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Abstract 
Microorganism-based genotoxicity assessments are vital for evaluating potential chemical-induced DNA damage. In this 
study, we developed both chromosomally integrated and single-copy plasmid–based reporter assays in budding yeast using 
a RNR3 promoter–driven luciferase gene. These assays were designed to compare the response to genotoxic chemicals with 
a pre-established multicopy plasmid–based assay. Despite exhibiting the lowest luciferase activity, the chromosomally inte-
grated reporter assay showed the highest fold induction (i.e., the ratio of luciferase activity in the presence and absence of 
the chemical) compared with the established plasmid-based assay. Using CRISPR/Cas9 technology, we generated mutants 
with single- or double-gene deletions, affecting major DNA repair pathways or cell permeability. This enabled us to evaluate 
reporter gene responses to genotoxicants in a single-copy plasmid–based assay. Elevated background activities were observed 
in several mutants, such as mag1Δ cells, even without exposure to chemicals. However, substantial luciferase induction was 
detected in single-deletion mutants following exposure to specific chemicals, including mag1Δ, mms2Δ, and rad59Δ cells 
treated with methyl methanesulfonate; rad59Δ cells exposed to camptothecin; and mms2Δ and rad10Δ cells treated with 
mitomycin C (MMC) and cisplatin (CDDP). Notably, mms2Δ/rad10Δ cells treated with MMC or CDDP exhibited signifi-
cantly enhanced luciferase induction compared with the parent single-deletion mutants, suggesting that postreplication and 
for nucleotide excision repair processes predominantly contribute to repairing DNA crosslinks. Overall, our findings dem-
onstrate the utility of yeast-based reporter assays employing strains with multiple-deletion mutations in DNA repair genes. 
These assays serve as valuable tools for investigating DNA repair mechanisms and assessing chemical-induced DNA damage.

Key points
• Responses to genotoxic chemicals were investigated in three types of reporter yeast.
• Yeast strains with single- and double-deletions of DNA repair genes were tested.
• Two DNA repair pathways predominantly contributed to DNA crosslink repair in yeast.

Keywords Yeast-based reporter assay · Luciferase · DNA crosslinker · DNA repair genes · Cell permeability

Introduction

Restoring mutagen-induced DNA damage through DNA 
repair processes is crucial for maintaining cellular functions 
and genome integrity. DNA damage can lead to cell death 
or an increased risk of cancers due to accumulated genetic 
mutations (Friedberg et al. 2005). To assess the genotoxic 
potential of synthetic chemicals, various microorganism-
based tests for detecting mutagens have been developed as 
alternatives to animal tests. For instance, the bacteria-based 
Ames test (Ames et al. 1973) is a widely used genotoxicity 
assay, despite some Ames-negative compounds demonstrat-
ing carcinogenicity in animals. In eukaryotes, yeast-based 
genotoxicity tests, using the budding yeast Saccharomyces 
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cerevisiae, have been developed as supplements to animal- 
and cell-based assays (Eki 2018). Similar to bacteria-based 
tests, these assessments employ DNA alteration assays or 
reporter assays. Saccharomyces cerevisiae–based reporter 
assays use genes encoding enzymes or fluorescent proteins 
linked to DNA damage–responsive promoters, such as RNR3 
(Boronat and Pina 2006; Ichikawa and Eki 2006; Jia et al. 
2002; Ochi et al. 2011; Wei et al. 2013), RAD54 (Afanassiev 
et al. 2000; Boronat and Pina 2006; Walmsley et al. 1997), 
and RAD51 (Liu et al. 2008). Transcriptional induction of 
these genes is triggered by genotoxic agents activating the 
DNA damage checkpoint pathway (Elledge et al. 1993). 
Given that yeast responds to DNA-damaging agents, similar 
to mammalian cells, yeast-based reporter assays are suitable 
for assessing potential genotoxicity in mammals.

