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SUMMARY

Exposure to ionizing radiation is associated with cancer risk. Although multiple
types of DNA damage are caused by radiation, it remains unknown how this dam-
age is associated with cancer risk. Here, we show that after repair of double-
strand breaks (DSBs) directly caused by radiation (dir-DSBs), irradiated cells enter
a state at higher risk of genomic destabilization due to accumulation of replica-
tion-stress-associated DSBs (rs-DSBs), ultimately resulting in clonal evolution of
cells with abrogated defense systems. These effects were observed over broad
ranges of radiation doses (0.25–2 Gy) and dose rates (1.39–909 mGy/min), but
not upon high-dose irradiation, which caused permanent cell-cycle arrest. The
resultant genomic destabilization also increased the risk of induction of single-
nucleotide variants (SNVs), including radiation-associated SNVs, as well as struc-
tural alterations in chromosomes. Thus, the radiation-associated risk can be
attributed to rs-DSB accumulation and resultant genomic destabilization.

INTRODUCTION

Radiation exposure is associated with cancer risk (Gilbert, 2009; Howe et al., 2006; Morgan and Sowa, 2015).

Irradiation with X-rays or g-rays causes DNA damage, including dir-DSBs and single-strand breaks (SSBs),

as well as reactive oxygen species (ROS), which produce oxidized nucleotide adducts such as 8-oxoguanine

(Borrego-Soto et al., 2015; Lomax et al., 2013; Suzuki et al., 2003). SSBs and ROS are also associated with rs-

DSB induction (Burhans and Weinberger, 2007; Zeman and Cimprich, 2014). In addition, these are usually

induced as clustered lesions (Georgakilas et al., 2013; Nickoloff et al., 2020; Sage and Shikazono, 2017).

However, it remains unclear which types of damage, stress, and/or adducts caused by radiation are asso-

ciated with cancer risk and how they lead to induction of mutation in cancer-driver genes. Given that radi-

ation-associated cancers usually exhibit genomic instability (Burtt et al., 2016; Suzuki et al., 2003), it is

possible that cancer risk is mediated by genomic destabilization and the associated induction of mutation

in cancer-driver genes (Matsuno et al., 2019). However, it remains unclear how genomic destabilization risk

is increased by irradiation.

Among the multiple types of damage, stress, and adducts caused by radiation, the best characterized are

those caused by the cellular responses to dir-DSBs (Borrego-Soto et al., 2015; Lomax et al., 2013; Suzuki

et al., 2003). These include immediate formation of gH2AX foci and the associated activation of checkpoint

responses that induce cell-cycle arrest, repair, cellular senescence, and apoptosis (Mirzayans et al., 2012; Shi-

loh and Ziv, 2013). Although the level of H2AX, whichmediates those responses, is generally reduced after the

cellular growth rate is slowed (Yoshioka et al., 2012), dir-DSBs are still effectively repaired even in the H2AX-

diminished state because H2AX is transiently upregulated under the control of ATM and SIRT6 (Atsumi et al.,

2015). However, cells with repaired dir-DSBs subsequently accumulate persistent DSBs during subsequent

replication (Minakawa et al., 2016). Given that rs-DSBs can trigger genomic destabilization (Matsuno et al.,

2019), the DSBs arising during the subsequent replication in irradiated cells might be responsible for genomic

destabilization and the associated clonal evolution of cells with abrogated defense systems.

In this study, we found that radiation risk is primarily associatedwith induction of a cellular state at higher risk of

genomic destabilization and associated mutagenesis and showed that this risk is elevated due to accumula-

tion of rs-DSBs. Ultimately, this can lead to clonal evolution of cells with abrogated defense systems.
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Figure 1. MEFs irradiated with 1 Gy g-rays enter a state at higher risk of genomic destabilization, concomitant with accumulation of rs-DSBs

(A) WT MEFs were irradiated with g-rays and cultivated under the Std-3T3 protocol to monitor the immortalization process. The graph shows mean cell

numbers Gs.d. (n = 3 independent experiments with MEFs prepared from independent fetuses).

(B–D) CIN status was determined by flow cytometry (B) and multi-color FISH analyses (C and D). Blue and red bars in (B) indicate diploidy- and tetraploidy-

associated peaks, respectively. Translocations, deletions, and origin-unclear mini-chromosomes are indicated by red, white, and yellow arrowheads,

respectively (C).

(E) WT MEFs were irradiated by g-rays, and gH2AX focus status was monitored until 48 h after irradiation. Representative images are provided. Scale bars in

images, 10 mm. Bars in the bottom left graph show means G s.d. Bottom right: numbers of gH2AX foci 1 and 24 h after irradiation (0.5 and 1 Gy g-ray). Two-

tailed Welch’s t test was used for statistical analysis. NS, not significant.

(F) Experiments were performed as shown in the workflow. EdU-positive cells were co-immunostained for gH2AX. Representative images are provided. Scale

bars, 10 mm. Box plots show median, third, and first quartiles; whiskers (median G1.5 times interquartile range); and outliers. Two-tailed Welch’s t test was

used for statistical analysis. NS, not significant.

See also Figure S1.
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RESULTS

Induction of genomic instability in g-irradiated cells

To examine the effects of g-rays on genomic instability and cancer-driver mutations, we monitored the

immortalization process of wild-type mouse embryonic fibroblast cells (WT MEFs) after irradiation (1 or

10 Gy at 909 mGy/min) at early passage (P3) because these cells usually immortalize with chromosomal

instability (CIN) (Atsumi et al., 2011; Ichijima et al., 2010) and mutations in the ARF/p53 pathway (Matheu

et al., 2007; Osawa et al., 2013). MEFs irradiated at either dose decreased their growth rates (Figure 1A)

but to different degrees: MEFs irradiated with 10 Gy did not subsequently recover growth, whereas

MEFs irradiated with 1 Gy subsequently immortalized with tetraploidy (Figures 1A and 1B). This
2 iScience 24, 102313, April 23, 2021
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immortalization occurred about 2 weeks faster than in non-irradiated controls. Given that WT MEFs usually

immortalize after induction of CIN (tetraploidy) (Atsumi et al., 2011; Ichijima et al., 2010) and subsequent

mutations in the ARF/p53 pathway (Matheu et al., 2007; Osawa et al., 2013), these results imply that irradi-

ation facilitated induction of CIN.

