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Abstract
Ara-A, Ara-C, Ara-G, and Ara-T are arabinose sugars combined with adenine, cytosine, guanine, and thymine bases, 
respectively. These drugs are clinically important as these drugs are commonly used as anti-viral and anti-cancer drugs. Ara-
C, an arabinoside, serves as a chain terminator of deoxyribonucleic acid (DNA) replication by interfering with replication 
after it is incorporated at the 3′ end of nascent DNA, thereby restricting the proliferation of viruses and cancer cells. The 
incorporated Ara-CMP is efficiently removed by the proofreading exonuclease activity of polymerase epsilon (Polε), in 
which the alternative clamp loader CTF18 plays a pivotal role. However, the requirement of CTF18 for the removal of the 
other arabinosides from the 3′ end of nascent DNA remains unclear. Here, we explored DNA repair pathways responsible for 
the cellular tolerance to Ara-A and found that cells deficient in the proofreading exonuclease activity of Polε (POLE1exo−/−) 
showed the highest sensitivity to Ara-A. This activity was also required for cellular tolerance to Ara-G and Ara-T. CTF18−/− 
cells showed higher Ara-A sensitivity than wild-type cells, though it was critically lower than that of POLE1exo−/− cells. 
Similar trends were observed for the sensitivity to Ara-G and Ara-T. These results indicate that these arabinosides are removed 
by Polε proofreading exonuclease activity, and CTF18 is pivotal for Polε-mediated Ara-C removal but does not play critical 
roles for Polε-mediated removal of Ara-A, Ara-G, and Ara-T. In this study, we unveiled a difference between Ara-C and the 
other arabinosides (Ara-A, Ara-G, and Ara-T) in the removal from the 3′ end of nascent DNA.
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Introduction

Nucleoside analogs are chemical compounds with structures 
similar to those of nucleosides and have been used as anti-
viral drugs (Ogilvie et al., 1971; Witkowski et al., 1972). 
These drugs are incorporated during viral replication and 
interfere with viral deoxyribonucleic acid (DNA) replica-
tion, thereby effectively restricting viral proliferation (Ger-
aghty et al., 2021). Nucleoside analogs are extensively used 
to treat acute leukemia (Short et al., 2018), hematological 

malignancies (Robak, 2011), and lung (Pandit & Royzen, 
2022), breast (Zhang et al., 2020), and pancreatic cancers 
(Carter et al., 2021). They interfere with cancer cell pro-
liferation by inhibiting DNA synthesis via two distinct 
mechanisms (Tsuda et al., 2017). The first mechanism is 
chain termination of replication, in which nucleoside ana-
logs incorporated at the end of nascent DNA inhibit subse-
quent polymerization reactions. In the second mechanism, 
nucleoside analogs incorporated into the DNA strand serve 
as DNA damage and inhibit DNA replication on the dam-
aged template.

Arabinosides are nucleoside analogs that contain ara-
binose sugar instead of ribose sugar. Ara-C is used in the 
treatment of acute lymphocytic and myeloid leukemia 
(Short et al., 2018), Ara-A is used to treat human herpes 
virus infections (Sadowski et al., 2021), Ara-G is effective 
against T cell malignancies (Kline & Larson, 2006), and 
Ara-T is used to treat herpes simplex virus infections (Hill 
et al., 1984). We previously showed that Ara-C serves as 
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a chain terminator and directly restricts DNA replication 
after incorporation into nascent DNA (Tsuda et al., 2017). 
The incorporated Ara-CMP is efficiently removed by the 
proofreading 3′ → 5′ exonuclease activity of Polε (Tsuda 
et al., 2017; Washif et al., 2023). However, the mechanism 
of removal of other arabinosides, such as Ara-A, Ara-G, 
and Ara-T, has not yet been identified, and the DNA repair 
pathway required for cellular tolerance to these arabino-
sides has not been clarified.

Polε belongs to the B family of DNA polymerases 
and replicates the leading strand (Nick McElhinny et al., 
2008). This enzyme replicates DNA with extraordinarily 
high accuracy (Korona et  al., 2011). This fidelity is 
achieved through proofreading exonuclease activity, which 
removes misincorporated nucleotides. Recent human 
studies suggest that leading strand synthesis by Polε is 
promoted through the loading of proliferating cell nuclear 
antigen (PCNA) sliding clamp by the alternative clamp 
loader complex CTF18-RFC in vitro, where the interaction 
between Polε and CTF18 is crucial (Baris et al., 2022; 
Murakami et al., 2010; Stokes et al., 2020). We recently 
identified that this Polε-CTF18 axis actively contributes 
to the maintenance of the genome through the suppression 
of double-strand breaks (DSB) (Ahmad et al., 2023) by 
removing chain-terminating nucleoside analogs (Washif 
et al., 2023).

