ5GFP was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, 
MA, USA)

<In vitro NHEJ DNA repair assay>

• Cells were seeded and cultured for 24 hours prior to cell cycle synchronization 
by a single 2mM thymidine arrest. At 24 hours after arrest, cells were released 
into media containing the following agents and analyzed: 0.1 μmol/L PTX, 5 
μmol/L A-196, or the combination. DMSO was used as a solvent control. 
Images were captured every 5 minutes for 24 hours using Biorevo BZ-9000 
(Keyence, Osaka, Japan) with incubation at 37°C with 5% CO2.

<Live-cell imaging and microscopy>

H1299 showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)
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A549-PR showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

A549-PR
Vehicle 0/158

0.03
PTX 6/170

A549
Vehicle 0/113

>0.99
PTX 0/158

A-196 significantly enhanced the PTX-induced cytotoxicity in A549-PR
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Mean, SD, 
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H1299 showed shorter mitotic arrest after PTX treatment
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Cell line Vehicle (min) PTX (min)
H1299 33.1 ± 16.2 105.0 ± 62.1
A549 29.1 ± 15.6 354.1 ± 181.9

H1975 28.5 ± 31.4 281.0 ± 109.6
H520 56.3 ± 41.9 737.0 ± 221.8

<Time from mitotic entry to anaphase>

* * *

Mean, SD, 
n=3, * p<0.05
(Dunnett’s multiple comparisons test)

Cell line PTX PTX+A-196 p value
H1299 37.4 ± 2.9 18.2 ± 1.7 <0.01
A549 8.1 ± 0.8 6.8 ± 1.3 0.31

H1975 3.6 ± 1.0 3.9 ± 0.6 0.69
H520 8.9 ± 0.9 8.1 ± 0.8 0.39

< IC50 of PTX ± 2.5 mM of A-196 (nM) >

H1299 A549 H1975 H520

Cell line PTX PTX+JQ1 p value
H1299 47.7 ± 1.1 14.4 ± 0.9 <0.0001
A549 8.5 ± 0.7 7.1 ± 1.0 0.19

H1975 4.3 ± 0.4 6.6 ± 1.8 0.22
H520 11.0 ± 1.0 9.5 ± 0.2 0.17

< IC50 of PTX ± 2 mM of JQ1 (nM) >

A-196 significantly enhanced the PTX-induced apoptosis and DSB in A549-PR

A549

Cell line PTX PTX+A-196 p value
A549-PR 63.8 ± 7.0 30.8 ± 1.5 0.02

A549 8.1 ± 0.8 6.8 ± 1.3 0.31

< IC50 of PTX±2.5 mM of A-196 (nM) >
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• Paclitaxel (PTX) inhibits the depolymerization of microtubules, causing mitotic 
arrest/aberrant mitosis and consequent DNA double-strand breaks (DSB).1

• Mitotic slippage, in which cancer cells escape cell death by early transition 
from M to G1 without normal cytokinesis, has been considered as one of the 
mechanisms of PTX resistance.2

• DSB are mainly repaired by non-homologous end joining (NHEJ) and 
homologous recombination (HR).3  DSB in G1 are repaired only by NHEJ. 

• A-196, a potent and selective inhibitor of SUV420H1 and SUV420H2, reduces 
NHEJ-mediated DSB repair without affecting HR.4

• JQ1, a bromodomain and extraterminal domain inhibitor, represses gene 
expressions related to NHEJ and diminishes NHEJ activity.5

• NHEJ inhibition could enhance PTX-induced cell death by hindering repair of 
PTX-induced DSB during G1 after the mitotic slippage.
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• NHEJ inhibition may overcome de novo or acquired PTX resistance by 
synergistically enhancing the cytotoxic effect of PTX in NSCLC cells.

Conclusion

• Mitotic slippage was found more frequently in de novo PTX-resistant or 
acquired PTX-resistant cell lines.

• NHEJ inhibition may increase apoptosis by hindering repair of PTX-
induced DSB which mitotic slippage carries over to G1 in the PTX-
resistant cells.

Discussion

• H1299 were resistant to PTX compared to other cell lines.
• PTX-induced mitotic cells were less observed in H1299.
• H1299 showed shorter mitotic arrest and more frequent mitotic slippage 

after PTX treatment than other cell lines.
• NHEJ inhibitor A-196 or JQ1 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in H1299. 
• PTX-resistant cell line A549-PR showed more frequent mitotic slippage 

after PTX treatment than the parent A549.
• Administration of A-196 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in A549-PR.