Next, we analyzed the CIN status of immortalized MEFs by examining M-phase chromosome profiles,

comparing the irradiated and non-irradiated backgrounds (Figures 1C, 1D, and S1). Multi-color FISH

data revealed chromosome number alterations, chromosomal deletions and translocations, as well as

mini-chromosome formation of uncertain origin in both types of immortalized MEFs (Figures 1C and

1D). Consistent with the induction of tetraploidy (Figure 1B), both types of immortalized MEFs had a chro-

mosome number peak around 80 (Figure S1A). Supporting the idea of immortalization associated with

clonal evolution, identical chromosomal abnormalities were observed in all six independent images of

non-irradiated MEFs and three out of four independent images of 1 Gy-irradiated MEFs (Figure S1D;

see fusions of Chr. 11, 6, and 19, and truncation of Chr. 4, respectively). The overall level of abnormalities

was not increased by irradiation (Figures S1A and S1C). Thus, 1 Gy irradiation facilitated genomic destabi-

lization and associated clonal evolution of immortalized cells, but this did not appear to be directly asso-

ciated with the increase in genomic alterations.

Secondary DSB formation in S phase after irradiation

A previous study reported formation of secondary DSBs after the repair of primary DSBs (Minakawa et al.,

2016). Hence, we next monitored the levels of gH2AX foci (a damage marker) for 48 h after irradiation (0.5

and 1 Gy). As expected, after decay of the initial gH2AX foci within a few hours, secondary gH2AX foci were

induced by 24 h after irradiation and persisted until 48 h (Figure 1E). The secondary foci were specifically

induced in EdU-positive cells following pulse-treatment with EdU (Figure 1F), indicating that DSB forma-

tion occurred during replication, as expected for rs-DSBs. Given that rs-DSBs can trigger genomic desta-

bilization (Matsuno et al., 2019), these breaks represent amajor radiation-associated risk factor for genomic

destabilization and resultant mutagenesis. Intriguingly, in contrast to the initial gH2AX levels, secondary

gH2AX levels were identical between 0.5 Gy- and 1 Gy-irradiated backgrounds (Figure 1E), implying that

the secondary damage effect could be caused by a wide range of radiation doses.

Induction of genomic instability by a wide range of g-ray doses

To test the effects of irradiation doses on the risk of genomic destabilization and the associated clonal evo-

lution of mutated cells, we analyzed the immortalization process of Arf+/� MEFs after irradiation (0.25–

16 Gy at 909 mGy/min), as Arf+/� MEFs usually immortalize with CIN and the resultant loss of the Cdkn2a

locus (encoding ARF) (Osawa et al., 2013). Immortalization was induced in MEFs irradiated with 0.25–4 Gy

g-ray (Figure 2A), with concomitant loss of the Cdkn2a locus (Figure 2B) and CIN (Figures S2A and S2B).

MEFs irradiated with 0.25–2 Gy g-ray immortalized faster than non-irradiated controls (Figure S2C), indi-

cating that irradiation facilitated induction of genomic destabilization. Such acceleration of genomic desta-

bilization and resulting immortalization was observed over a wide dose range (0.25–2 Gy), which was much

lower than the dose range that induced cell death (Figure S2D). Similar to the results shown in Figure 1D,

chromosomal status was not significantly affected by irradiation dose as judged by numerical distributions

(Figure S2B), implying that facilitation of genomic destabilization by radiation might be an indirect effect.

To follow the immortalization process of the irradiatedArf+/�MEFs (P3), we performed time-lapse imaging

and compared cells irradiated with 1 Gy with those treated with 10 Gy, as well as with non-irradiated con-

trols (Videos S1, S2, and S3). Irradiated cells did not exhibit any visible change within the first few hours, but

eventually slowed their growth and exhibited a flattened and enlarged morphology by 24 h, at a time when

secondary gH2AX foci had accumulated (Figure 1E). After 24 h, MEFs irradiated with 1 Gy slowly prolifer-

ated and eventually developed actively proliferating fractions that formed colonies by day 5 (Figure S2E:

see cells marked by dashed yellow line). This observation implies that genomically destabilized and

mutated MEFs developed at least a few days prior to colony formation, i.e., 24–72 h after irradiation, at

a time when cells had accumulated secondary gH2AX foci. Given that the phenotypes observed at 24–

72 h after irradiation are generally seen when genomic destabilization risk is high (Yoshioka et al., 2012),

the primary radiation risk is probably associated with genomic destabilization.

To test the statuses of initial and secondary DSBs, wemonitored gH2AX/53BP1-focus levels 1 and 24 h after

irradiation with 0.25–4 Gy. The number of gH2AX/53BP1 foci 1 h after irradiation increased in a
iScience 24, 102313, April 23, 2021 3



Figure 2. MEFs irradiated with a dose of 0.25–2 Gy undergo facilitated induction of genomic destabilization and loss of the Cdkn2alocus

(A) Arf+/�MEFs were irradiated with g-rays (0.25–16 Gy) and cultivated under the Std-3T3 protocol to monitor the immortalization process. The graph shows

mean cell numbers Gs.d. (n = 3 independent experiments with MEFs prepared from independent embryos).

(B) Mutation induction status of the ARF/p53 module in Arf+/�MEFs was monitored along with loss of the Cdkn2a locus, which encodes ARF. p53 andGapdh

were used as internal controls.

(C)Arf+/�MEFs were irradiated with g-rays, and gH2AX/53BP1 foci were analyzed 1 and 24 h after irradiation. Representative images are provided. Scale bars

in images, 10 mm. Bars show meansG s.d. Correlation between average gH2AX-focus number and irradiated dose was evaluated 1 and 24 h after irradiation

(right panels). Two-tailed Welch’s t test was used for statistical analysis of left panels. Student’s t test was used for statistical analysis of right panels. NS, not

significant.

See also Figure S2.
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dose-dependent manner, whereas the number of foci 24 h after irradiation was almost identical under all

immortalized conditions (Figures 2C and S2F). This supports the idea of secondary DSB-dependent

genomic destabilization over a wide range of radiation doses. Those effects were observed even under

conditions in which dir-DSBs were rare (Figure 2C: see 1 h after 0.25 Gy irradiation), supporting the idea

that dir-DSBs are separate from induction of CIN.