Several other factors involved in genome maintenance 
have been reported to contribute to cellular tolerance to 
nucleoside analogs. Tyrosyl-DNA-phosphodiesterase 1 
(TDP1) is a nuclease that removes the protein tyrosyl-DNA 
complex (Pommier et al., 2014), and this nuclease also 
removes incorporated nucleoside analog, abacavir (Tada 
et al., 2015). Stalled replication at the damaged template by 
the insertion of nucleoside analogs is released by translesion 
DNA synthesis (TLS) and homologous recombination (HR) 
(Abe et al., 2018). These pathways are critically important 
for cellular tolerance to the nucleoside analog FTD (Tsuda 
et al., 2017). Replication fork collapse caused by nucleoside 
analogs induces DSBs, and HR and non-homologous end 
joining (NHEJ) repair these lesions (Cejka & Symington, 
2021). Excision repair pathways (base excision repair (BER) 
(Saberi et al., 2008) and nucleotide excision repair (NER) 
(Wang et al., 2022) contribute to the removal of damaged 
bases (Lee & Kang, 2019; Sinha & Häder, 2002).

In this study, we investigated the removal mechanism of 
incorporated arabinosides. We found that the proofreading 
exonuclease activity of Polε is the key factor for the removal 
of all arabinosides, whereas the degree of requirement of 
CTF18-RFC for Polε-mediated removal of arabinosides 
was different for different drugs. CTF18-RFC is essential 
for Ara-C removal; however, this factor plays a minor role 
in the removal of Ara-A and Ara-G, and Polε excises Ara-T 
independent of CTF18-RFC.

Results

Polε proofreading exonuclease activity is required 
for the cellular tolerance to Ara‑A

To elucidate the repair pathway responsible for the cellular 
tolerance to Ara-A, we measured Ara-A sensitivity among 
parental wild-type DT40 strain and 23 DT40 mutant cell-
lines deficient in each DNA repair factor, which included 
mutants deficient in HR (BRCA1−/−, BRCA2−/−) (Martin 
et  al., 2007; Takizawa et  al., 2010), NHEJ (POLQ−/−, 
KU70−/−) (Takata et al., 1998; Yoshimura et al., 2006), 
HR and NHEJ (RAD54−/−/ KU70−/−) (Fujita et al., 2013), 
BER (POLB−/−, FEN1−/−, PARP1−/−) (Demin et al., 2021; 
Kikuchi et al., 2005; Ooka et al., 2018), NER (XPA/−) 
(Hirota et  al., 2010), TLS (SPARTAN−/−, REV3−/−, 
RAD18−/−, POLH−/−) (Hirota et  al., 2010; Kobayashi 
et al., 2015; Nakazato et al., 2018), repriming (PRIM-
POL−/−) (Kobayashi et al., 2016), Fanconi anemia pathway 
(FANCC/−, FANCJ−/−) (Yamamoto et al., 2011; Yoshi-
kiyo et al., 2010), protein tyrosyl-DNA complex repair 
(TDP1−/−/TDP2−/−) (Pommier et al., 2014), removal of 
nucleoside analogs (POLE1exo−/−, CTF18−/−) (Tsuda et al., 
2017; Washif et al., 2023), checkpoint control (ATM−/−, 
RAD17/−) (Morrison et al., 2000; Saberi et al., 2008), 
and sister chromatid cohesion (DDX11−/−, SA2−/−) (Abe 
et al., 2016; Kawasumi et al., 2021) (Table 1). We ana-
lyzed sensitivity to Ara-A using an ATP assay (Ji et al., 
2009) and calculated the  LD50, which indicates the dose 
required to kill half of the total cell population (Fig. 1A). 
Based on these data, the relative sensitivity was scored as 
 log2  (LD50 in mutant cells)/(LD50 in wild-type cells). We 
explored the mutants showing strong sensitivity to Ara-A 
(relative sensitive value less than −2) and found that only 
POLE1exo−/− cells met this criterion. CTF18−/− cells also 
showed mild sensitivity to Ara-A but this sensitivity was 
milder compared to POLE1exo−/− cells (relative sensitiv-
ity value > −2). Cells defective in the HR, BER, or TLS 
did not show increased sensitivity. These results demon-
strate that the proofreading exonuclease activity of Polε is 
crucial for the tolerance of Ara-A but the requirement of 
CTF18 for Ara-C tolerance is limited. These results were 
also observed in human TK6 cells, as POLE1exo−/− human 
TK6 cells were hypersensitive to Ara-A (Fig. 1B).

