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ABSTRACT 

The anticancer agent, 5-fluorouracil (5-

FU), is typically applied in the treatment of 

various types of cancers because of its properties. 

Thought to be an inhibitor of the enzyme 

thymidylate synthase which plays a role in 

nucleotide synthesis, 5-FU has been found to 

induce single- and double-strand DNA breaks. The 

activation of ATR occurs as a reaction to UV- and 

chemotherapeutic drug-induced replication stress. 

In this study, we examined the effect of ATR 

inhibition on 5-FU sensitivity. Using western 

blotting, we found that 5-FU treatment led to the 

phosphorylation of ATR. Surviving fractions were 

remarkably decreased in 5-FU with ATR inhibitor 

(ATRi) compared to 5-FU with other major DNA 

repair kinases inhibitors. ATR inhibition enhanced 

induction of DNA double-strand breaks and 

apoptosis in 5-FU-treated cells. Using gene 

expression analysis, we found that 5-FU could 

induce the activation of intra-S checkpoint. 

Surprisingly, BRCA2-deficient cells were sensitive 

to 5-FU in the presence of ATRi. In addition, ATR 

inhibition enhanced the efficacy of 5-FU treatment, 

independent of non-homologous end-joining and 

homologous recombination repair pathways. 

Findings from the present study suggest ATR as a 

potential therapeutic target for 5-FU 

chemotherapy. 

 

 

One of many anticancer agents available, 

5-fluorouracil (5-FU) has nonetheless become the 

drug-of-choice in the treatment of various solid 

tumors because of its properties. It converts to a 

number of active metabolites (such as 

fluorouridine triphosphate {FUTP}, 

fluorodeoxyuridine triphosphate {FdUTP}, and 

fluorodeoxyuridine monophosphate {FdUMP}) 

that disrupt RNA and DNA metabolism, and 

inhibit thymidylate synthase (TS) (1,2). 

Specifically, global RNA metabolism is 

compromised when the following conditions take 

place: 1) RNA absorbs the 5-FU converted active 

metabolite, FUTP, in place of uridine triphosphate 

(UTP); and 2) FdUTP, instead of deoxythymidine 

triphosphate (dTTP), is absorbed by DNA (2,3). A 

third process occurs and results in DNA damage. 

The absorption of FdUMP contributes to an 

inhibition of TS via the formation of a ternary 

covalent complex that consists of TS-FdUMP-5, 

10-methylenetetrahydrofolate. It also blocks cells 

from the synthesis of dTMP from dUMP, causing 

cellular dUTP increases at the expense of dTTP. 

This leads to a significant misincorporation of 

dUTP or FdUTP during replication, and in 

particular, that of DNA. 

Despite consistent observations of DNA 

damage as one of 5-FU mediated tumor cell 

killings (4,5), the exact mechanism behind the 

processing and contribution of misincorporated 

dUTP and FdUTP to cytotoxicity has yet to be 

fully elucidated. Studies suggest that base excision 

repair (BER) enzymes and mismatch repair 

(MMR) identify misincorporated FdUTP and 

dUTP for excision from DNA (5-7). The BER 

enzyme uracil-DNA-glycosylase initiates repair of 

DNA through the elimination of uracil or 5-FU 

from DNA (8). However, this repair mechanism is 

rendered ineffective given high FdUTP/dTTP 

ratios, and only serves to trigger the incorporation 

of additional false nucleotides (4). The MMR 

system plays an equally significant role in the 

correction of such replication errors via the nicks 

and gaps in single-strand DNA (ssDNA) produced 

by the FdUTP and dUTP in both BER and MMR 

(4). These nicks and gaps trigger the initial 

activation of ATR-checkpoint kinase 1 (Chk1) 

pathways, and activated Chk1 molecules, in turn, 

stop DNA replication. During these processes, 

unstable conformations in the DNA structure are 

induced by the coating of stalled replication fork 
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complexes with replication protein A. The 

presence of excessive single-strand breaks (SSBs) 

at stalled replication forks subsequently induces 

DNA double-strand breaks (DSBs) in 5-FU treated 

cells (9,10). 

DNA damage response (DDR) involves 

the activation of a signaling network that provides 

time for DNA repair and triggers apoptosis when 

extensive damage occurs. It effectively mediates 

cell cycle arrest and is triggered by the activation 

of protein kinases, ataxia telangiectasia mutated 

(ATM), ATM and Rad3-related (ATR), and DNA-

dependent protein kinase catalytic subunit (DNA-

PKcs), which is one of three members of the 

phosphoinositide-3-kinase-like protein kinase 

(PIKK) family. Cell cycle progression in G1, S, or 

G2 phase is delayed as these kinases recruit repair 

machinery to damaged DNA sites via the 

activation of effector checkpoints (11). Through 

p21/CIP1/WAF1 upregulation, p53 mediates G1 

arrest and, where extensive DNA damage is 

detected, triggers apoptosis (12). Nonetheless, as a 

majority of cancer cells display loss of p53 

function and its regulatory pathways, it is evident 

that chemotherapy-induced DNA damage is 

unable to halt G1 phase or promote apoptosis. 

Cells rely solely upon S and G2/M checkpoints for 

the arrest of cell cycle and facilitation of DNA 

repair post genotoxic exposure and prior to mitosis. 