Induction of genomic instability by a wide range of g-ray dose rates

Biological responses to radiation could be altered by differences in irradiation dose rates, even when the

total irradiation dose is the same. To test the effects of irradiation dose rate, we irradiatedArf+/�MEFs 1 Gy

at 1.39, 10.0, or 166 mGy/min. As with MEFs irradiated at 909 mGy/min (Figure 2), we observed facilitated

immortalization under all conditions (Figure 3A), in association with loss of theCdkn2a locus (Figure 3B) and

genomic instability (Figure S3A). These observations indicate that genomic destabilization and the resul-

tant Cdkn2a mutations are inducible over a wide range of radiation dose rates (1.39–909 mGy/min).

To analyze the damage status of MEFs irradiated at lower dose rates, we monitored gH2AX foci after treat-

ing Arf+/�MEFs according to the workflow shown in Figure 3C. We specifically compared gH2AX foci levels

1 h after irradiation in EdU-negative MEFs, mainly reflecting dir-DSBs, and 24 h after irradiation in EdU-pos-

itive MEFs, mainly reflecting rs-DSBs. As expected, although the former varied with dose rate, the latter
4 iScience 24, 102313, April 23, 2021



Figure 3. rs-DSBs arising due to irradiation at a wide range of dose rates cause identical genomic destabilization and mutation induction in the

ARF/p53 module

(A) Arf+/� MEFs were irradiated with 1 Gy g-rays at the dose rates shown in the workflow and cultivated under the Std-3T3 protocol to monitor the

immortalization process. The graph shows mean cell numbers Gs.d. (n = 3 independent experiments with MEFs prepared from independent fetuses).

(B) Mutation induction status of the ARF/p53 module: Arf+/� MEFs were monitored for loss of the Cdkn2a gene, which encodes ARF.

(C)Arf+/�MEFs were treated as shown in the workflow. EdU-positive MEFs were co-immunostained with gH2AX. Representative images are provided. Bars in

bottom left and middle panels show meansG s.d. Scale bars in images, 10 mm. Correlation between average gH2AX-focus number and irradiated dose rate

was evaluated 1 h after irradiation in EdU-negative MEFs and 24 h after irradiation in EdU-positive MEFs (bottom right panel). Two-tailed Welch’s t test was

used for statistical analysis of left panels. Student’s t test was used for statistical analysis of right panels. NS, not significant.

(D) Arf+/� MEFs were treated as shown in the workflow. Foci containing gH2AX and BrdU were detected by immunofluorescence under native conditions.

Scale bars, 10 mm.

See also Figure S3.
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arose under all conditions tested regardless of dose rate (Figures 3C and S3B), supporting the correlation

of secondary gH2AX formation with facilitated CIN induction.

Loci under replication stress expose ssDNA and hence are detectable under native conditions as foci of

pre-incorporated BrdU (Toledo et al., 2013). To confirm those secondary foci as rs-DSBs, we tested the sta-

tus of native BrdU foci co-localized with gH2AX and 53BP1 after the cells were treated according to the

workflow shown in Figure 3D. As expected, gH2AX and 53BP1 foci arising 24–48 h after irradiation were

mostly co-localized with native BrdU foci under all dose-rate conditions (Figures 3D and S3C). Therefore,

we concluded that those secondary foci represented rs-DSBs. Together, our results showed that rs-DSBs
iScience 24, 102313, April 23, 2021 5



Figure 4. Massive SV is induced in a biased fashion in immortalized Arf+/� MEFs in both irradiated and non-

irradiated backgrounds

(A) Genome-wide Circos plots of SVs and SNVs are shown. Chromosome ideograms are shown around the outer ring. The

two inner circular tracks show numbers of SVs (green) and SNVs (blue) with the corresponding moving averages. Inside

lines indicate duplications (blue lines), inversions (green lines), deletions (red lines), and translocations (black lines).

(B) Numbers of SVs (green) and SNVs (blue) in chromosomes 4, 7, 9, and 10 are indicated with the corresponding moving

averages. Peaks observed for MEFs in both non-irradiated and 1 Gy-irradiated backgrounds are marked with pink lines.

(C) Relative accumulation rates of SV in each chromosome are indicated.

(D) Numbers of each type of SV are shown in the left panel. Numbers of indels reflecting MSI inMsh2 �/�MEFs are shown

in the right panel.

(E) Relative rates of each type of genomic alteration. Two-tailed Welch’s t test was used for statistical analysis.

(F) Mutations detected in immortalized Arf+/� MEFs. Percentage of reads detected as mutations is shown.

See also Figure S4.
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are caused by a wide range of radiation doses (0.25–2 Gy) and dose rates (at least 1.39–909 mGy/min),

ultimately risking genomic destabilization and mutation induction in the ARF/p53 module.

Irradiation independence in genomic alteration rates

To investigate the effects of irradiation on genomic alterations, we analyzed whole-genome sequences of

immortalized Arf+/� MEFs and mismatch repair (MMR)-deficientMsh2�/� MEFs and compared 1 Gy-irradi-

ated and non-irradiated backgrounds; MEFs in primary growth (P3) were used as controls. In immortalized

Arf+/� MEFs, massive structural variants (SVs) were induced in a biased manner in specific loci (e.g., chro-

mosome 4) (Figures 4A–4C), in contrast to the situation inMsh2�/�MEFs (Figures S4A and S4B). Irradiation

basically did not affect SV induction hotspots in Arf+/� MEFs (Figures 4A–4C). Overall, SV numbers were
6 iScience 24, 102313, April 23, 2021
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decreased by irradiation (Figure 4D). Similarly, in Msh2�/� MEFs that exhibited fewer SVs and massive in-

sertions/deletions (Indel), as expected in MMR-deficient cells, the SV and indel numbers were also reduced

under the irradiated background (Figures 4D and 4E). These observations are consistent with the results

shown in Figures 1, 2, and 3: although g-ray irradiation leads to facilitated genomic destabilization, this

is not due to direct induction of genomic alteration.