Ara‑A causes DNA damage and cell cycle arrest

To test the effect of Ara-A on the cell cycle, we investi-
gated cell cycle distribution following Ara-A exposure. 
We found that wild-type cells showed an augmentation of 
the S-phase fraction 6 h after Ara-A exposure, suggesting 
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that Ara-A slowed DNA synthesis (Fig. 2A). Accumula-
tion of the mid-S-phase fraction was more pronounced in 
POLE1exo−/− cells 6 h after Ara-A treatment (Fig. 2A). 
Moreover, the accumulation of sub-G1 (dead cell frac-
tion) and G2/M phase fractions was observed in POLE-
1exo−/− cells 12 h after Ara-A exposure, suggesting that 
apoptosis and G2-checkpoint activation were induced in 
POLE1exo−/− cells (Fig. 2A).

Cell cycle arrest and apoptosis caused by Ara-A 
treatment in POLE1exo−/− cells suggest that Ara-A-
induced DNA damage was elevated in POLE1exo−/− cells. 
To test this hypothesis, we measured the number of 
nuclear γH2AX foci as a DNA damage marker (Valente 
et al., 2022) 12 h after Ara-A exposure. We found that 
POLE1exo−/− cells exhibited a significantly increased 
number of γH2AX foci than wild-type cells (Fig. 2B, C). 
These data suggest that Ara-A exerts a cytotoxic effect 
after incorporation into the genome DNA during DNA 
replication, and Polε exonuclease activity is required to 
mitigate this toxic effect.

The minor role of CTF18 in Pοlε exonuclease 
mediated cellular tolerance to Ara‑A

As we observed mild but significantly higher Ara-A sensi-
tivity in the CTF18−/− cells than that in the wild-type cells 
(Fig. 1), we next asked if CTF18 collaborates with Polε 
exonuclease in cellular tolerance to Ara-A. To this end, 
we generated POLE1exo−/−/ CTF18−/− double mutant cells. 
As expected, CTF18−/− cells showed higher sensitivity to 
Ara-A than wild-type cells (Fig. 3A). Noteworthy, the Ara-A 
sensitivity of POLE1exo−/− cells and that of POLE1exo−/−/ 
CTF18−/− cells were indistinguishable, indicating that Polε 
exonuclease and CTF18 collaborate in cellular tolerance 
to Ara-A (Fig.  3A). To examine this epistatic relation-
ship between CTF18−/− and POLE1exo−/− in human cells, 
we attempted to generate this double mutant from human 
TK6 cells. However, we could not establish a double mutant 
clone, presumably because of the synthetic effect of the loss 
of both factors on cell proliferation in human cells. However, 
we detected a very limited but higher Ara-A sensitivity in 

Table 1  List of cell lines used 
in this study

Genotype Parental cell line Function References

BRCA1−/− Wild-type DT40 cells HR Martin et al. (2007)
BRCA2−/− Wild-type DT40 cells HR Takizawa et al. (2010)
POLQ−/− Wild-type DT40 cells NHEJ Yoshimura et al. (2006)
KU70−/− Wild-type DT40 cells NHEJ Takata et al. (1998)
RAD54−/−/KU70−/− Wild-type DT40 cells HR/NHEJ Takata et al. (1998)
POLB−/− Wild-type DT40 cells BER Yoshimura et al. (2006)
PARP1−/− Wild-type DT40 cells BER Ooka et al. (2018)
FEN1−/− Wild-type DT40 cells BER Yoshikiyo et al. (2010)
XPA−/ Wild-type DT40 cells NER Hirota et al. (2010)
FANCC−/ Wild-type DT40 cells Fanconi anemia Yamamoto et al. (2011)
FANCJ−/− Wild-type DT40 cells Fanconi anemia Yoshikiyo et al. (2010)
SPRTN−/− Wild-type DT40 cells TLS/protein-DNA repair Nakazato et al. (2018)
REV3−/− Wild-type DT40 cells TLS Hirota et al. (2016)
RAD18−/− Wild-type DT40 cells TLS Kobayashi et al. (2015)
POLH−/− Wild-type DT40 cells TLS Hirota et al. (2010)
PRIMPOL−/− Wild-type DT40 cells Repriming Kobayashi et al. (2016)
POLE1exo−/− Wild-type DT40 cells Removal of nucleoside analogs Tsuda et al. (2017)
TDP1−/−/TDP2−/− Wild-type DT40 cells Protein tyrosyl-DNA repair Pommier et al. (2014), 