ATR/Chk1 kinases have been found to be 

implicated in the regulation of post genotoxic 

stress cell cycle arrest, impediment of subsequent 

replication origin firing during S phase, and 

involvement in the intra-S and G2/M checkpoints 

(13-16). 

Homologous recombination (HR) repair is 

one of the major DSBs repair pathways (17,18) 

which operates primarily via intact sister 

chromatids during late S and G2 phases, but not at 

G1 phase (19,20). BRCA2, Rad52, Rad54 and 

Rad51 paralogs such as Rad51C-XRCC3 and 

Rad51B-Rad51C-Rad51D-XRCC2 are some of 

the proteins involved in vertebrate cells HR (21). 

BRCA2, an upstream protein, has been shown to 

regulate Rad51 activity (22). Mutations in the 

BRCA2 gene have consistently been found in 

hereditary breast (23) and ovarian cancers (24). 

We previously demonstrated that BRCA2, 

a major component of HR repair pathway, plays a 

crucial role in protecting cells from cell death and 

in the repair of DNA damage induced by 5-FU (3). 

However, the manner in which cells detect and 

respond to DNA damage induced by 5-FU remains 

unclear. ATR is activated in response to replication 

stress induced by DNA damaging reagents, and 

acts upon the upstream of BRCA2-dependent 

repair pathway (25-28). ATR is one of the 

principal kinases of the DNA damage response, in 

addition to ATM and DNA-PK. In the present 

study, we sought to characterize the role of ATR in 

response to 5-FU and examine the effect of an 

ATR inhibitor for cancer treatment with 5-FU. 

 

Results 

ATR inhibition sensitized 5-FU-treated cells 

To examine the activation of ATR and 

other major DDR kinases by 5-FU treatment, we 

verified the phosphorylation of ATR, ATM, DNA-

PKcs and Chk1 by western blotting in SAS cells. 

The phosphorylation of ATR at Thr-1989 (an 

autophosphorylation site; 29) was induced by 5-

FU in a dose-dependent manner (Fig. 1). Our 

observations suggest that 5-FU treatment activated 

ATR. On the other hand, the phosphorylation of 

ATM at Ser-1981 induced by 5-FU reached peak 

levels at 20 μM. More phosphorylation of DNA-

PKcs at Ser-2056 induced by X-rays (20 Gy) 

irradiation was detected than that induced by 5-FU. 

Like the ATR phosphorylation, Chk1 

phosphorylation at Ser-345 induced by 5-FU was 

detected in a dose-dependent manner (Fig. 1).  

To check whether the concentration of a 
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specific inhibitor against ATR (ATRi) alone does 

not exceed IC50 in our experiments, we analyzed 

cell survival. Surviving fraction showed slight 

decrease under 10 μM ATRi (Fig. S1A and B), and 

IC50 value was approximately 15 μM in Chinese 

hamster lung fibroblasts (Fig. S1A) and 5 μM in 

SAS cells (Fig. S1B). Although 3 μM ATRi alone 

did not have cell lethality, it synergistically 

enhanced the cytotoxicity of 5-FU treatment (Fig. 

2A). 

To verify the significance of ATRi 

compared to other major DDR kinase inhibitors 

against DNA-PK (DNA-PKi) and ATM (ATMi), 

SAS and HSC3 cells were exposed to 5 μM 5-FU, 

and 3 μM ATRi/DNA-PKi/ATMi for 24 h, and 

subsequently measured using a standard colony 

forming assay. The number of surviving fractions 

were significantly lower in 5-FU treatment 

combined with ATRi, compared to 5-FU treatment 

combined with DNA-PKi or ATMi (Fig. 2A). We 

confirmed cell viability by changing the 

concentration of 5-FU. Surviving fraction was 

remarkably decreased in the 5-FU treatment 

combined with ATRi compared to 5-FU alone in 

both SAS and HSC3 cells (Fig. 2B). The number 

of surviving fractions were lower in 5-FU 

treatment combined with ATRi, compared to 5-FU 

treatment combined with DNA-PKi or ATMi (Fig. 

2C and D). Surviving fraction decreases in 5-FU 

combined with ATRi are assumed to occur in a 

p53-independent manner (Fig. S1C). These 

findings suggest that ATRi is more effective in 5-

FU treatment than DNA-PKi or ATMi. Figures 3A 

and B demonstrate that ATRi suppressed the 

phosphorylation of ATR and Chk1 induced by 5-

FU, suggesting that ATRi blocks both ATR 

autophosphorylation and Chk1 phosphorylation.  

 

ATR inhibition enhanced induction of DSBs in 

5-FU-treated cells 

To confirm the degree of DSB induction, 

we performed comet assays under neutral 

conditions. SAS cells were treated with 10 μM 5-

FU and/or 3 μM ATRi for 12 h. Tail moments of 

5-FU treatment combined with ATRi were 

significantly increased (Fig. 4A, B and S2). In 

addition, we performed another method for 

detecting DSBs. γH2AX immunocytochemical 

staining is a sensitive method by which DSBs can 

be detected (30). This was used to examine the 

presence of H2AX phosphorylation induced by 5-

FU and ATRi. Figure 5A depicts a typical H2AX 

phosphorylation in SAS cells after 12-h treatment 

with 10 μM 5-FU and 3 μM ATRi combined. To 

quantify the optical intensity of H2AX 

phosphorylation using flow cytometry, cells were 

exposed to 10 μM 5-FU with or without 3 μM 

ATRi for 6 h and 12 h (Fig. 5B). The intensity of 

H2AX phosphorylation treated with 5-FU alone 

for 6 h was 103.7 ± 0.6, and for 12 h was 119.1 ± 

0.7, whereas the intensity after a 5-FU combined 

with ATRi treatment for 6 h was 105.4 ± 0.3, and 

for 12 h was 162.1 ± 1.8 in SAS cells (Fig. 5C). 