Results

Results

• 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 used.
• The PTX-resistant (PR) lung cancer cells (A549-PR) were established from 

A549 cells by exposure to gradually increasing concentration of PTX 
(maximum 6.7 nmol/L). Subsequently, the cells were cultured in medium 
containing 6.7 nmol/L PTX for 1 month.

PTX

PTX (nM) A-196 (mM) JQ1 (mM)
H1299 37.4 ± 2.9 21.9 ± 0.7 3.6 ± 0.1
A549 8.1 ± 0.8 16.8 ± 3.5 12.3 ± 6.7

H1975 3.6 ± 1.0 18.4 ± 2.1 2.7 ± 0.4
H520 8.9 ± 0.9 24.7 ± 3.5 21.2 ± 0.1

H1299 were resistant to PTX compared to other cell lines

<Cell culture>

• NHEJ reporter assay was performed using the chromosomally integrated GFP 
reporter pimEJ5GFP in H1299 and 293T cells, as previously reported 6-7; 
pimEJ5GFP was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, 
MA, USA)

<In vitro NHEJ DNA repair assay>

• Cells were seeded and cultured for 24 hours prior to cell cycle synchronization 
by a single 2mM thymidine arrest. At 24 hours after arrest, cells were released 
into media containing the following agents and analyzed: 0.1 μmol/L PTX, 5 
μmol/L A-196, or the combination. DMSO was used as a solvent control. 
Images were captured every 5 minutes for 24 hours using Biorevo BZ-9000 
(Keyence, Osaka, Japan) with incubation at 37°C with 5% CO2.

<Live-cell imaging and microscopy>

H1299 showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

H1299
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0.01
PTX 10/124

A549
Vehicle 0/113

>0.99
PTX 0/158

H1975
Vehicle 2/179

0.68
PTX 3/176

H520
Vehicle 1/252

>0.99
PTX 1/265
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PTX-induced mitotic cells were less observed in H1299
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・Mitotic cell death

・Mitotic slippage Post mitotic death (PMD)
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A549-PR showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

A549-PR
Vehicle 0/158

0.03
PTX 6/170

A549
Vehicle 0/113

>0.99
PTX 0/158

A-196 significantly enhanced the PTX-induced cytotoxicity in A549-PR

A549-PR

Mean, SD, 
n=3, * p<0.05 (Welch’s t-test)
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H1299 showed shorter mitotic arrest after PTX treatment
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Cell line Vehicle (min) PTX (min)
H1299 33.1 ± 16.2 105.0 ± 62.1
A549 29.1 ± 15.6 354.1 ± 181.9

H1975 28.5 ± 31.4 281.0 ± 109.6
H520 56.3 ± 41.9 737.0 ± 221.8

<Time from mitotic entry to anaphase>

* * *

Mean, SD, 
n=3, * p<0.05
(Dunnett’s multiple comparisons test)

Cell line PTX PTX+A-196 p value
H1299 37.4 ± 2.9 18.2 ± 1.7 <0.01
A549 8.1 ± 0.8 6.8 ± 1.3 0.31

H1975 3.6 ± 1.0 3.9 ± 0.6 0.69
H520 8.9 ± 0.9 8.1 ± 0.8 0.39

< IC50 of PTX ± 2.5 mM of A-196 (nM) >

H1299 A549 H1975 H520

Cell line PTX PTX+JQ1 p value
H1299 47.7 ± 1.1 14.4 ± 0.9 <0.0001
A549 8.5 ± 0.7 7.1 ± 1.0 0.19

H1975 4.3 ± 0.4 6.6 ± 1.8 0.22
H520 11.0 ± 1.0 9.5 ± 0.2 0.17

< IC50 of PTX ± 2 mM of JQ1 (nM) >

A-196 significantly enhanced the PTX-induced apoptosis and DSB in A549-PR

A549

Cell line PTX PTX+A-196 p value
A549-PR 63.8 ± 7.0 30.8 ± 1.5 0.02

A549 8.1 ± 0.8 6.8 ± 1.3 0.31

< IC50 of PTX±2.5 mM of A-196 (nM) >

A549-PR A549

A549-PR

PTX

γH2AX

Actin

A-196

1.0 0.9 3.7 9.6
cPARP

A549-PRPI

AnnexinV

Mean, SD, 
n=3, * p<0.05 (Welch’s t-test)