Tsuda et al. (2020)
ATM−/− Wild-type DT40 cells Checkpoint Morrison et al. (2000)
RAD17/− Wild-type DT40 cells Checkpoint Saberi et al. (2008)
DDX11−/− Wild-type DT40 cells Cohesion Abe et al. (2016)
CTF18−/− Wild-type DT40 cells Removal of nucleoside analogs Kawasumi et al. (2021)
SA2−/− Wild-type DT40 cells Cohesion This study
CTF18−/− Wild-type TK6 cells Removal of nucleoside analogs Ahmad et al. (2023)
POLE1exo−/− Wild-type TK6 cells Removal of nucleoside analogs Ahmad et al. (2023)
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CTF18−/− TK6 cells than in wild-type TK6 cells (Fig. 3B). 
Moreover, POLE1exo−/− TK6 cells showed higher sensitivity 
to Ara-A than CTF18−/− TK6 cells (Fig. 3B), which is con-
sistent with our observations in the DT40 cell line. To inves-
tigate the effects of Ara-A on chromosomes, we assessed 
the number of chromosomal aberrations (CAs) in mitotic 
chromosome spreads 24 h after Ara-A treatment (Fig. 3C). 
We defined chromatid breaks (among the two sister chroma-
tids, one was broken) and isochromatid breaks (both sister 
chromatids were broken at the same site) (Fig. 3D). Our 

results showed that Ara-A induced a significantly higher 
number of CAs in POLE1exo−/−, CTF18−/− and POLE1exo−/−/ 
CTF18−/− cells than in wild-type cells (Fig. 3E, F). More 
importantly, the loss of CTF18 in wild-type background sig-
nificantly increased the number of Ara-A induced CAs by 
300%, whereas the loss of CTF18 in POLE1exo−/− increased 
CAs by only 20%, and thus effects of CTF18−/− was largely 
masked by POLE1exo−/− mutation (Fig. 3F). These data 
again indicate epistatic relationship between CTF18−/− and 
POLE1exo−/−. Collectively these results indicate that CTF18 

Fig. 1  Polε proofreading exonuclease activity is a key factor in the 
cellular tolerance to Ara-A. A Sensitivity profiles of Ara-A in the 
selected DT40 mutant cells deficient in individual DNA damage 
response pathways. DT40 cells with the indicated genotypes were 
assessed for sensitivity to Ara-A. Indicated DT40 cells were cultured 
for 48  h in the presence of Ara-A and sensitivity was assessed as 
indicated in materials and methods. The relative sensitivity of each 
mutant cell compared to that of wild-type DT40 cells was scored 
as  log2 (LD50 in indicated mutant cells)/(LD50 in wild-type cells). 
LD50 represents the drug concentration that reduces cell survival to 

50% relative to that of untreated cells. Negative (left) and positive 
(right) scores show that the indicated gene-disrupted cells are sensi-
tive and resistant to Ara-A, respectively. B TK6 cells with the indi-
cated genotypes were assessed for sensitivity to Ara-A. Indicated 
TK6 cells were cultured for 72 h in the presence of an indicated con-
centration of Ara-A. The dose of Ara-A is displayed on the x-axis on 
a linear scale, while the percentage of cell survival is displayed on the 
y-axis on a logarithmic scale. Error bars represent the standard devia-
tion from three independent experiments
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Fig. 2  The effect of Ara-A on cell cycle phase distribution and DNA 
damage. A Cell cycle phase distribution of the indicated cells ana-
lyzed by flow cytometry (propidium iodide staining). The intensi-
ties of the PI staining are indicated on the x-axis on a linear scale, 
and counted numbers of cells are displayed on the y-axis. Cells were 
exposed to 500 nM Ara-A for indicated times (0–12 h). B Representa-

tive fluorescence microscopic images of γH2AX foci in the indicated 
cell lines before and 12 h after exposure of 200 nM Ara-A. C Individ-
ual dots show the number of γH2AX foci per cell. At least 100 cells 
were scored per analysis. Red bars represent medians. The p-value 
was calculated by Student’s t-test
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collaborates with Polε exonuclease but the contribution of 
CTF18 is less than that of Polε exonuclease activity in terms 
of Ara-A tolerance.