More than 50% of SNVs were detected as mutations in 35%–60% of total reads in irradiated Arf+/� diploid

MEFs and in 18%–30% of total reads in non-irradiated Arf+/� MEFs exhibiting tetraploidy (Figures 4F and

S4C). These observations indicate that the resultant MEFs were a clone of a singleMEF in which themajority

of mutations were induced in a single chromosomal allele. Given that the immortalized Arf+/� MEFs lost

Cdkn2a (Figure 2B), such a process would be associated with the clonal evolution of cells mutated in

ARF. Msh2�/� MEFs were also immortalized through clonal evolution (Figure S4D). Together, our results

revealed that irradiation leads to a state at higher risk of genomic destabilization and associated mutagen-

esis, ultimately risking clonal evolution.
Mutations in irradiated cells

Intriguingly, high levels of SNVs were induced at SV hotspots (Figures 4A and 4B: see peaks in Chr. 4). This

association was observed over intervals on the order of 10 Mb, unlike kataegis, i.e., a clustered hypermu-

tation (Nik-Zainal et al., 2012) (Figure S5A). The correlation between SV and SNV induction was apparent in

the non-irradiated MEFs but dramatically reduced in irradiated MEFs (Figure 5A). Similar results were also

observed in Msh2�/� MEFs, in which indels (reflecting MSI) were induced as an alternative to CIN through

erroneous repair of rs-DSBs (Matsuno et al., 2019). The SNV rate within 50 bases from indel loci was about

30 times higher than average; however, the SNV rate significantly decreased in irradiatedMEFs (Figure 5B).

These results indicate that SNVs are generally induced in association with genomic destabilization, i.e., SV

and indel induction, and that SV-associated SNV levels are reduced in an irradiated background.

We categorized the mutations observed in this study into three signatures. Signature 1 was similar to a

spectrum arising under MMR deficiency (Alexandrov et al., 2013), as expected in Msh2�/� MEFs (Figures

S5C–S5E; see correlation with COSMIC 26). Signature 2 was elevated in the irradiated MEFs. In Arf+/�

MEFs, the total abundance of SNVs (especially A:T mutations) was increased by irradiation (Figures 5C

and S5B), suggesting radiation-associated SNV induction. Analyzing those mutation types, we observed

significantly higher SV–SNV correlations in Group A (A:T > C:C, C:G > T:A, and A:T > T:A) than in the other

groups and a decrease in such correlations in the irradiated background (Figures 5D and 5E). However,

despite the decrease in SV-associated SNVs after irradiation, the correlation was still statistically significant

(Figures 5A, 5D, and S5F). To clarify whether those apparent decreases were really due to a decrease in the

correlation, or simply reflected the decrease in SV frequency, we further analyzed those associations in a

wider range (50 Mb). We observed the tight correlation in SV and SNV induction even in irradiated MEFs

(Figure 5F). Together, our results indicate that most SNVs, including those arising due to irradiation, are

induced in association with SV/Indel induction. Although SV numbers could be reduced in irradiated back-

grounds, most SNVs are induced in association with SV induction.
cGAS/STING-pathway activation under 10 Gy irradiation

Next, we sought to determine how cells irradiated with higher doses (e.g., 10 Gy) are prevented from

immortalization (Figure 1). Because 10 Gy-irradiated cells were continuously arrested from cell-cycle pro-

gression and exhibited a flattened and enlarged morphology (Figure S2D), as usually seen in senescent

cells (Gorgoulis et al., 2019), we first monitored damage statuses and responses associated with senes-

cence induction, comparing the effects of 1 and 10 Gy irradiation. Unlike at 1 h after irradiation, the number

of gH2AX foci did not significantly differ at 48 h after 10 Gy irradiation versus 1 Gy irradiation (Figure S6A).

This indicates that damage statuses at later time points are unaffected by the radiation dose, implying that

differences in cellular characteristics according to the radiation dose are independent of the resulting dam-

age statuses. In support of this argument, expression of p21, which mediates the p53-dependent senes-

cence-associated phenotype in response to DSBs (Glück et al., 2017), was much weaker 48 h after

higher-dose irradiation (4–16 Gy) than after lower dose irradiation (0.25–1 Gy) (Figure S6B). Thus, the effects

of the DSB response through p53 and p21 are probably limited to the expression of the 10 Gy-irradiated

cellular phenotypes.
iScience 24, 102313, April 23, 2021 7



Figure 5. SNV induction is tightly correlated with SVs in both irradiated and non-irradiated backgrounds

(A) Correlations between SNV and SV induction were evaluated in 10 Mb intervals for all chromosomes (top) and for chromosomes 4, 7, 9, and 10 (bottom).

Student’s t test was used for statistical analysis.

(B) Correlations between indels and SNVs were evaluated by counting SNV frequencies within 50; 250; and 1,000 bases from indel loci and comparing them

to the averages. Two-tailed Welch’s t test was used for statistical analysis.

(C) Detected mutations were categorized according to the indicated types.

(D) Correlations between SNV and SV numbers were determined in 10 Mb intervals for all chromosomes (top) and for chromosomes 4, 7, 9, and 10 (bottom).

SNVs and SVs were counted separately in groups A (red) and B (blue). Student’s t test was used for statistical analysis. NS, not significant.

(E) R2 values of linear fitting in each SNV type were separately analyzed, and differences between groups and irradiation backgrounds were determined for all

chromosomes (top) and for chromosomes 4, 7, 9, and 10 (bottom). Paired t test was used for statistical analysis within the same group. Two-tailed Welch’s t

test was used for statistical analysis between groups. NS, not significant.

(F) Correlation between SNV and SV inductions was determined in 50 Mb intervals for all chromosomes (top) and for chromosomes 4, 7, 9, and 10 (bottom).

Student’s t test was used for statistical analysis.