*

- - +     +
- +      - +

Vehicle A-196 PTX PTX+A-196 Vehicle A-196 PTX PTX+A-196
A549

Veh
icl

e
A-19

6
PTX

PTX+A
-19

6

Veh
icl

e
A-19

6
PTX

PTX+A
-19

6
0

10

20

30

40

50

Pe
rc

en
t

A549

- - +     +
- +      - +

0 0 1

2.5 2.9 10.5 11.8

0 0 0.5 3.8

A549-PR A549

PTX PTX+A-196 PTX PTX+A-196
0

20

40

60

80

IC
50

< IC50 of PTX, A-196, or JQ1 >

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

A549
H1299

H1975
H520

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX A-196 PTX+A-196

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX A-196 PTX+A-196

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX A-196 PTX+A-196

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX A-196 PTX+A-196

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX JQ1 PTX+JQ1

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX JQ1 PTX+JQ1

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX JQ1 PTX+JQ1

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX JQ1 PTX+JQ1

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX A-196 PTX+A-196

10-2 100 102 104 106

0

25

50

75

100

125

Concentration (nM)

%
C

on
tr

ol
 c

el
l v

ia
bi

lit
y

PTX A-196 PTX+A-196

0

Background

Objective

Results

Methods

Summary

References

Inhibition of DNA damage repair for mitotic slippage after paclitaxel treatment in non-small cell lung cancer
Kosuke Tsuji, Eiki Kikuchi, Yuta Takashima, Tetsuaki Shoji, Hajime Asahina, Junko Kikuchi, Naofumi Shinagawa, Jun Sakakibara-Konishi, Satoshi Konno.
Department of Respiratory Medicine, Faculty of Medicine, Hokkaido University, Sapporo, Japan

• Paclitaxel (PTX) inhibits the depolymerization of microtubules, causing mitotic 
arrest/aberrant mitosis and consequent DNA double-strand breaks (DSB).1

• Mitotic slippage, in which cancer cells escape cell death by early transition 
from M to G1 without normal cytokinesis, has been considered as one of the 
mechanisms of PTX resistance.2

• DSB are mainly repaired by non-homologous end joining (NHEJ) and 
homologous recombination (HR).3  DSB in G1 are repaired only by NHEJ. 

• A-196, a potent and selective inhibitor of SUV420H1 and SUV420H2, reduces 
NHEJ-mediated DSB repair without affecting HR.4

• JQ1, a bromodomain and extraterminal domain inhibitor, represses gene 
expressions related to NHEJ and diminishes NHEJ activity.5

• NHEJ inhibition could enhance PTX-induced cell death by hindering repair of 
PTX-induced DSB during G1 after the mitotic slippage.

1. Dumontet C, et al. Nat Rev Drug Discov. 2010; 9; 790-803
2. Vitale I, et al. Nat Rev Mol Cell Biol. 2011; 12: 385-392
3. Bradsma I, et al. Genome Integr. 2012; 3: 9-19
4. Bromberg KD, et al. Nat Chem Biol. 2017; 13: 317-324
5. Takashima Y, et al. Int J Cancer. 2020; 146: 1114-1124
6. Bennardo N, et al. PLoS Genet. 2008; 4: 1371
7. Gupta R, et al. Cell. 2018; 173: 972-988

• NHEJ inhibition may overcome de novo or acquired PTX resistance by 
synergistically enhancing the cytotoxic effect of PTX in NSCLC cells.

Conclusion

• Mitotic slippage was found more frequently in de novo PTX-resistant or 
acquired PTX-resistant cell lines.

• NHEJ inhibition may increase apoptosis by hindering repair of PTX-
induced DSB which mitotic slippage carries over to G1 in the PTX-
resistant cells.

Discussion

• H1299 were resistant to PTX compared to other cell lines.
• PTX-induced mitotic cells were less observed in H1299.
• H1299 showed shorter mitotic arrest and more frequent mitotic slippage 

after PTX treatment than other cell lines.
• NHEJ inhibitor A-196 or JQ1 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in H1299. 
• PTX-resistant cell line A549-PR showed more frequent mitotic slippage 

after PTX treatment than the parent A549.
• Administration of A-196 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in A549-PR.