Polε exonuclease and CTF18 are required 
for replication fork progression after Ara‑A 
incorporation

Having established the important role of Polε exonuclease 
activity and CTF18 in Ara-A tolerance (Figs. 1, 2, 3) and 
considering our previous work demonstrating that Polε exo-
nuclease removes mis-incorporated Ara-C to avoid replica-
tion fork stalling (Tsuda et al., 2017; Washif et al., 2023), 
we hypothesized that Polε exonuclease activity and CTF18 
avoid replication fork arrest after Ara-A incorporation. To 
test this hypothesis, we measured the kinetics of the rep-
lication fork progression using DNA fiber assay (Quinet 
et al., 2017). In this assay, we sequentially pulse-labeled 
the nascent strands with CldU and IdU for 15 min each and 
treated the cells with Ara-A during the second IdU labe-
ling (Fig. 4A). Nascent DNA was labeled before (CldU, 
red) and after (IdU, green) Ara-A treatment (Fig. 4B). We 
calculated the ratio of the unperturbed DNA fiber length 
relative to that observed in the presence of Ara-A. Com-
pared to wild-type cells, POLE1exo−/−, CTF18−/−, and 
POLE1exo−/−/ CTF18−/− cells exhibited slowed kinetics of 
unperturbed DNA synthesis, as previously reported (Washif 
et al., 2023) (Fig. 4C), but the CldU/IdU ratios of wild-type, 
POLE1exo−/−, CTF18−/−and POLE1exo−/−/ CTF18−/− cells 
were similar at ~ 1 under unperturbed conditions (Fig. 4D, 
Supplementary Fig.S1A). More importantly, under Ara-
A-treated conditions (during the second labeling), POLE-
1exo−/−, CTF18−/,− and POLE1exo−/−/ CTF18−/− cells showed 
a significantly reduced rate of DNA synthesis in the pres-
ence of Ara-A compared to wild-type cells, and the CldU/
IdU ratios were higher in these cells than in wild-type cells 
(Fig. 4E, F, Supplementary Fig. S1B). Notably, the degree of 
fork arrest following Ara-A treatment was more pronounced 

in POLE1exo−/−cells than in CTF18−/− cells (Fig. 4E, F, Sup-
plementary Fig. S1B). These data collectively indicate that 
DNA Polε exonuclease is the key factor in maintaining the 
replication fork and preventing fork collapse upon the inser-
tion of Ara-AMPs in nascent replication ends and CTF18 
partly contributes to Polε exonuclease mediated avoidance 
of fork arrest.

Ara‑G behaves similarly to Ara‑A which is distinct 
from Ara‑C

Our previous study demonstrated that CTF18 plays a cru-
cial role in the removal of Ara-C and maintenance of the 
replication fork after the mis-incorporation of Ara-CMP 
(Washif et al., 2023). However, we here showed that CTF18 
contributes only partly to Polε exonuclease mediated avoid-
ance of fork arrest following Ara-A incorporation. Next, 
we analyzed the effects of other arabinosides (Ara-G and 
Ara-T) on the forks. Both POLE1exo−/− and POLE1exo−/−/ 
CTF18−/− cells exhibited considerably higher sensitiv-
ity to Ara-G than the wild-type and CTF18−/− cells, and 
CTF18−/− cells exhibited significantly higher sensitivity to 
Ara-G than the wild-type cells (Fig. 5A). Moreover, POLE-
1exo−/− and POLE1exo−/−/ CTF18−/− cells exhibited similar 
Ara-G sensitivity (Fig. 5A). Human TK6 cells also showed 
higher Ara-G sensitivity in POLE1exo−/− cells than in wild-
type and CTF18−/− cells, and CTF18−/− cells were more sen-
sitive to Ara-G than wild-type cells (Fig. 5B). Similarly, we 
observed a significant enhancement in chromosomal aber-
rations in POLE1exo−/− and POLE1exo−/−/ CTF18−/− DT40 
cells upon Ara-G treatment compared to wild-type and 
CTF18−/− cells (Fig. 5C, D). These results contrast with the 
effect of Ara-C, which causes an almost equal number of 
chromosomal breaks in POLE1exo−/−, CTF18−/, and POLE-
1exo−/−/ CTF18−/− DT40 cells (Washif et al., 2023). These 
results indicate that Polε exonuclease and CTF18 collaborate 
in the cellular tolerance to Ara-G but the contribution of 
CTF18 is less than that of Polε exonuclease. To analyze the 
effect of Ara-G on fork progression, we performed a DNA 
fiber assay with Ara-G and found that the kinetics of fork 
progression were significantly decreased in POLE1exo−/−, 
CTF18−/− and POLE1exo−/−/ CTF18−/− cells upon Ara-G 
treatment compared to wild-type cells (Supplementary 
Fig. S2), suggesting a role for Polε and CTF18 in the main-
tenance of replication fork upon Ara-G incorporation. These 
data indicate that the exonuclease activity of Polε plays a 
major role in the efficient removal of both Ara-A and Ara-
G, along with a partial contribution from CTF18. This dif-
fers from the case of Ara-C, where the contribution of Polε 
exonuclease and CTF18 are equally necessary for removal.