The intensity of H2AX phosphorylation treated 

with 5-FU alone for 6 h was 110.6 ± 0.8, and for 

12 h was 237.9 ± 2.3, and post 5-FU combined 

with ATRi treatment for 6 h was 118.7 ± 0.6, and 

for 12 h was 364.3 ± 3.8 in HSC3 cells (Fig. 5C). 

Our findings suggest that ATR inhibition leads to 

a less efficient repair of 5-FU-induced DNA 

damage. 

 

ATR inhibition enhanced apoptosis induced by 5-

FU 

To assess the apoptosis induction, cells 

were detected and quantified with Hoechst33342 

staining assay (Fig. 6A). The fraction of apoptosis 

by 3 μM ATRi alone, 10 μM 5-FU alone, and 10 

μM 5-FU combined with 3 μM ATRi for 12 h was 

12.9 ± 5.3%, 15.6 ± 6.9%, and 40.5 ± 5.1% 

respectively, and 11.3 ± 2.0%, 30.6 ± 5.8%, and 

59.8 ± 15.5% respectively, for 24 h in SAS cells 
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(Fig. 6B). Counterparts for 12 h was 8.6 ± 3.8%, 

15.5 ± 8.5%, and 30.0 ± 16.6% respectively, and 

15.6 ± 6.9%, 46.0 ± 11.0%, and 66.4 ± 11.5% 

respectively, for 24 h in HSC3 cells (Fig. 6B). 

Apoptotic bodies appeared at a higher frequency 

in cells given 5-FU treatment combined with ATRi 

both in SAS and HSC3 cells (Fig. 6A and B).  

To analyze cell cycle profile after 5-FU 

treatment, we examined the cell cycle distribution. 

When DNA fragmentation occurred, the position 

of apoptotic cells was shifted to lower DNA 

content values, and sub-G1 population was 

detected far left from G1-peak (31,32). Cells were 

exposed to 10 μM 5-FU and/or 3 μM ATRi for 8 

h/16 h/24 h (Fig. 7A). Treatment with 5-FU alone 

for 8 h, 16 h, and 24 h, fraction of sub-G1 were 3.3 

± 0.3%, 14.8 ± 0.2%, and 38.1 ± 2.8%, and 

treatment with 5-FU and ATRi for 8 h, 16 h, and 

24 h were 8.8 ± 0.1%, 49.6 ± 3.8%, and 68.1 ± 

1.0% in SAS cells (Fig. 7B). Counterparts were 

4.3 ± 0.1%, 12.2 ± 0.2%, and 15.1 ± 0.3%, 18.8 ± 

0.6%, 46.0 ± 1.7%, and 68.2 ± 1.4% in HSC3 cells 

(Fig. 7B). Fraction of sub-G1 was remarkably 

increased in 5-FU treatment combined with ATRi 

compared to 5-FU treatment alone.  

 

5-FU induced cell cycle arrest between S phase 

and mitotic phase 

5-FU treatment caused cell cycle arrest in 

S phase at 8 and 16 h (Fig. 7A). To investigate the 

nature of the cell cycle arrest involved in the 

response to 5-FU treatment, we analyzed genome-

wide mRNA by bulk RNA sequencing. The 32 

genes that regulated significantly were detected by 

differentially expressed gene (DEG) analysis both 

in SAS and HSC3 (Fig. 8A, B, S3A, B, C and 

Table. S1). We then screened 9 genes associated 

with cell cycle from the 32 genes by Gene 

Ontology (GO) analysis. The expression of 4 

genes, Cyclin E1 (CCNE1), Cyclin E2 (CCNE2), 

Cyclin dependent kinase inhibitor 1A (CDKN1A) 

and Thioredoxin interacting protein (TXNIP) were 

upregulated, and 5 genes, Cyclin B1 (CCNB1), 

Cyclin dependent kinase inhibitor 3 (CDKN3), 

Cell division cycle 20 (CDC20), Aurora kinase A 

(AURKA) and Proline and serine rich coiled-coil 

1 (PSRC1) were downregulated after 10 μM 5-FU 

treatment for 16 h (Fig. 8B). Subsequently, we 

quantified these gene expressions by qRT-PCR in 

each cell line, and similar tendencies were 

indicated in all the genes listed above (Fig. 9A and 

B). Our data supports the idea that 5-FU treatment 

leads to cell cycle arrest between S phase and 

mitotic phase, particularly in S phase. 

 

ATR inhibition enhanced efficacy of 5-FU 

independent of NHEJ and HR 

5-FU treatment caused cell cycle arrest in 

S phase, where HR repair is active for repairing 

DSBs. BRCA2, one of the HR repair components, 

plays an important role in repairing DNA damage 

induced by 5-FU (3). To investigate whether ATR 

inhibition affects the sensitivity of 5-FU in the 

absence of BRCA2, surviving fractions of the 

Chinese hamster lung fibroblasts were measured. 