Results

Results

• 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 used.
• The PTX-resistant (PR) lung cancer cells (A549-PR) were established from 

A549 cells by exposure to gradually increasing concentration of PTX 
(maximum 6.7 nmol/L). Subsequently, the cells were cultured in medium 
containing 6.7 nmol/L PTX for 1 month.

PTX

PTX (nM) A-196 (mM) JQ1 (mM)
H1299 37.4 ± 2.9 21.9 ± 0.7 3.6 ± 0.1
A549 8.1 ± 0.8 16.8 ± 3.5 12.3 ± 6.7

H1975 3.6 ± 1.0 18.4 ± 2.1 2.7 ± 0.4
H520 8.9 ± 0.9 24.7 ± 3.5 21.2 ± 0.1

H1299 were resistant to PTX compared to other cell lines

<Cell culture>

• NHEJ reporter assay was performed using the chromosomally integrated GFP 
reporter pimEJ5GFP in H1299 and 293T cells, as previously reported 6-7; 
pimEJ5GFP was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, 
MA, USA)

<In vitro NHEJ DNA repair assay>

• Cells were seeded and cultured for 24 hours prior to cell cycle synchronization 
by a single 2mM thymidine arrest. At 24 hours after arrest, cells were released 
into media containing the following agents and analyzed: 0.1 μmol/L PTX, 5 
μmol/L A-196, or the combination. DMSO was used as a solvent control. 
Images were captured every 5 minutes for 24 hours using Biorevo BZ-9000 
(Keyence, Osaka, Japan) with incubation at 37°C with 5% CO2.

<Live-cell imaging and microscopy>

H1299 showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

H1299
Vehicle 2/140

0.01
PTX 10/124

A549
Vehicle 0/113

>0.99
PTX 0/158

H1975
Vehicle 2/179

0.68
PTX 3/176

H520
Vehicle 1/252

>0.99
PTX 1/265

A-196 or JQ1 inhibited NHEJ efficacy
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A549-PR showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

A549-PR
Vehicle 0/158

0.03
PTX 6/170

A549
Vehicle 0/113

>0.99
PTX 0/158

A-196 significantly enhanced the PTX-induced cytotoxicity in A549-PR

A549-PR

Mean, SD, 
n=3, * p<0.05 (Welch’s t-test)

*

H1299 showed shorter mitotic arrest after PTX treatment
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Cell line Vehicle (min) PTX (min)
H1299 33.1 ± 16.2 105.0 ± 62.1
A549 29.1 ± 15.6 354.1 ± 181.9

H1975 28.5 ± 31.4 281.0 ± 109.6
H520 56.3 ± 41.9 737.0 ± 221.8

<Time from mitotic entry to anaphase>

* * *

Mean, SD, 
n=3, * p<0.05
(Dunnett’s multiple comparisons test)

Cell line PTX PTX+A-196 p value
H1299 37.4 ± 2.9 18.2 ± 1.7 <0.01
A549 8.1 ± 0.8 6.8 ± 1.3 0.31

H1975 3.6 ± 1.0 3.9 ± 0.6 0.69
H520 8.9 ± 0.9 8.1 ± 0.8 0.39

< IC50 of PTX ± 2.5 mM of A-196 (nM) >

H1299 A549 H1975 H520

Cell line PTX PTX+JQ1 p value
H1299 47.7 ± 1.1 14.4 ± 0.9 <0.0001
A549 8.5 ± 0.7 7.1 ± 1.0 0.19

H1975 4.3 ± 0.4 6.6 ± 1.8 0.22
H520 11.0 ± 1.0 9.5 ± 0.2 0.17

< IC50 of PTX ± 2 mM of JQ1 (nM) >

A-196 significantly enhanced the PTX-induced apoptosis and DSB in A549-PR

A549

Cell line PTX PTX+A-196 p value
A549-PR 63.8 ± 7.0 30.8 ± 1.5 0.02

A549 8.1 ± 0.8 6.8 ± 1.3 0.31

< IC50 of PTX±2.5 mM of A-196 (nM) >
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• Paclitaxel (PTX) inhibits the depolymerization of microtubules, causing mitotic 
arrest/aberrant mitosis and consequent DNA double-strand breaks (DSB).1

• Mitotic slippage, in which cancer cells escape cell death by early transition 
from M to G1 without normal cytokinesis, has been considered as one of the 
mechanisms of PTX resistance.2

• DSB are mainly repaired by non-homologous end joining (NHEJ) and 
homologous recombination (HR).3  DSB in G1 are repaired only by NHEJ. 