Next, we analyzed the effects of Ara-T. Both 
POLE1exo−/− and POLE1exo−/−/ CTF18−/− cells showed 
higher sensitivity to Ara-T than the wild-type and 

Fig. 3  The partial contribution of CTF18 in the Polε exonuclease 
mediated cellular tolerance to Ara-A. A, B Sensitivity of DT40 (A) 
and TK6 (B) cells with the indicated genotypes to Ara-A treatment 
was assessed as in Fig.  1. The dose of Ara-A is displayed on the 
x-axes on a linear scale, while the percentage of cell survival is dis-
played on the y-axes on a logarithmic scale. Error bars represent the 
standard deviation from three independent experiments. C Schematic 
representation of the experimental protocol to measure chromosomal 
aberrations. D Representative images showing chromosomal aberra-
tions (CAs). The red arrows indicate a chromatid break and an isoch-
romatid break. E The number of CAs per 100 mitotic cells before and 
after the 24 h treatment with 500 nM of Ara-A was scored four times. 
F Ara-A-induced CAs; the number of CAs in untreated cells was 
subtracted from the number in Ara-A-treated cells. The p-value was 
calculated by Student’s t-test. Error bars represent standard deviation. 
n.s. not significant

◂
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Fig. 4  Reduced kinetics of the replication fork progression in POLE-
1exo−/− and CTF18−/− cells after Ara-A treatment. A DT40 cells were 
labeled sequentially with CldU and IdU for 15 min each and treated 
with Ara-A (200 nM) during IdU labeling. B Representative images 
of the DNA fibers in the indicated cells treated with the 200 nM of 
Ara-A are shown. C Replication fork velocity was determined by 
DNA fiber assay for the indicated DT40 cells without Ara-A treat-
ment. More than 50 molecules were analyzed. Individual dots show 
the velocity of each DNA fiber molecule. D Lengths of the CldU and 
IdU tracts were measured, and the CldU/IdU ratio for each replica-

tion fork was calculated for at least 50 forks. Individual dots show 
the CldU/IdU ratio for each unperturbed replication fork. E Replica-
tion fork velocity for the indicated DT40 cells treated with 200 nM of 
Ara-A. More than 50 molecules were analyzed. Individual dots show 
the velocity of each DNA fiber molecule. F Individual dots show the 
CldU/IdU ratio for each replication fork treated with 200 nM of Ara-
A. Red bars represent median values. All statistical analyses were 
performed by Mann–Whitney–Wilcoxon test. n.s. not significant
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CTF18−/− cells. However, CTF18−/− and wild-type cells 
exhibited similar sensitivity to Ara-T (Fig. 5E). This was 
also observed in human TK6 cells (Fig. 5E). Consistently, 

we found that the kinetics of fork progression were 
similarly decreased in POLE1exo−/−and POLE1exo−/−/ 
CTF18−/− cells but not in CTF18−/− cells upon Ara-T 

Fig. 5  The effect of Ara-G and Ara-T in POLE1exo−/− and CTF18−/− 
cells. A, B Sensitivity of DT40 cells (A) and TK6 cells (B) with the 
indicated genotypes to Ara-G was assessed as in Fig. 1. C The num-
ber of CAs per 100 mitotic cells before and after the 24 h treatment 
with 250  nM of Ara-G was scored three times. D Ara-G-induced 

CAs; the number of CAs in untreated cells was subtracted from the 
number in Ara-G-treated cells. The p-value was calculated by Stu-
dent’s t-test. Error bars represent standard deviation. n.s. not signifi-
cant. E Sensitivity of DT40 cells and TK6 cells with the indicated 
genotypes to Ara-T was assessed as in Fig. 1
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treatment (Supplementary Fig. S3). These results indicate 
that Pοlε exonuclease plays roles in the cellular tolerance to 
Ara-T independently of CTF18 and CTF18 has little or no 
role in Ara-T resistance.