Contrary to our assumption that BRCA2-deficient 

cells would not be sensitized to ATRi treatment 

because BRCA2 is a downstream of ATR (25-28), 

we found that, compared with BRCA2-proficient 

cells, BRCA2-deficient cells were more sensitive 

to 5-FU in the presence of ATRi (Fig. 10A). This 

suggests that DNA damage induced by 5-FU 

treatment could also be repaired by mechanisms 

other than HR repair pathway. 

To further determine whether the NHEJ or 

HR repair pathway is more predominant against 5-

FU treatment, the surviving fraction of mouse 

embryonic fibroblasts (MEF) (WT; Lig4-/-; 

Rad54-/-; Lig4-/-Rad54-/-) was examined. All 

repair gene defective cells were sensitive to 5-FU 

but Rad54-/- cells were more sensitive to 5-FU 

than Lig4-/- cells. There was very little difference 
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in the surviving fraction between Rad54-/- cells 

and Lig4-/-Rad54-/- cells (Fig. 10B). These results 

suggest that HR is more crucial than NHEJ in 

repairing DNA damage induced by 5-FU. 

Subsequently, we examined the effect of 5-FU 

treatment combined with ATRi to the Lig4-/-

Rad54-/- cell lines. Surviving fractions of 0.5 μM 

ATRi alone, 0.5 μM 5-FU alone, and 0.5 μM 5-FU 

combined with 0.5 μM ATRi for 24 h was 85.0 ± 

8.6%, 91.8 ± 3.5%, and 25.3 ± 3.7% respectively 

(Fig. 10C). Cell viability was remarkably 

decreased in the 5-FU treatment combined with 

ATRi compared to 5-FU alone (Fig.10C). In this 

case, neither HR nor NHEJ was involved in the 

repair of 5-FU induced DNA lesion. It is 

conceivable that SSB repair pathway like BER and 

MMR are responsible for the repair of 5-FU-

induced DNA damage in the absence of both 

NHEJ and NR repair pathways. The significant 

difference of cell survival between 5-FU treatment 

alone and 5-FU combined with ATRi might not 

only be due to ATRi suppression of SSB repair but 

also its impact on molecular mechanisms other 

than DNA repair.  

 

Discussion 

ATR is the principal protein for the repair 

of stalled replication forks (33). ATR senses 

stalled replication forks and is recruited to the 

forks through direct interactions with the ssDNA 

coated RPA at the forks, consequently preventing 

fork collapse and the formation of DNA breaks 

(34-36). Moreover, ATR is involved in S and G2 

phase arrest by activating intra-S and G2/M 

checkpoint (33), and is necessary during HR repair 

pathway (37). On the other hand, 5-FU is thought 

to be an inhibitor of the enzyme TS, which plays a 

role in nucleotide synthesis (38,39). 5-FU induces 

unstable conformations in the DNA structure at the 

S phase, and where too many SSBs are present at 

stalled replication forks in 5-FU-treated cells, 

DSBs are induced (9,10). We consider ATR to be 

the principal factor in recognizing and repairing 

DNA damage induced by 5-FU treatment.  

To repair DNA damage accurately, cell 

cycle must be arrested by cell cycle checkpoint to 

allow time for DNA repair. It was previously 

reported that 5-FU treatment led to S phase arrest 

(9) and our results in this study showed that cells 

were arrested at S phase after 5-FU treatment (Fig. 

7A). ATR activates intra-S checkpoint in response 

to DNA damage (33), and inhibition of ATR 

suppresses the intra-S checkpoint leading the cells 

with DNA damage to enter G2 phase (40). 

Subsequently, damaged cells at G2 phase enter 

mitosis by the effect of ATRi (40), and then mitotic 

catastrophe occurs during mitosis (41,42). In the 

presence of ATRi, cells are not capable of 

activating intra-S checkpoint and repairing DNA 

damage induced by 5-FU. Thus, cell death induced 

by combination of 5-FU and ATRi might be 

caused by mitotic catastrophe.  

Based on the results of the transcriptome 

analysis together with qPCR, 5-FU treatment led 

to cell cycle arrest between S phase and mitotic 

phase, especially at S phase (Fig. 8B, 9A and B). 

CCNE (CCNE1 and CCNE2), encoded by CCNE1 

and CCNE2, are involved in G1/S transition, and 

its expression level gradually increases as the cell 

cycle transitions from G1 phase to S phase, 

reaching its highest expression level immediately 

after entering S phase and gradually being 

degraded through S phase (43). Cyclin-dependent 

kinase (CDK) inhibitor p21 encoded by CDKN1A 

arrests the cell cycle at G1, S and G2 phases by 

preventing cyclin-CDK complex (44-46). TXNIP 

encoded by TXNIP acts on cell cycle arrest 

through retaining p27/CDK inhibitor in the 

nucleus (47,48). High expressions of CCNE1 and 

CCNE2 in response to 5-FU treatment suggests 

that 5-FU treatment causes early S phase arrest, 

and high expression of CDKN1A and TXNIP after 
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5-FU treatment explains why cells were arrested 

in S phase after 5-FU treatment (Fig. 7A). CCNB1 

encoded by CCNB1 is involved in G2/M transition 

(49), and expression of CCNB1 increases as the 

G2 phase progresses (50), thus CCNB1 

downregulation suggests that cells were arrested at 

G2 phase in response to 5-FU treatment. Proteins 

encoded by CDC20, AURKA and PSRC1 play 

roles in mitosis (51-53), and the downregulation of 

these three genes suggests that cells were arrested 

at mitotic phase in response to 5-FU treatment.  