See also Figure S5.
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Senescence-associated phenotypes could also be induced through activation of the cGAS/STING pathway

in response to micronuclei that usually arise with genomic destabilization (Dou et al., 2017; Glück et al.,

2017). To explore this possibility, we specifically monitored cytosolic cGAS foci and the associated in-

creases in cellular migration (Bakhoum et al., 2018) and SA-b-Gal activity (Glück et al., 2017). Concomitant

with significant increases in the frequency of aberrant micronuclei following 10 Gy irradiation (Figure S6C),

the levels of cytosolic cGAS foci were significantly higher in 10 Gy-irradiated MEFs than in 1 Gy-irradiated

MEFs (Figure 6A). Consistent with this, 10 Gy-irradiated MEFs exhibited significantly higher migration
8 iScience 24, 102313, April 23, 2021



Figure 6. MEFs irradiated with 10 Gy g-rays undergo senescence in association with the cGAS/STING-pathway

activation, unlike MEFs irradiated with 1 Gy

(A) After WT MEFs were treated as shown in the workflow, micronuclei and cGAS-foci-positive micronuclei levels were

counted (n = 10 independent experiments). Red and yellow arrowheads indicate micronucleus foci with and without co-

localized cGAS foci, respectively. Scale bars in images, 10 mm. Quantifications of foci at the indicated time points are

shown. Bars show means G s.d. Two-tailed Welch’s t test was used for statistical analysis. NS, not significant.

(B) Migration of WT MEFs irradiated with g-ray (1 or 10 Gy) was analyzed at the indicated time points (top panel); the

migration of each cell is indicated by individual lines. Migrated distance observed was plotted for the indicated time

points (bottom left panel). Migration velocities of each cell were plotted (bottom right panel). Box plots show the median,

third, and first quartiles; whiskers (medianG1.5 times interquartile range); and outliers. Two-tailedWelch’s t test was used

for statistical analysis. NS, not significant.

(C) SA-b-Gal activity of WTMEFs irradiated with g-rays (1 or 10 Gy). Representative images are shown with quantifications.

Scale bars, 10 mm. Box plots show the median, third, and first quartiles; whiskers (median G1.5 times interquartile range);

and outliers. Two-tailed Welch’s t test was used for statistical analysis. NS, not significant.

(D) Models. After serial cultivation, MEFs enter a state at higher risk of genomic destabilization (a), in which clonal

evolution of cells harboring mutations in cancer-driver genes is subsequently induced in association with genomic

destabilization. Cells repair dir-DSBs caused by 1 Gy g-ray and accumulate rs-DSBs during the subsequent S phase, thus

entering a cellular state associated with an elevated probability of genomic destabilization (b) and risking clonal evolution

induction of cells with mutated cellular defense systems. Unlike cells irradiated with 1 Gy g-ray (b), cells irradiated with

10 Gy g-ray enter permanent growth arrest (cellular senescence), which is induced in association with activation of the

cGAS/STING pathway (c).

See also Figure S6.
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(Figure 6B and Videos S4, S5, and S6) and SA-b-Gal activity (Figure 6C). Activation of the cGAS/STING

pathway may trigger bystander effects via secreted factors (Liao et al., 2014). Therefore, we tested the ef-

fects of conditioned medium on cellular migration as shown in the workflow in Figure S6D. Cellular migra-

tion was significantly increased by conditioned medium of 10 Gy-irradiated cells but not of 1 Gy-irradiated

cells. These results imply the involvement of bystander effects (Figure S6D). Together, MEFs irradiated with
iScience 24, 102313, April 23, 2021 9
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10 Gy g-rays exhibit senescence-associated phenotypes mainly through cGAS/STING-pathway activation,

ultimately suppressing clonal evolution.
DISCUSSION

The findings of this study revealed that among the many types of damage, stress, and adducts caused by

radiation, rs-DSBs that trigger genomic destabilization are largely responsible for cancer-driver mutations

and resulting clonal evolution. Even without irradiation, rs-DSBs often accumulate after serial cell prolifer-

ation, risking genomic destabilization and ultimately clonal evolution of cells harboring mutations in

cellular defense systems (Matsuno et al., 2019) (Figure 6D; see cellular state a). A primary effect of radiation

is induction of a cellular state at higher risk of genomic destabilization due to the accumulation of rs-DSBs

after repair of dir-DSBs (Figure 6D; see cellular state b), and the subsequent effects are identical to those in

cellular state A. Cellular state B is induced by a wide range of radiation doses (0.25–2 Gy) and dose rates

(1.39–909 mGy/min). By contrast, cells exposed to higher doses (e.g., 10 Gy) exhibit continuous cell-cycle

arrest and senescence-associated phenotypes mainly through the cGAS/STING-pathway activation, which

ultimately blocks clonal evolution (Figure 6D; see cellular state c).

Our results revealed induction of SV/indel-associated SNVs even in an irradiated background in which ra-

diation-associated SNVs (mutations in A:T base pairs) are also increased. Therefore, irradiated cells that are

at higher risk of genomic destabilization are simultaneously at higher risk of SNV induction, risking clonal

evolution of cells with abrogated defense systems. Mutations in cancer-suppressor genes could be caused

by SV-associated SNV induction, as well as SV-mediated genetic alterations, such as gene-locus deletion

and LOH induction.

Cancer is generally caused by cancer-driver mutations. Although it was once believed that most errors are

randomly induced during canonical replication (Tomasetti et al., 2017), this might not be the case. In fact, a

recent study revealed another pathway: genomic destabilization-associated mutagenesis (Matsuno et al.,

2019). Importantly, although errors during canonical replication are limited even in MMR-deficient cells,

which cannot repair replication errors, massive mutations (including cancer-driver mutations) are induced

in association with genomic destabilization because low-fidelity TLS polymerases are mainly operating in

that state (Matsuno et al., 2019). Supporting this argument, we observed a tight correlation in SV and SNV

induction (Figures 4A, 4B, and 5). In addition, our findings revealed that radiation exposure increases the

risk of genomic destabilization with associated mutagenesis.

The effects of radiation have been studied for many years, and an important longstanding question is how ra-

diation increases cancer risk. Basedon our results, we propose that risk is primarily associatedwith induction of

a cellular state with a greater likelihood of genomic destabilization owing to the accumulation of rs-DSBs but

not to lesions directly causedby radiation. This conclusion is supported bymultiple results. (1) The abundances

of SV and indels are not increased by irradiation, and are even decreased under an irradiated background (Fig-

ures 1, 2, 3, 4D, and 4E). (2) The levels of rs-DSBs that trigger CIN induction are not increased by irradiation

dose or dose rate (Figures 1, 2, and 3). (3) Although genomic destabilization could be massively induced by

higher-dose irradiation (e.g., 10 Gy) (Figure S6C), such effects are associated with the suppression of clonal

evolution by induction of cellular senescence through the cGAS/STING-pathway activation (Figure 6).