• A-196, a potent and selective inhibitor of SUV420H1 and SUV420H2, reduces 
NHEJ-mediated DSB repair without affecting HR.4

• JQ1, a bromodomain and extraterminal domain inhibitor, represses gene 
expressions related to NHEJ and diminishes NHEJ activity.5

• NHEJ inhibition could enhance PTX-induced cell death by hindering repair of 
PTX-induced DSB during G1 after the mitotic slippage.
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• NHEJ inhibition may overcome de novo or acquired PTX resistance by 
synergistically enhancing the cytotoxic effect of PTX in NSCLC cells.

Conclusion

• Mitotic slippage was found more frequently in de novo PTX-resistant or 
acquired PTX-resistant cell lines.

• NHEJ inhibition may increase apoptosis by hindering repair of PTX-
induced DSB which mitotic slippage carries over to G1 in the PTX-
resistant cells.

Discussion

• H1299 were resistant to PTX compared to other cell lines.
• PTX-induced mitotic cells were less observed in H1299.
• H1299 showed shorter mitotic arrest and more frequent mitotic slippage 

after PTX treatment than other cell lines.
• NHEJ inhibitor A-196 or JQ1 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in H1299. 
• PTX-resistant cell line A549-PR showed more frequent mitotic slippage 

after PTX treatment than the parent A549.
• Administration of A-196 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in A549-PR.

Results

Results

• 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 used.
• The PTX-resistant (PR) lung cancer cells (A549-PR) were established from 

A549 cells by exposure to gradually increasing concentration of PTX 
(maximum 6.7 nmol/L). Subsequently, the cells were cultured in medium 
containing 6.7 nmol/L PTX for 1 month.

PTX

PTX (nM) A-196 (mM) JQ1 (mM)
H1299 37.4 ± 2.9 21.9 ± 0.7 3.6 ± 0.1
A549 8.1 ± 0.8 16.8 ± 3.5 12.3 ± 6.7

H1975 3.6 ± 1.0 18.4 ± 2.1 2.7 ± 0.4
H520 8.9 ± 0.9 24.7 ± 3.5 21.2 ± 0.1

H1299 were resistant to PTX compared to other cell lines

<Cell culture>

• NHEJ reporter assay was performed using the chromosomally integrated GFP 
reporter pimEJ5GFP in H1299 and 293T cells, as previously reported 6-7; 
pimEJ5GFP was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, 
MA, USA)

<In vitro NHEJ DNA repair assay>

• Cells were seeded and cultured for 24 hours prior to cell cycle synchronization 
by a single 2mM thymidine arrest. At 24 hours after arrest, cells were released 
into media containing the following agents and analyzed: 0.1 μmol/L PTX, 5 
μmol/L A-196, or the combination. DMSO was used as a solvent control. 
Images were captured every 5 minutes for 24 hours using Biorevo BZ-9000 
(Keyence, Osaka, Japan) with incubation at 37°C with 5% CO2.

<Live-cell imaging and microscopy>

H1299 showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

H1299
Vehicle 2/140

0.01
PTX 10/124

A549
Vehicle 0/113

>0.99
PTX 0/158
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A549-PR showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value
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A-196 significantly enhanced the PTX-induced cytotoxicity in A549-PR
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H1299 showed shorter mitotic arrest after PTX treatment
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Cell line Vehicle (min) PTX (min)
H1299 33.1 ± 16.2 105.0 ± 62.1
A549 29.1 ± 15.6 354.1 ± 181.9

H1975 28.5 ± 31.4 281.0 ± 109.6
H520 56.3 ± 41.9 737.0 ± 221.8
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Cell line PTX PTX+A-196 p value
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A549 8.1 ± 0.8 6.8 ± 1.3 0.31
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H520 8.9 ± 0.9 8.1 ± 0.8 0.39
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Inhibition of DNA damage repair for mitotic slippage after paclitaxel treatment in non-small cell lung cancer
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• Paclitaxel (PTX) inhibits the depolymerization of microtubules, causing mitotic 
arrest/aberrant mitosis and consequent DNA double-strand breaks (DSB).1

• Mitotic slippage, in which cancer cells escape cell death by early transition 
from M to G1 without normal cytokinesis, has been considered as one of the 
mechanisms of PTX resistance.2

• DSB are mainly repaired by non-homologous end joining (NHEJ) and 
homologous recombination (HR).3  DSB in G1 are repaired only by NHEJ. 