ATR was reported to be recruited to 

centromeres in mitosis dependent on the activity 

of Aurora A kinase encoded by AURKA (54). The 

downregulation of AURKA in response to 5-FU 

treatment suggests that 5-FU treatment could 

inhibit the localization of ATR to centromeres. 

ATR inhibition on top of 5-FU treatment might 

further compromise centromere maintenance, 

leading to increased cell death at mitotic phase.  

The auto-phosphorylation of ATM, an 

indicator of ATM activation, was induced by 5-FU 

treatment (Fig. 1). However, in terms of cell 

killing, ATMi was not effective as ATRi when 

combined with 5-FU (Fig. 2A, B and D). CDKN3 

encodes the downstream effector of ATM in DSBs 

repair pathway, which is a KRAB associated 

protein (KAP-1), and KAP-1 is phosphorylated at 

DSBs damage site in ATM dependent manner (55). 

CDKN3 was downregulated in response to 5-FU, 

suggesting that low amount of KAP-1 leads to 

deficit in the repair of DSBs conducted by ATM 

even though ATM was activated by 5-FU 

treatment.  

ATR inhibition using BRCA2-deficient 

cells and Lig4/Rad54-knockout cells demonstrates 

that ATR is involved in DNA repair other than 

NHEJ and HR (Fig. 10A, B and C). ATR responds 

to a wide range of DNA damage and DNA 

replication stress (56), and it is required for 

telomere maintenance through alternative 

lengthening of telomeres (57). In addition, ATR 

plays key roles in the suppression of chromosome 

instability at centromere through the promotion of 

faithful chromosome segregation (54). 5-FU 

treatment combined with ATRi is effective on cell 

killing because ATR inhibition not only blocks 

DNA repair pathways but also affects other 

intracellular dynamics, such as chromosome 

maintenance through telomeres and centromeres.  

The results in our current study suggest 

that ATR inhibition is a potential therapeutic 

approach to enhance 5-FU treatment on cancer 

cells. With different p53-status, they are not only 

dependent on the HR repair pathway, but also 

other DNA repair pathways. For future therapeutic 

efforts, the application of ATR inhibitor may prove 

to be an effective tool in enhancing the efficacy of 

5-FU chemotherapy for cancer patients. 

Subsequent studies will be required to further 

elucidate mechanism of DDR and the repair of 5-

FU-induced DNA damage. 

 

Experimental procedures 

Cell lines  

The present study used SAS (p53-

proficient) and HSC3 (p53-deficient) human oral 

squamous cell carcinoma cell lines obtained from 

the Japanese Collection of Research Bioresources 

(Health Science Research Resources Bank, Osaka, 

Japan). SAS cells express wild-type p53 protein 

(58-60). HSC3 cells are impaired to express p53 

protein (61). Chinese hamster lung fibroblasts 

used were V79 (BRCA2-proficient) and V-C8 

(BRCA2-deficient) kindly provided by Dr. M.Z. 

Zdzienicka. The cell lines used were mouse 

embryonic fibroblasts (MEF) 

Lig4+/+Rad54+/+p53-/- (WT); Lig4-/-

Rad54+/+p53-/- (Lig4-/-); Lig4+/+Rad54-/-p53-/- 

(Rad54-/-); Lig4-/-Rad54-/-p53-/- (Lig4-/-Rad54-

/-) kindly provided by Dr. F.W. Alt. Cells were 

cultured at 37°C in Dulbecco’s modified Eagle’s 
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medium containing 10% (v/v) fetal bovine serum, 

penicillin (50 U/ml), streptomycin (50 µg/ml) 

(DMEM-10). 

 

Chemicals and chemical treatment  

5-FU (Kyowa Hakko, Tokyo, Japan); ATR 

inhibitor VE-821 (Selleck chemicals, Houston, 

USA); DNA-PK inhibitor NU7441 (KU57788) 

(TOCRIS, Bristol, UK); and ATM inhibitor 

KU55933 (TOCRIS, Bristol, UK) were used 

either on its own or in combination. A medium 

containing 5-FU at various concentrations was 

used to treat cells with respective inhibitors over a 

range of 8 h to 24 h before the cells were rinsed 

twice with PBS.  

 

Western blotting  

Total protein from SAS cells treated with 

5-FU and/or ATRi for 24 h were isolated using 

RIPA lysis buffer containing protease and 

phosphatase inhibitor cocktail, and quantified by 

the Protein Assay Bicinchoninate Acid (BCA) Kit 

(Nacalai Tesque, Kyoto, Japan). Isolated proteins 

(30 μg) were separated by 4-15% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and transferred onto PVDF membranes. 