How do rs-DSBs arise upon exposure to g-ray irradiation? Ionizing radiation generally causes clustered DNA

lesions of oxidatively generated base damage, abasic damage, SSBs, and dir-DSBs (Georgakilas et al., 2013;

Nickoloff et al., 2020; Sage and Shikazono, 2017). Although those lesions other than dir-DSBs can cause rs-

DSBs, this is probably not the major pathway because these lesions are usually repairable within a few hours,

whereas most rs-DSBs are induced much later, i.e., 24–48 h after irradiation. Moreover, SVs are induced in the

same hotspots in irradiated and non-irradiated cells (Figures 4A and 4C), implying that rs-DSB formation is in-

dependent of lesions directly caused by irradiation. Radiation damage is widely generated by oxidation;

therefore, resulting rs-DSB accumulation might be caused via effects of oxidation other than those on

DNA, such as generation of H2O2 andoxidated nucleotides and proteins. Given that endogenousDNA lesions

inevitably arise at a rate of as high as 20,000/cell/day (Barnes and Lindahl, 2004), rs-DSBs might accumulate

when the level of lesions exceeds the repairable limit owing to additional irradiation-associated lesions.

Unlike effectively repairable dir-DSBs, continuously arising rs-DSBs were induced over wide ranges of ra-

diation doses (0.25–2 Gy) and dose rates (1.39–909 mGy/min). These observations are consistent with
10 iScience 24, 102313, April 23, 2021
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previous reports showing two types of radiation-induced DSBs, i.e., repairable and unrepairable DSBs, in

which the latter are observed even at very low doses (e.g., 10 mGy) (Grudzenski et al., 2010; Sedelnikova

et al., 2004). As this study revealed, such persistent rs-DSBs risk further genomic destabilization and asso-

ciated mutagenesis. However, the resultant acceleration in clonal evolution is only apparent when the

MEFs are irradiated in the growing state but not the cell-cycle-arrested state (Figure S6E), implying that

cycling cells, but not dormant cells, are sensitive to this risk. This is analogous to the situation for radia-

tion-associated cancers, which are significant risk factors in infants but not in adults (Gilbert, 2009), prob-

ably due to the comparatively large population of actively cycling stem cells early in life.

Limitations of the study

We revealed that rs-DSBs caused by g-ray irradiation risk genomic destabilization and hence lead to clonal

evolution in MEFmodel. Although our results give themechanistic insight of radiation risk for cancer devel-

opment, further experiments are necessary to understand how cancer is induced by g-ray irradiation in vivo.
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Figure S1. Chromosomal abnormalities are induced in immortalized WT MEFs in 

both 1 Gy-irradiated and non-irradiated background, related to Figure 1.  

(A, B) Representative images of M-phase chromosomes after H33258 staining (A) and 

multicolor FISH (B); karyotyping images are also shown (B). Box plots show median, 

third, and first quartiles; whiskers (median ± 1.5 times interquartile range); and outliers. 

Two-tailed Welch’s t-test was used for statistical analysis. NS, not significant. 

(C) Left panel: copy number of each chromosome per cell. X- and Y-chromosomes are 

indicated by red dots. Right panel: number of abnormal chromosomes other than 

centromeres (n = 6 immortalized MEFs without irradiation and n = 44 immortalized 
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MEFs after 1 Gy irradiation). Box plots show median, third, and first quartiles; whiskers 

(median ± 1.5 times interquartile range); and outliers. Two-tailed Welch’s t-test was 

used for statistical analysis. NS, not significant. 

(D) Chromosomal translocations or deletions uniformly observed in multiple cells are 

indicated by white arrowheads. 
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Figure S2. Genomic destabilization-associated immortalization is induced after 

irradiation with a wide range of doses, related to Figure 2.  

(A) Representative M-phase chromosome images of immortalized Arf+/- MEFs after 

visualization by H33258 staining.  

(B) CIN induction status was determined by chromosome number analysis. Box plots 

show the median, third, and first quartiles; whiskers (median ± 1.5 times interquartile 

range); and outliers. Two-tailed Welch’s t-test was used for statistical analysis. NS 

indicates not significant.  

(C) Multiple subcultures of 1 × 104 Arf+/- MEFs (P3) were seeded for analysis of 

immortalization speed.  

(D) Surviving Arf+/- MEFs were counted 1 week after γ-ray irradiation and the 

percentage of these cells compared with untreated cells was plotted. The graph shows 
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mean survival rates ± s.d. (n = 3 independent experiments with MEFs prepared from 

independent fetuses). 

(E) Time-lapse image analyses were performed on MEFs treated as in Figure 2A. 

Representative images are shown. These results are also shown in the accompanying 

movies [Supplementary movies S1 (non-irradiated control), S2 (MEFs irradiated with 1 

Gy γ-rays), and S3 (MEFs irradiated with 10 Gy γ-rays)]. Scale bars in images, 10 μm. 

(F) Arf+/- MEFs were irradiated with γ-rays, and γH2AX/53BP1 foci were analyzed 1 hr 

later. Representative images are provided together with 60° tilted images. Scale bars in 

images, 10 μm. After evaluation of the numbers of apparent γH2AX foci, the average 

numbers of these foci were plotted (right panel). The observed number of γH2AX foci 

was lower than expected in 10 Gy-irradiated MEFs, largely because some of these foci 

were not clearly separated. 
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Figure S3. Induction of abnormal chromosome number in association with rs-DSB 

accumulation due to irradiation at a wide range of dose rates, related to Figure 3.  

(A) Representative M-phase chromosome images of immortalized Arf+/- MEFs after 

H33258 staining. Box plots show the median, third, and first quartiles; whiskers 

(median ± 1.5 times interquartile range); and outliers. Two-tailed Welch’s t-test was 

used for statistical analysis.  

(B) Arf+/- MEFs were treated as shown in the workflow. EdU-positive MEFs were co-

immunostained for γH2AX. Representative images are provided. Scale bars in images, 

10 μm.  

(C) Arf+/- MEFs were treated as shown in the workflow. Co-localized foci of 

γH2AX/BrdU and 53BP1/BrdU were detected by immunofluorescence under native 

conditions. Scale bars, 2 μm.  
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Figure S4. SV in immortalized Msh2-/- MEFs is induced under both 1 Gy-

irradiated and non-irradiated backgrounds, related to Figure 4.  