• A-196, a potent and selective inhibitor of SUV420H1 and SUV420H2, reduces 
NHEJ-mediated DSB repair without affecting HR.4

• JQ1, a bromodomain and extraterminal domain inhibitor, represses gene 
expressions related to NHEJ and diminishes NHEJ activity.5

• NHEJ inhibition could enhance PTX-induced cell death by hindering repair of 
PTX-induced DSB during G1 after the mitotic slippage.

1. Dumontet C, et al. Nat Rev Drug Discov. 2010; 9; 790-803
2. Vitale I, et al. Nat Rev Mol Cell Biol. 2011; 12: 385-392
3. Bradsma I, et al. Genome Integr. 2012; 3: 9-19
4. Bromberg KD, et al. Nat Chem Biol. 2017; 13: 317-324
5. Takashima Y, et al. Int J Cancer. 2020; 146: 1114-1124
6. Bennardo N, et al. PLoS Genet. 2008; 4: 1371
7. Gupta R, et al. Cell. 2018; 173: 972-988

• NHEJ inhibition may overcome de novo or acquired PTX resistance by 
synergistically enhancing the cytotoxic effect of PTX in NSCLC cells.

Conclusion

• Mitotic slippage was found more frequently in de novo PTX-resistant or 
acquired PTX-resistant cell lines.

• NHEJ inhibition may increase apoptosis by hindering repair of PTX-
induced DSB which mitotic slippage carries over to G1 in the PTX-
resistant cells.

Discussion

• H1299 were resistant to PTX compared to other cell lines.
• PTX-induced mitotic cells were less observed in H1299.
• H1299 showed shorter mitotic arrest and more frequent mitotic slippage 

after PTX treatment than other cell lines.
• NHEJ inhibitor A-196 or JQ1 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in H1299. 
• PTX-resistant cell line A549-PR showed more frequent mitotic slippage 

after PTX treatment than the parent A549.
• Administration of A-196 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in A549-PR.

Results

Results

• 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 used.
• The PTX-resistant (PR) lung cancer cells (A549-PR) were established from 

A549 cells by exposure to gradually increasing concentration of PTX 
(maximum 6.7 nmol/L). Subsequently, the cells were cultured in medium 
containing 6.7 nmol/L PTX for 1 month.

PTX

PTX (nM) A-196 (mM) JQ1 (mM)
H1299 37.4 ± 2.9 21.9 ± 0.7 3.6 ± 0.1
A549 8.1 ± 0.8 16.8 ± 3.5 12.3 ± 6.7

H1975 3.6 ± 1.0 18.4 ± 2.1 2.7 ± 0.4
H520 8.9 ± 0.9 24.7 ± 3.5 21.2 ± 0.1

H1299 were resistant to PTX compared to other cell lines

<Cell culture>

• NHEJ reporter assay was performed using the chromosomally integrated GFP 
reporter pimEJ5GFP in H1299 and 293T cells, as previously reported 6-7; 
pimEJ5GFP was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, 
MA, USA)

<In vitro NHEJ DNA repair assay>

• Cells were seeded and cultured for 24 hours prior to cell cycle synchronization 
by a single 2mM thymidine arrest. At 24 hours after arrest, cells were released 
into media containing the following agents and analyzed: 0.1 μmol/L PTX, 5 
μmol/L A-196, or the combination. DMSO was used as a solvent control. 
Images were captured every 5 minutes for 24 hours using Biorevo BZ-9000 
(Keyence, Osaka, Japan) with incubation at 37°C with 5% CO2.