The membranes were probed overnight at 4°C 

using the following antibodies: anti-phospho-ATR 

(Thr-1989; GTX128145, GeneTex, Los Angeles, 

USA), anti-ATR (A300-138A, Bethyl, 

Montgomery, USA), anti-phospho-ATM (Ser-

1981; #13050, Cell Signaling Technology, 

Danvers, USA), anti-ATM (A300-299A, Bethyl, 

Montgomery, USA), anti-phospho-DNA-PKcs 

(Ser-2056; ab124918, Abcam, Cambridge, UK), 

anti-DNA-PKcs (3H6; #123111, Cell Signaling 

Technology, Danvers, USA), anti-phospho-Chk1 

(Ser-345; #2341, Cell Signaling Technology, 

Danvers, USA), anti-Chk1 (G-4; SC-8408, Santa 

Cruz, Dallas, USA), anti-p53 (DO-1; SC-126, 

Santa Cruz, Dallas, USA) and anti-Beta-Actin 

(Wako, Osaka, Japan). Blots were visualized using 

an enhanced chemiluminescence method (Bio-

Rad Laboratories, Hercules, USA) according to 

the manufacturer's protocol. 

 

Colony forming assays  

We measured cell survival using a 

standard colony forming assay. In each experiment, 

three flasks were used, and three independent 

experiments were performed at each survival point. 

Colonies obtained after 7-10 days were fixed with 

methanol and stained with a 2% Giemsa solution. 

Microscopic colonies containing approximately 

50 cells were scored as having grown from single 

surviving cells.  

 

DSBs analysis by neutral comet assay  

Neutral single cell gel electrophoresis 

(comet) assay was performed using Comet Assay 

Kit (CELL BIOLABS, San Diego, USA). The 

treated cells were re-suspended at 105 cells/ml in 

ice-cold PBS. Combined cell samples with Comet 

Agarose at 1:10 ratio, mixed well by pipetting, 

were immediately transferred to 75 μl/well. The 

slide was then transferred to a pre-chilled Lysis 

Buffer for 30 min, and then transferred to a pre-

chilled Alkaline Solution for 30 min. It was 

subsequently immersed in pre-chilled neural TBE 

Electrophoresis Solution. Voltage was applied to 

the immersed slide for 15 min at 1 volt/cm. After 

electrophoresis, the slide was stained with 

1:10,000 diluted Vista Green DNA Dye. Nuclei 

were observed under a fluorescence microscope. 

Each comet tail moment was quantified using 

ImageJ (62).  

 

H2AX phosphorylation analysis by 

immunocytochemistry  

Cells were grown on glass slides in 6-well 

plates, fixed in 2% PFA in PBS for 15 minutes at 

room temperature. We permeabilized the cells for 
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5 minutes at 4°C in 0.2% Triton X-100, and they 

were blocked in PBS with 1% Bovine Serum 

Albumin (BSA) for 1 h at 37°C. They were then 

incubated with anti-phospho-H2AX (Ser-139) 

mouse monoclonal antibody (Upstate 

Biotechnology, Lake Placid, USA) for 1 h at 1:300 

dilutions in PBS containing 1% BSA, and washed 

three times in PBS containing 1% BSA for 10 

minutes. The cells were incubated with 

AlexaFluor 488-conjugated anti-mouse second 

antibody (Molecular Probes, Eugene, USA) for 1 

h at room temperature at 1:400 dilutions in PBS 

containing 1% BSA, and washed three times for 

10 minutes in PBS. Cover-glasses were mounted 

at 1:1000 dilutions of 4’,6-diamidino-2-

phenylindole. Fluorescent images were captured 

for analysis using a fluorescence microscope. 

 

H2AX phosphorylation analysis by flow 

cytometry  

Cells were fixed in cold 70% methanol 

after a 10 μM 5-FU with or without ATRi (3 μM) 

treatment for 6 h and 12 h, and maintained at 4°C 

up to 1 week before analysis. The overall levels of 

phosphorylated H2AX (γH2AX) were measured 

with flow cytometry.  

 

Analysis of apoptosis by Hoechst staining  

Detection of apoptotic bodies with a 

Hoechst33342 staining assay was used to analyze 

the induction of apoptosis. Cells were fixed with 

1% glutaraldehyde (Nacalai Tesque, Kyoto Japan) 

in PBS at 4°C, washed with PBS, stained with 

0.2mM Hoechst33342 (Nacalai Tesque, Kyoto 

Japan) and then observed under a fluorescence 

microscope. 

 

Analysis of apoptosis by flow cytometry  

After 5-FU and/or ATRi treatment, cells 

were fixed with cold 70% methanol and stored at 

4°C for three days prior to analysis. To analyze the 

cell cycle, cells were incubated for 30 minutes at 

room temperature with 1 mg/mL RNase and 50 

μg/mL propidium iodoide (PI), and analyzed using 

a flow cytometer. Cell cycle distribution was then 

assayed by determining the DNA content twice 

and deriving its average values. 

 

Transcriptome sequencing analysis 

Total RNA from SAS and HSC3 cells was 

isolated according to the protocol specified in the 

Purelink RNA mini kit (Thermo Fisher Scientific, 

Waltham, USA). We pooled three replicated 

samples of each RNA into one sample. We used 

DU730 UV–vis Spectrophotometer (Beckman 

Coulter, Brea, USA) to measure the concentration 

and purity of the RNA samples. Contamination 

DNA was eliminated using DNase. RNA was 

purified randomly fragment for short read 

sequencing, and then reverse transcribed into 

cDNA. Adapters were ligated onto both ends of 

the cDNA fragments. After amplifying fragments 

using PCR, selected fragments with insert sizes 

between 200-400 bp. For paired-end sequencing, 

both ends of the cDNA was sequenced by the read 

length. The quality control of the sequenced raw 

reads was analyzed. Trimmed reads were mapped 

to reference genome with HISAT2 (63,64), splice-

aware aligner.  Transcript was assembled by 

StringTie (64,65) with aligned reads. Expression 

profiles were represented as read count and 

normalization value which is based on transcript 

length and depth of coverage. In groups with 

different conditions, genes or transcripts that 

express differentially were filtered out though 

statistical hypothesis testing. Statistical analysis 

was performed using fold change, exactTest (66) 

using edgeR (67) per comparison pair. The 

significant results were selected on conditions of 

|fc| >= 2 and raw p-value < 0,05. In case of known 

gene annotation, functional annotation and gene-

enrichment analysis were performed using GO net 
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(68) based on GO (http://geneontology.org/) 

database. 