(A) Genome-wide Circos plots of SVs and SNVs are shown. Chromosome ideograms 

are shown around the outer ring. The two inner circular tracks show numbers of SVs 

(green) and SNVs (blue) with the corresponding moving averages. Inside lines indicate 

duplications (blue lines), inversions (green lines), deletions (red lines), and 

translocations (black lines).  

(B) Relative SV accumulation rates in each chromosome.  

(C) Ploidy statuses of immortalized Arf+/- MEFs were determined by flow cytometry.  

(D) Mutations detected in immortalized Msh2-/- MEFs. The percentage of reads detected 

as mutations is shown.  
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Figure S5. Mutations induced in immortalized Arf+/- and Msh2-/- MEFs, related to 

Figure 5.  

(A) Mutational profiles are shown as rainfall plots. The x-axis shows mutations, ordered 

by mutation number; the y-axis represents inter-mutation distance in log scale.  

(B) Mutations detected by whole genome sequence were categorized according to the 

indicated types.  

(C)–(E) Three mutational signatures were identified in MEF models (C). Each was 

compared using COSMIC V2 (D). Fractions of each mutational signature type (E).  
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(F) Slopes of linear fitting in each SNV type were analyzed separately, and differences 

in groups and irradiation background were determined. Two-tailed Welch’s t-test was 

used for statistical analysis.  
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Figure S6. Cells irradiated at higher doses do not accumulate p21 but have 

aberrant nuclei, related to Figure 6.  

(A) WT MEFs were irradiated with γ-ray (1 or 10 Gy) as shown in the workflow, and 

the levels of γH2AX foci were monitored. MEFs at P8 + 3 days are shown as controls. 

Scale bars, 10 μm. Box plots show median, third, and first quartiles; whiskers (median ± 

1.5 times interquartile range); and outliers. Two-tailed Welch’s t-test was used for 

statistical analysis. NS, significant.  

(B) WT MEFs were treated as shown in the workflow. Accumulation status of p53 and 

p21 was assessed by western blotting.  

(C) Bi-nuclear and micronuclei status of WT MEFs irradiated with γ-ray (0, 1, or 10 

Gy). Scale bars, 10 μm. Bars show means ± s.d. Two-tailed Welch’s t-test was used for 

statistical analysis. NS, not significant. 

(D) Migration of WT MEFs inoculated with the conditioned media of MEFs irradiated 

with γ-rays (0, 1, or 10 Gy) was analyzed as shown in the workflow, in comparison with 
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directly irradiated MEFs. Migration velocities of each cell were plotted. Box plots show 

the median, third, and first quartiles; whiskers (median ± 1.5 times interquartile range); 

and outliers. Two-tailed Welch’s t-test was used for statistical analysis. NS, not 

significant. 

(E) Arf+/- MEFs at P9 were irradiated with γ-rays and cultivated under the Std-3T3 

protocol to monitor the immortalization process, in comparison with the non-irradiated 

control. The graph shows mean cell numbers ± s.d. (n = 3 independent experiments with 

MEFs prepared from independent fetuses). 
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Transparent Methods 

Cell culture. WT and Arf+/- MEFs were prepared from embryos of WT or Arf+/- mice 

and cultured under a 3T3 passage protocol. To obtain immortalized MEFs, MEFs that 

reached the growth-arrested state were maintained in culture, with a medium change 

every 3 days, until they exhibited immortal growth (IP1). All MEFs were cultured in 

Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) fetal calf serum 

(FCS). 

 

Flow cytometry, Q-band analysis, and karyotyping. Ploidy status was determined by 

flow cytometry. For chromosomal abnormality studies (Matsuno et al., 2019), cells 

cultivated in the presence of 12.5–25 ng/mL colcemid for 1.5–5 hr were trypsinized, 

collected by centrifugation (1,500 rpm for 5 min), suspended in 75 mM KCl (5 mL), 

and incubated for 20 min. Carnoy’s solution (acetic acid:methanol = 1:3) (6 mL) was 

added to the cell suspension before centrifugation (1,500 rpm for 5 min). The pellet was 

washed twice by suspending cells in Carnoy’s solution (5 mL), followed by 

centrifugation (1,500 rpm for 5 min). The resultant chromosome samples were again 

suspended in Carnoy’s solution (0.1–1 mL) and spread onto glass slides. The slides 

were incubated at 80°C for 48 hr, soaked in 0.025% trypsin prepared in phosphate-

buffered saline (PBS) (37°C) for a few seconds, and then washed once in 10% FCS in 

PBS and once in 5% FCS in PBS. For chromosome counting, the slides were stained by 

soaking for 30 min in 10 ng/mL bisBenzimide H33258 in McIlvaine buffer (pH 4.4), 

and subsequently washed with water. After another round of soaking in McIlvaine 

buffer and washing with water, the slides were dried, exposed to fluorescent light for 

more than 48 hr, and then embedded in 50% glycerol–McIlvaine buffer. Chromosomes 
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were monitored by microscopy (Zeiss Axio Imager Z2) and analyzed using the 

Metafer4 and Ikaros software (MetaSystems). mFISH was performed using a mouse 

mFISH probe (MetaSystems). Metaphase images were captured using an AxioImagerZ2 

fluorescence microscope and the ISIS mFISH software (MetaSystems). For counting of 

chromosomal translocations, because the centromeric region could be mis-hybridized, 

translocations other than centromeric regions (Figure 1D) were analyzed separately 

from those with centromeric translocations, as revealed by the hybridization patterns 

(Figure S1B). 