Discussion

In this study, we showed that Polε exonuclease is required 
for the removal of incorporated arabinosides (Ara-A, Ara-
G, and Ara-T), and we also revealed that the requirement 
of CTF18 in the Polε exonuclease mediated removal of 
incorporated arabinosides are different by drugs. Ara-C 
requires CTF18 for the removal by Polε exonuclease and 
CTF18 is essential for Polε exonuclease mediated removal 
(Washif et al., 2023). Ara-A and Ara-G partly require CTF18 
in the removal by Polε exonuclease (Figs. 3, 4, 5). In the 
case of Ara-T, Polε exonuclease plays roles independently 
of CTF18 and CTF18 is dispensable for the removal of 
incorporated Ara-T. The mechanism underlying the bias 
among 4 arabinosides in the requirement of CTF18 is to be 
elucidated in future studies.

Although Ara-A is a well-known anti-HSV drug, it 
also has the potential to be used in the treatment of cancer 
(Honma & Niitsu, 2000; Mouhieddine et al., 2015; Niitsu 
et al., 2000). Ara-A can be rapidly deaminated by adenosine 
deaminase to the less toxic compound Ara-H, which has both 
positive and negative impacts on cancer treatment, where 
a positive impact includes reduced Ara-A-mediated side 
effects and a negative impact includes a decreased amount of 
cytotoxicity (Cohen, 1977; Holzer et al., 2019; Rashbaum & 
Cozzarelli, 1976). Consistent with these findings, we applied 
a relatively higher concentration of Ara-A in both chicken 
DT40 and human TK6 cell lines in this study compared to 
the concentration of Ara-C required in our previous study 
(Washif et al., 2023).

Our findings collectively demonstrate that proofreading 
exonuclease activity of Polε is the key factor in the cellular 
tolerance to all arabinosides regardless of their structural 
variation. To the best of our knowledge, this is the first study 
to compare all arabinosides in animal cell lines. This study 
opens a window for further studies with other arabinosides, 
in addition to Ara-C, for clinical application to develop an 
efficient anti-cancer drug.

Materials and methods

DT40 and TK6 cell culture

The culture conditions for the DT40 and TK6 cells were 
similar to those described previously (Fujita et al., 2013; 
Hirota et  al., 2010, 2022). DT40 cells were cultured in 

DMEM/F-12 medium (GIBCO-BRL, Grand Island, NY, 
USA) supplemented with 10% heat-inactivated fetal bovine 
serum (FBS) (Ausgene X, lot No. QLD 4210), 2% chicken 
serum (GIBCO-BRL, Grand Island, NY, USA), 50 μM 
mercaptoethanol (Invitrogen, CA, USA), 2 mM l-glutamine 
(Nacalai Tesque, Japan), 50 U/mL penicillin, and 50 μg/
mL streptomycin (Nacalai Tesque, Japan) and maintained 
at 39.5 °C in a humidified atmosphere with 5%  CO2. TK6 
cells were cultured in Roswell Park Memorial Institute 1640 
medium (Nacalai Tesque, Kyoto, Japan) supplemented with 
10% heat-inactivated horse serum from Gibco and sodium 
pyruvate (1.8 mM), l-glutamine (2 mM), penicillin (100 U/
mL), and streptomycin (100 μg/mL) from Nacalai Tesque 
and maintained at 37 °C in a humidified atmosphere with 
5%  CO2.

Cellular sensitivity analysis

A cellular sensitivity analysis (ATP assay) was performed 
as previously described (Ahmad et al., 2023; Shimizu et al., 
2015). For the ATP assay of chicken DT40 cells, 8 ×  102 
cells were treated with the indicated concentration of Ara-A 
in 0.16 mL of medium in 96-well plates and incubated at 
39.5 °C for 48 h. For the ATP assay of human TK6 cells, 
1 ×  104 cells were incubated in 1 mL of medium at 37 °C 
for 72 h. We transferred 100 μL of the medium containing 
cells to 96-well plates and measured the amount of ATP 
using CellTiter-Glo (Promega, WI, UAS) according to the 
manufacturer's instructions. Luminescence was measured 
using Fluoroskan Ascent FL (Thermo Fisher Scientific Inc., 
Waltham, MA, USA).