 

Quantitative PCR  

RNA from SAS and HSC3 cells was 

extracted according to the protocol specified in the 

Purelink RNA mini kit (Thermo Fisher Scientific, 

Waltham, USA). We used DU730 UV–vis 

Spectrophotometer (Beckman Coulter, Brea, 

USA) to measure the concentration and purity of 

the RNA samples. Extracted RNA (0.5 μg) was 

reverse-transcribed based on the protocol outlined 

in the ReverTra Ace qPCR RT Master Mix 

(TOYOBO, Osaka, Japan). StepOne Plus Real-

time PCR System (Thermo Fisher Scientific, 

Waltham, USA) was used to amplify and quantify 

levels of target gene cDNA. We performed 

quantitative real-time PCR (qRT-PCR) with 

SsoAdvanced Universal SYBR Green Supermix 

(Bio-Rad Laboratories, Hercules, USA) and 

specific primers for qRT-PCR. We also ran 

reactions in triplicate and normalized the 

expression of each gene to the geo-metric mean of 

β-actin as a housekeeping gene, and applied the 

ΔΔCT method for analysis. Following primers 

were designed by Bio-Rad;  

CCNE1 (qHsaCID0015131),  

CCNE2 (qHsaCID0007224),  

CCNB1 (qHsaCED0044529),  

CDKN1A (qHsaCID0014498),  

CDKN3 (qHsaCID0010035),  

CDC20 (qHsaCID0012637),  

AURKA (qHsaCID0022123),  

TXNIP (qHsaCED0043730),  

PSRC1 (qHsaCED0038868),  

β-actin (qHsaCED0036269). 

 

Data availability statement 

The bulk RNA sequencing reads have 

been submitted to the DDBJ Sequence Read 

Archive (DRA) under the accession number 

SAMD00220269 (HSC3 5-FU), SAMD00220270 

(HSC3 Control), SAMD00220271 (SAS 5-FU) 

and SAMD00220272 (SAS Control). 

 

Statistical analysis  

The values obtained were described as 

means ± standard deviations (SD). Data were 

compared statistically using the two-tailed 

Student’s t-test. p-value; */†, **/†† and ***/††† 

represent p < 0.05, p < 0.01 and p < 0.001, 

respectively. 
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The abbreviations used are: ATR, ataxia telangiectasia mutated and Rad3-related protein; 5-FU, 5-

fluorouracil; DSBs, double-strand breaks; NHEJ, non-homologous end joining; HR, homologous 

recombination; SSBs, single-strand breaks; ssDNA, single-strand DNA; ATM, ataxia telangiectasia 

mutated protein; ATRIP, ATR interacting protein; DNA-PKcs, DNA-dependent protein kinase catalytic 

subunit; Chk1, checkpoint kinase 1; BRCA2, breast cancer susceptibility gene 2; CCNB1, Cyclin B1; 

CCNE1, Cyclin E1; CCNE2, Cyclin E2; CDKN1A, Cyclin dependent kinase inhibitor 1A; CDKN3, Cyclin 

dependent kinase inhibitor 3; CDC20, Cell division cycle 20; AURKA, Aurora kinase A; TXNIP, 

Thioredoxin interacting protein; PSRC1, Proline and serine rich coiled-coil 1; MEF, mouse embryonic 

fibroblasts; KAP-1, KRAB associated protein; logCPM, log counts per million. 
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Ito SS, Nakagawa Y, et al. Figure 1 

 

 

 

Figure 1. Phosphorylation of three members of the PIKK family and Chk1. Phosphorylation of ATR, 

ATM, DNA-PKcs and Chk1 by 5-FU treatment for 24 h. Cells were collected immediately after treatment. 

Irradiated cells were collected at 0.5 h and 8 h after X-rays-irradiation (20 Gy). Arrow indicates 

phosphorylated form of ATR. Upper bands are non-specific. All experiments were replicated 3 times. 
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Figure 2. Sensitivity of three members of the PIKK family inhibition against 5-FU treated SAS and 

HSC3 cells. (A) ATRi, DNA-PKi and ATMi were used at 3 μM respectively. 5-FU was used at 5 μM. 