 

Cell biological experiments. DNA damage in the experiments shown in Figures 1, 2, 

and 4 was induced by 137Cs irradiation in a Gammacell 40 Exactor (Best Theratronics) 

at a dose rate of 909 mGy/min. For dose-rate experiments, cells were exposed to 1 Gy/6 

min (166 mGy/min) by 137Cs irradiation in a Gammacell 40 Exactor (Best Theratronics) 

using a collimator. Dose rates of 1 Gy/100 min (10 mGy/min) and 1 Gy/12 hr (1.39 

mGy/min) were administered using a 137Cs-gamma irradiator (Chugai Technos). After 

proteins were resolved by electrophoresis and transferred to PVDF membranes, western 

blotting was performed using the antibodies indicated below. For analysis of Cdkn2a 

status in immortalized MEFs, the locus was assayed by electrophoresis after PCR 

amplification of the fragment. PCR fragments of the Tp53 and Gapdh genes were used 

as controls. PCR primers for Tp53 were 5’-ATTAGTTCCCCACCTTGACAC-3’ and 

5’-TGGCAGAATAGCTTATTGAGGG-3’. PCR for Cdkn2a was performed first with 

5’-GGACCCGAAAGTTAACCGGAG-3’ and 5’-TTGAGGAGGACCGTGAAGCCG-

3’, and subsequently nested with 5’-AGTACAGCAGCGGGAGCATGG-3’ and 5’-

GGACCCGAAAGTTAACCGGAG-3’. PCR for Gapdh was performed first with 5’-
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AACTTTGGCATTGTGGAAGG-3’ and 5’-CTGCTTCACCACCTTCTTGA-3’, and 

subsequently nested with 5’-AAGGTCATCCCAGAGCTGAA-3’ and 5’-

CACATTGGGGGTAGGAACA-3’. 

 

Cell imaging and analyses. Cells were prepared by 4% paraformaldehyde fixation, 

permeabilization with 0.1% Triton X-100/PBS, and blocking (2% goat serum in PBS 

containing 0.3% Triton X-100), and then subjected to immunofluorescence using the 

primary and secondary antibodies indicated below. Immunofluorescence was performed 

on a confocal laser microscope (Matsuno et al., 2019) (Olympus FV10i and Leica SP8). 

γH2AX and 53BP1 foci in each nucleus were automatically counted using the “Find 

Maxima” function of ImageJ after manual identification of nuclei, which were 

visualized by DAPI staining. Foci counting was performed under the same conditions in 

each experiment. Although the number of countable foci 1 hr after 10 Gy irradiation 

was lower than expected because these foci were not always clearly separated (Figure 

S2F), foci in most experiments were countable with this procedure. Foci were only 

difficult to count in the control experiment shown in Figure S6A, in which apparent foci 

numbers are indicated. BrdU staining was performed in cells treated with 10 μM BrdU 

for 24 hr. The cells were washed with PBS and pre-extracted (25 mM HEPES, pH 7.4, 

50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM sucrose, and 0.5% Triton X-100) 

for 20 min on ice before fixation with 4% paraformaldehyde and immunostaining. BrdU 

was detected by immunofluorescence under native conditions using a confocal laser 

microscope (Zeiss LSM880). EdU (Invitrogen) was used in some experiments. Survival 

rates were determined by visualizing cells with DAPI staining and counting the number 

of viable cells 1 week after γ-ray irradiation. Time-lapse imaging was performed on an 
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IncuCyte zoom system (Sartorius). Images were acquired once per hour, and cellular 

migration was assessed using a manual tracking tool in ImageJ. Migration velocity of 

irradiated cells was taken as the average of values measured 60–84 hr after irradiation, 

whereas the velocity of non-irradiated controls was taken as the average of values 

measured at 10 hr. 

 

Antibodies. Antibodies against the following proteins and nucleotides were obtained 

from the indicated suppliers: γH2AX (9718, Cell Signaling Technology), 53BP1 

(PC712-100ULCN, Merck), p21 (EAB-32448, Elabscience), p53 (D2H90, Cell 

Signaling Technology), β-actin (AC-74, Sigma), cGAS (D1D3G, Cell Signaling 

Technology), and BrdU (66241-1, ProteinTech). 

 

Whole-genome sequencing analyses 

DNA libraries were prepared using the TruSeq DNA PCR-free Library Preparation Kit 

(Illumina), following Illumina’s recommended protocol. Whole-genome sequencing 

was performed on the NovaSeq 6000 at 2 × 150 bp read length. Mutation calling was 

performed using the Genomon2 pipeline (https://genomon.readthedocs.io/ja/latest/). In 

brief, sequencing reads were aligned to the mouse genome reference (mm10) using 

Burrows–Wheeler Aligner, version 0.7.10, with default parameter settings. PCR 

duplicates were eliminated using Picard-tools version 1.39 

(http://picard.sourceforge.net/). Somatic mutations were detected by eliminating 

polymorphisms and sequencing errors. To achieve this, Genomon2 first discards any 

low-quality, unreliable reads and variants, which are defined by the following criteria: 

(i) mapping quality < 30; (ii) base call quality < 15; and (iii) reads with ≥ 5 SNVs or 



 15 

indels, as performed in a previous study (Yokoyama et al., 2019). After further 

excluding variants that are not supported by a sufficient number of reads (variant reads 

≥ 3) in tumor samples, variant allele frequencies (VAFs) ≥ 0.1 (for tumor sample) and ≤ 

0.1 (for control sample). Putative germline variants are also excluded by comparing 

VAFs with matched control using the Fisher’s test (≤ 10−2), which also eliminates 

remaining additional sequencing errors. Detection of structural variations was 

performed by Genomon-SV (https://github.com/Genomon-Project/Genomon-SV). 

Briefly, Genomon-SV uses information from chimeric reads (containing breakpoints) 

and discordant read pairs. For each candidate structural variation, it realigns reads to the 

assembled contig sequence containing the structural variation breakpoint (variant 

sequence). Fisher’s exact test was performed to compare the proportion of read pairs 

aligned to variant sequences relative to reference sequences in tumor versus matched 

control samples. 

 

Mutational signature analyses, circus plot analyses, and correlation analyses of SV 

and SNV 

Mutational signatures were analyzed using the Wellcome Trust Sanger Institute 

Mutational Signature Framework (http://jp.mathworks.com/matlabcentral/ 

fileexchange/38724-wtsi-mutational-signature-framework). The optimal number of 

signatures was determined in accordance with the signature stabilities and average 

Frobenius reconstruction errors.  

The circular representations of genomic alterations (SVs and SNVs) were 

visualized with BioCircos (Cui et al., 2016). SV and SNV rates were estimated in every 

10 Mb (or 50 Mb) with moving averages; moving averages of 5 Mb (or 25 Mb) were 
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determined after counting the number of alterations every 1 Mb. To assess the 

correlation of SVs with SNVs, each point was plotted, and Pearson’s correlation 

coefficients were calculated. Student’s t-test was used for statistical analysis. 
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