Several cell-based bioassays incorporating yeast cells 
have been developed to screen potentially genotoxic chemi-
cals. To enhance the sensitivity of yeast-based reporter 
assays, which is crucial for detecting low levels of muta-
gens, studies have focused on disrupting DNA repair func-
tions and improving cell permeability to chemicals. Using 
DNA repair–deficient and/or cell wall–permeabilized yeast 
strains as hosts has successfully increased reporter gene 
product levels (Jia and Xiao 2003; Lichtenberg-Fraté et al. 
2003; Walsh et al. 2005; Zhang et al. 2010, 2011). Previ-
ously, we developed a yeast-based assay system using sen-
sor and β-galactosidase reporter plasmids, demonstrating 
increased sensitivity to genotoxic agents compared with 
the Ames test and conventional reporter systems (Ichikawa 
and Eki 2006). We also observed elevated reporter levels 
in yeast-based assays using the Cypridina noctiluca secre-
tory luciferase gene and the GFP gene linked to the RNR3 
promoter (PRNR3) by using DNA repair gene disruptants as 
hosts (Ochi et al. 2011; Suzuki et al. 2017). Additionally, 
yeast-based genotoxicity assays incorporating DNA dam-
age–inducible reporter constructs have been developed using 
three different reporter systems: multicopy (Afanassiev et al. 
2000; Bui et al. 2015; Endo-Ichikawa et al. 1995; Lichten-
berg-Fraté et al. 2003; Lu et al. 2015; Walmsley et al. 1997; 
Westerink et al. 2009) or single-copy (Jia and Xiao 2003; 
Ochi et al. 2011) reporter plasmids and chromosomally 
integrated reporter genes (Boronat and Pina 2006; Jia et al. 
2002; Liu et al. 2008; Walmsley et al. 1997). Despite previ-
ous assessments of yeast-based genotoxicity assays using 
three different reporter systems, their responses to genotoxic 
agents have not been thoroughly investigated. We previ-
ously used multicopy plasmids with a 2-μm origin carrying 
PRNR3-linked lacZ, GFP, and firefly luciferase genes (Ichi-
kawa and Eki 2006; Suzuki et al. 2017), as well as a single-
copy plasmid with the PRNR3-linked Cypridina luciferase 
gene (Ochi et al. 2011). Although these yeast-based reporter 
assays effectively detect chemical genotoxicity, plasmid-
based reporter assays present a technical challenge owing to 

the laborious and time-consuming handling practices asso-
ciated with the auxotrophic selective medium required to 
maintain the reporter plasmid during culturing and genotox-
icity assays. In contrast, chromosomally integrated reporter 
yeasts are free from these restrictions. To validate previous 
results obtained with different assay systems and develop 
practical genotoxicity assays, it is crucial to investigate the 
reporter gene response to genotoxic chemicals using these 
three different yeast assays. Furthermore, our prior observa-
tions of enhanced fold inductions (i.e., the ratio of reporter 
expression in the presence and absence of the chemical) 
following exposure to genotoxic chemicals in some DNA 
repair–deficient yeasts carrying a PRNR3-linked secretory 
luciferase gene on a single-copy plasmid (Ochi et al. 2011) 
suggest the potential applications of these genotoxicity 
assays in studying DNA repair mechanisms in yeast.

In this study, we aimed to comparatively investigate the 
responses of the luciferase gene to representative geno-
toxic chemicals in three different yeast-based reporter sys-
tems and in single-copy reporter plasmid assays. We used 
systematically generated single- and double-gene-deletion 
mutants generated via CRISPR/Cas9-mediated gene edit-
ing (Fig. 1). Initially, yeast-based genotoxicity assays were 
developed using chromosomally integrated and single-
copy plasmid–encoded luciferase reporter genes driven by 
the RNR3 promoter, in addition to a pre-established assay 
using a multicopy reporter plasmid. We then investigated 
the response to genotoxic chemicals in three reporter sys-
tems, comparatively analyzing luciferase activity and fold 
induction (Fig. 1(a)). Distinct features were observed in 
two assays using yeast strains carrying a chromosomally 
integrated reporter gene and a multicopy reporter plasmid. 
Subsequently, we systematically generated single- or dou-
ble-deletion strains of seven genes in major DNA repair 
pathways and three genes involved in cell permeability via 
CRISPR/Cas9-mediated gene disruption (Fig. 1(b, e)). For 
the reporter assays using DNA repair mutants, we used 
camptothecin (CPT), mitomycin C (MMC), and cisplatin 
(CDDP), whereas hydroxyurea (HU) was used for assays 
with cell permeability–deficient mutants. Among these 
anticancer chemicals, the former three were challenging to 
detect regarding genotoxicity using our previous reporter 
systems (Ichikawa and Eki 2006; Ochi et al. 2011), and 
the genotoxic response of HU was only evident at high 
concentrations, presumably due to low cell permeability 
in yeast (Ochi et al. 2011). We examined luciferase activity 
levels in these strains carrying a single-copy reporter plas-
mid following exposure to various genotoxic chemicals, 
including these anticancer drugs (Fig. 1(c–e)). Our results 
demonstrate that two DNA repair pathways predominantly 
contribute to repairing DNA crosslinks based on enhanced 
luciferase induction in mutants with single- and double-
deletion of DNA repair genes.
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Materials and methods