Cell cycle analysis by flow cytometry

Cell cycle analysis was performed as previously described 
(Fujita et al., 2013; Tsuda et al., 2017). Briefly, cells were 
fixed in 70% ethanol and stained with propidium iodide in 
the presence of RNase A and analyzed with BD Accuri™ 
C6 (Becton Dickinson, NJ, USA).

Immunofluorescence staining

Immunofluorescence staining was performed as described 
previously (Tsuda et al., 2017). Following treatment with 
200 nM Ara-A, cells were incubated for 12 h at 39.5 °C. 
The cells were collected on glass slides using Cytospin 
(Shandon, Pittsburgh, PA, USA). Cells were fixed with 4% 
formaldehyde for 10 min at room temperature, permeabilized 
with 0.5% TritonX-100, and after rinsed twice in PBS, and 
blocked with PBS containing 5% bovine serum albumin. 
The cells were then incubated with anti-γH2AX(Ser139) 
MAb (Millipore, MA, USA) at a 1/400 dilution in 5% BSA 
in PBS for 1 h at room temperature. After three washes in 
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PBS, the cells were incubated in Alexa Fluor 488 goat anti-
mouse IgG antibody (Invitrogen) at a 1/200 dilution in 5% 
BSA in PBS for 30 min at room temperature, and after they 
were rinsed in PBS three times, cells were counterstained 
with 4′, 6′-diamidino-2-phenylindole (DAPI) and mounted 
with PermaFlour (Vector Laboratories, CA, USA). Cells 
were observed under a fluorescence microscope (BZ-X810; 
NICON, Tokyo, Japan). At least hundred cells were scored 
per data point.

Chromosomal aberration analysis

Chromosomal aberrations (CAs) were analyzed as 
previously described (Washif et  al., 2023). DT40 cells 
were treated with 500 nM Ara-A and 250 nM Ara-G for 
24 h, and then treated with 0.1 μg/mL colcemid (Gibco 
BRL, MA, USA) for the last 2 h of the drug treatment to 
arrest the cells in the M phase. The cells were pelleted by 
centrifugation (1200 rpm for 5 min), resuspended in 75 mM 
KCl (10 mL) for 13 min at room temperature, and fixed 
in a freshly prepared 3:1 mixture (2 mL) of methanol and 
acetic acid (Carnoy’s solution). The pelleted cells were 
resuspended in Carnoy’s solution (7 mL), dropped onto cold 
glass slides, and air-dried. The slides were then stained with 
5% HARLECO Giemsa stain solution (Nacalai Tesque) for 
10 min, rinsed with water and acetone, and dried at room 
temperature. All chromosomes in each mitotic cell were 
scored at 1000 × magnification.

DNA fiber assay

The DNA fiber assay was performed as previously described 
(Hirota et al., 2015, 2016), with slight modifications based 
on the labeling method for the replicated tract. Briefly, 
cells were sequentially labeled for 15 min each with 25 μM 
5-chloro-2′-deoxyuridine (CldU) and 250 μM 5-iodo-2′-
deoxyuridine (IdU). The fiber length was measured using 
ImageJ software (https:// imagej. nih. gov/ ij/) and the CldU/
IdU ratio was calculated. Measurements were recorded from 
the areas of the slides with untangled DNA fibers to prevent 
the recording of labeled patches from tangled fiber bundles. 
Images were captured using a BZ-X810 fluorescence 
microscope (Keyence, Tokyo, Japan).

Disruption of SA2 gene in DT40 cells

The left and right arms of SA2 knock out (KO) vectors 
were amplified using the primers 5′-AGTCggtaccGCA 
ATA GTA TCT TTA GAG AAG TTT AC-3′ (KpnI) and 
5′-AGTCgtcgacATC TCT GCT GTA ACA ACT CCTGC-
3′ (SalI) (for the left arm of the KO construct); and 
5 ′ -TTTTgcggccgcTGG CAG GTC AGT GAA CTT 
TAT TTA TC-3 ′ (NotI) and 5 ′-AGA AGT GGT GTC 

CCCCAgagctcAGTAC-3′ (SacI) (for the right arm of the 
KO construct). The amplified PCR products were cut and 
cloned into pLoxP-Ecogpt or pLoxP-Bsr vector (Arakawa 
et al., 2001) using the attached restriction sites.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42764- 024- 00124-w.
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