<Live-cell imaging and microscopy>

H1299 showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)
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A549-PR showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value
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A-196 significantly enhanced the PTX-induced cytotoxicity in A549-PR

A549-PR

Mean, SD, 
n=3, * p<0.05 (Welch’s t-test)

*

H1299 showed shorter mitotic arrest after PTX treatment
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Cell line Vehicle (min) PTX (min)
H1299 33.1 ± 16.2 105.0 ± 62.1
A549 29.1 ± 15.6 354.1 ± 181.9

H1975 28.5 ± 31.4 281.0 ± 109.6
H520 56.3 ± 41.9 737.0 ± 221.8

<Time from mitotic entry to anaphase>

* * *

Mean, SD, 
n=3, * p<0.05
(Dunnett’s multiple comparisons test)

Cell line PTX PTX+A-196 p value
H1299 37.4 ± 2.9 18.2 ± 1.7 <0.01
A549 8.1 ± 0.8 6.8 ± 1.3 0.31

H1975 3.6 ± 1.0 3.9 ± 0.6 0.69
H520 8.9 ± 0.9 8.1 ± 0.8 0.39

< IC50 of PTX ± 2.5 mM of A-196 (nM) >
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Cell line PTX PTX+JQ1 p value
H1299 47.7 ± 1.1 14.4 ± 0.9 <0.0001
A549 8.5 ± 0.7 7.1 ± 1.0 0.19

H1975 4.3 ± 0.4 6.6 ± 1.8 0.22
H520 11.0 ± 1.0 9.5 ± 0.2 0.17

< IC50 of PTX ± 2 mM of JQ1 (nM) >
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• Paclitaxel (PTX) inhibits the depolymerization of microtubules, causing mitotic 
arrest/aberrant mitosis and consequent DNA double-strand breaks (DSB).1

• Mitotic slippage, in which cancer cells escape cell death by early transition 
from M to G1 without normal cytokinesis, has been considered as one of the 
mechanisms of PTX resistance.2

• DSB are mainly repaired by non-homologous end joining (NHEJ) and 
homologous recombination (HR).3  DSB in G1 are repaired only by NHEJ. 

• A-196, a potent and selective inhibitor of SUV420H1 and SUV420H2, reduces 
NHEJ-mediated DSB repair without affecting HR.4

• JQ1, a bromodomain and extraterminal domain inhibitor, represses gene 
expressions related to NHEJ and diminishes NHEJ activity.5

• NHEJ inhibition could enhance PTX-induced cell death by hindering repair of 
PTX-induced DSB during G1 after the mitotic slippage.

1. Dumontet C, et al. Nat Rev Drug Discov. 2010; 9; 790-803
2. Vitale I, et al. Nat Rev Mol Cell Biol. 2011; 12: 385-392
3. Bradsma I, et al. Genome Integr. 2012; 3: 9-19
4. Bromberg KD, et al. Nat Chem Biol. 2017; 13: 317-324
5. Takashima Y, et al. Int J Cancer. 2020; 146: 1114-1124
6. Bennardo N, et al. PLoS Genet. 2008; 4: 1371
7. Gupta R, et al. Cell. 2018; 173: 972-988

• NHEJ inhibition may overcome de novo or acquired PTX resistance by 
synergistically enhancing the cytotoxic effect of PTX in NSCLC cells.

Conclusion

• Mitotic slippage was found more frequently in de novo PTX-resistant or 
acquired PTX-resistant cell lines.

• NHEJ inhibition may increase apoptosis by hindering repair of PTX-
induced DSB which mitotic slippage carries over to G1 in the PTX-
resistant cells.

Discussion

• H1299 were resistant to PTX compared to other cell lines.
• PTX-induced mitotic cells were less observed in H1299.
• H1299 showed shorter mitotic arrest and more frequent mitotic slippage 

after PTX treatment than other cell lines.
• NHEJ inhibitor A-196 or JQ1 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in H1299. 
• PTX-resistant cell line A549-PR showed more frequent mitotic slippage 

after PTX treatment than the parent A549.
• Administration of A-196 significantly enhanced the PTX-induced 

cytotoxicity, DSB, and apoptosis in A549-PR.

Results

Results

• 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 used.
• The PTX-resistant (PR) lung cancer cells (A549-PR) were established from 

A549 cells by exposure to gradually increasing concentration of PTX 
(maximum 6.7 nmol/L). Subsequently, the cells were cultured in medium 
containing 6.7 nmol/L PTX for 1 month.