Surviving fraction was significantly decreased in 5-FU treatment combined with ATRi compared to 

treatments combined with either DNA-PKi or ATMi. (B, C, D) Surviving fraction in 5-FU only treatment 

(open circles) was compared against 5-FU treatment combined with 3 μM ATRi (B)/DNA-PKi (C)/ATMi 

(D) (filled circles) in SAS (upper column) and HSC3 (lower column). All experiments were replicated 3 

times. The values obtained were described as means ± SD. Data were compared statistically using the two-

tailed Student’s t-test. p-value; *, ** and *** represent p < 0.05, p < 0.01 and p < 0.001, respectively. 
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Ito SS, Nakagawa Y, et al. Figure 3 

 

 

 

Figure 3. The phosphorylation of ATR and Chk1 induced by 5-FU treatment was suppressed by ATR 

inhibitor VE-821. (A) Expression analysis by western blotting of ATR. ATRi was used at 1 μM, 2 μM, 3 

μM, and 5 μM. 5-FU were used at 10 μM. Cells were simultaneously treated by both chemicals for 24 h. 

(B) Expression analysis by western blotting of ATR and Chk1. ATRi was used at 3 μM. 5-FU were used at 

10 μM. Cells were simultaneously treated by both chemicals for 24 h. Cells were collected immediately 

after treatment. ATR and its major downstream effector, Chk1, were phosphorylated by 5-FU treatment. In 

addition, these phosphorylations were suppressed by ATRi. Arrow indicates phosphorylated form of ATR 

and Chk1. Upper bands are non-specific. All experiments were replicated 3 times. 
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Ito SS, Nakagawa Y, et al. Figure 4 

 

 

 

Figure 4. DSBs analysis by neutral comet assay. (A) Typical images of comet assays in SAS. Cells were 

exposed to 10 μM 5-FU and/or 3 μM ATRi treatment for 12 h. (B) The tail moments of more than 50 cells 

were quantified, respectively. All experiments were replicated 3 times. The values obtained were described 

as means ± SD. Data were compared statistically using the two-tailed Student’s t-test. p-value; *, ** and 

*** represent p < 0.05, p < 0.01 and p < 0.001, respectively.  
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Ito SS, Nakagawa Y, et al. Figure 5 

 

 

 

Figure 5. Histone H2AX phosphorylation analysis. (A) Phosphorylation of histone H2AX was detected 

in SAS. Cells were exposed to 10 μM 5-FU and/or 3 μM ATRi treatment for 12 h. (B) Phosphorylation of 

histone H2AX was measured using flow cytometry in SAS and HSC3. Cells were exposed to 10 μM 5-FU 

and/or 3 μM ATRi treatment for 6 h and 12 h. (C) Its intensity was schematized as illustrated in SAS and 

HSC3. All experiments were replicated 3 times. The values obtained were described as means ± SD. Data 

were compared statistically using the two-tailed Student’s t-test. p-value; *, ** and *** represent p < 0.05, 

p < 0.01 and p < 0.001, respectively.  
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Figure 6. Apoptosis analysis by Hoechst staining. (A) For morphological assessment, apoptotic cells 

were detected and quantified with Hoechst33342 staining assay in SAS and HSC3. (B) Cells were exposed 

10 μM 5-FU and/or 3 μM ATRi for 12 h/24 h. The fraction of apoptosis was schematized as illustrated SAS 

and HSC3. Bars = 20μm. All experiments were replicated 3 times. The values obtained were described as 

means ± SD. Data were compared statistically using the two-tailed Student’s t-test. p-value; *, ** and *** 

represent p < 0.05, p < 0.01 and p < 0.001, respectively.  
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Figure 7. Apoptosis analysis by sub-G1 accumulation. (A) Results of cell cycle analysis after 10 μM 5-

FU and/or 3 μM ATRi treatment for 8 h/16 h/24 h in SAS and HSC3. (B) Sub-G1 were schematized as 

illustrated SAS and HSC3. All experiments were replicated 3 times. The values obtained were described as 

means ± SD. Data were compared statistically using the two-tailed Student’s t-test. p-value; */ †, **/ †† 

and ***/ ††† represent p < 0.05, p < 0.01 and p < 0.001, respectively.  
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Figure 8. Transcriptome sequencing analysis. (A) Heat map shows result of hierarchical clustering 

analysis which clusters the similarity of genes and samples by expression level (normalized value) from a 

significant list. (B) GO analysis of significant expressed genes regarding cell cycle both in SAS and HSC3 

after 10 μM 5-FU treatment for 16 h. Color density indicates the gene expression level.  
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Figure 9. Gene expression analysis by qRT-PCR. (A, B) Quantitative qRT-PCR after 10 μM 5-FU 

treatment for 16 h in SAS and HSC3. All experiments were replicated 3 times. The values obtained were 

described as means ± SD. Data were compared statistically using the two-tailed Student’s t-test. p-value; *, 

** and *** represent p < 0.05, p < 0.01 and p < 0.001, respectively.  
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Figure 10. Contributions of NHEJ and HR repair pathways. (A) Surviving fraction of BRCA2-

proficient and BRCA2-deficient Chinese hamster lung fibroblasts treated with various concentration of 5-

FU and/or 3 μM ATRi for 24 h. (B) Surviving fraction of MEF WT (filled circles); Lig4-/- (filled squares); 

Rad54-/- (filled triangles); Lig4-/-Rad54-/- (filled inverted triangle) treated with 5-FU for 24 h. (C) 

Surviving fraction of MEF Lig4-/-Rad54-/- treated with 0.5 µM 5-FU and/or 0.5 µM ATRi for 24 h. All 

experiments were replicated 3 times. The values obtained were described as means ± SD. Data were 

compared statistically using the two-tailed Student’s t-test. p-value; *, ** and *** represent p < 0.05, p < 

0.01 and p < 0.001, respectively.  
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