PTX

PTX (nM) A-196 (mM) JQ1 (mM)
H1299 37.4 ± 2.9 21.9 ± 0.7 3.6 ± 0.1
A549 8.1 ± 0.8 16.8 ± 3.5 12.3 ± 6.7

H1975 3.6 ± 1.0 18.4 ± 2.1 2.7 ± 0.4
H520 8.9 ± 0.9 24.7 ± 3.5 21.2 ± 0.1

H1299 were resistant to PTX compared to other cell lines

<Cell culture>

• NHEJ reporter assay was performed using the chromosomally integrated GFP 
reporter pimEJ5GFP in H1299 and 293T cells, as previously reported 6-7; 
pimEJ5GFP was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, 
MA, USA)

<In vitro NHEJ DNA repair assay>

• Cells were seeded and cultured for 24 hours prior to cell cycle synchronization 
by a single 2mM thymidine arrest. At 24 hours after arrest, cells were released 
into media containing the following agents and analyzed: 0.1 μmol/L PTX, 5 
μmol/L A-196, or the combination. DMSO was used as a solvent control. 
Images were captured every 5 minutes for 24 hours using Biorevo BZ-9000 
(Keyence, Osaka, Japan) with incubation at 37°C with 5% CO2.

<Live-cell imaging and microscopy>

H1299 showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

H1299
Vehicle 2/140

0.01
PTX 10/124

A549
Vehicle 0/113

>0.99
PTX 0/158

H1975
Vehicle 2/179

0.68
PTX 3/176

H520
Vehicle 1/252

>0.99
PTX 1/265

A-196 or JQ1 inhibited NHEJ efficacy
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A-196 significantly enhanced the PTX-induced cytotoxicity in H1299

JQ1 significantly enhanced the PTX-induced cytotoxicity in H1299
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PTX-induced mitotic cells were less observed in H1299

・Normal cell division

・Mitotic cell death

・Mitotic slippage Post mitotic death (PMD)
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JQ1 significantly enhanced the PTX-induced apoptosis and DSB in H1299
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A549-PR showed more frequent mitotic slippage after PTX treatment

(Fisher’s exact test)

Cell line Treatment Slippage/Total calls p value

A549-PR
Vehicle 0/158

0.03
PTX 6/170

A549
Vehicle 0/113

>0.99
PTX 0/158

A-196 significantly enhanced the PTX-induced cytotoxicity in A549-PR

A549-PR

Mean, SD, 
n=3, * p<0.05 (Welch’s t-test)
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H1299 showed shorter mitotic arrest after PTX treatment
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Cell line Vehicle (min) PTX (min)
H1299 33.1 ± 16.2 105.0 ± 62.1
A549 29.1 ± 15.6 354.1 ± 181.9

H1975 28.5 ± 31.4 281.0 ± 109.6
H520 56.3 ± 41.9 737.0 ± 221.8

<Time from mitotic entry to anaphase>

* * *

Mean, SD, 
n=3, * p<0.05
(Dunnett’s multiple comparisons test)

Cell line PTX PTX+A-196 p value
H1299 37.4 ± 2.9 18.2 ± 1.7 <0.01
A549 8.1 ± 0.8 6.8 ± 1.3 0.31

H1975 3.6 ± 1.0 3.9 ± 0.6 0.69
H520 8.9 ± 0.9 8.1 ± 0.8 0.39

< IC50 of PTX ± 2.5 mM of A-196 (nM) >

H1299 A549 H1975 H520

Cell line PTX PTX+JQ1 p value
H1299 47.7 ± 1.1 14.4 ± 0.9 <0.0001
A549 8.5 ± 0.7 7.1 ± 1.0 0.19

H1975 4.3 ± 0.4 6.6 ± 1.8 0.22
H520 11.0 ± 1.0 9.5 ± 0.2 0.17

< IC50 of PTX ± 2 mM of JQ1 (nM) >

A-196 significantly enhanced the PTX-induced apoptosis and DSB in A549-PR

A549

Cell line PTX PTX+A-196 p value
A549-PR 63.8 ± 7.0 30.8 ± 1.5 0.02

A549 8.1 ± 0.8 6.8 ± 1.3 0.31

< IC50 of PTX±2.5 mM of A-196 (nM) >
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