Chemicals

Methyl methanesulfonate (MMS), HU, and MMC were 
purchased from Sigma-Aldrich Inc. (St. Louis, MO). CPT 
and CDDP were obtained from FUJIFILM Wako Pure 
Chemical Corp. (Osaka, Japan), and phleomycin (Phl) 
was sourced from InvivoGen (Hong Kong). d-Luciferin 
potassium salt was purchased from both FUJIFILM Wako 
Pure Chemical Corp. and Funakoshi Co. Ltd. (Tokyo, 
Japan). CPT and CDDP were dissolved in dimethyl sul-
foxide (FUJIFILM Wako Pure Chemical Corp.) and sub-
sequently diluted with distilled water.

Yeast strains

The wild-type haploid strain S. cerevisiae BY4741 (MATa, 
his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0) served as the paren-
tal strain for the gene disruptants prepared using CRISPR/
Cas9-based gene editing. A series of 25 BY4741 strains, 
each carrying single- or double-gene deletions in seven 
DNA repair genes (MAG1, MLH1, PSO2, MMS2, RAD10, 
RAD59, and YKU70), two genes encoding transcription fac-
tors for pleiotropic drug response (PDR1 and PDR3) (Mam-
nun et al. 2002), and one gene for ergosterol biosynthesis 
(ERG6) (Lees et al. 1995) (Table 1), were generated using 
CRISPR/Cas9-mediated gene editing. Six double DNA 
repair gene–deleted strains were also prepared from mms2Δ, 

Fig. 1  Experimental scheme 
of the present study. Brief 
descriptions and flow of five 
experiments (a–e) performed 
in this study are shown. The 
reporter systems tested, genes 
disrupted, and their functions, 
genotoxic chemicals, and major 
DNA damage caused by these 
chemicals are also indicated
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rad10Δ, and rad59Δ strains by additional deletion of a DNA 
repair gene. Yeast cells were cultured at 30 °C in yeast–pep-
tone–dextrose (YPD) media containing 1% yeast extract, 2% 
peptone, and 2% glucose (Dunham et al. 2015). Yeast cells 
carrying luciferase reporter plasmids were maintained and 
cultured in synthetic dextrose minimal (SD) media without 
histidine.

Construction of reporter plasmids

The reporter plasmids used in this study were pESC-
HISΔGAL1/10-PRNR3-luc2 (multicopy plasmid) and 
pRS313-HIS3-PRNR3-luc2  (single-copy plasmid) 
(Table 2). The former was prepared in a previous study 
(Suzuki et al. 2017), whereas the latter was constructed 
using pRS313 DNA amplified from pGEV-HIS3 DNA 
(Gao and Pinkham 2000) through inverse polymerase 
chain reaction (PCR) with KOD FX Neo DNA polymerase 
(Toyobo, Tokyo) and the primers pRS313-Bam-invF and 
pRS313-Not-invR (Table S1). The reporter gene cassette 
of the ADH1 terminator (TADH1)-PRNR3-luciferase (luc2) 
gene-CYC1 terminator (TCYC1) was PCR-amplified using 

pESC-HISΔGAL1/10-PRNR3-luc2 DNA as a template with 
primers pRS313-Not-TRX2yNlucP-IFF and pRS313-Bam-
TRX2yNlucP-IFR. The resulting PCR product was purified 
using a NucleoSpin Gel and PCR Clean-up Kit (Takara, 
Osaka) and cloned into pRS313 DNA using the In-Fusion 
Snap Assembly Kit (Takara). The resulting plasmid DNA, 
named pRS313-HIS3-PRNR3-luc2, was purified using the 
NucleoSpin Plasmid Easy Pure Kit (Takara) and sequenced 
by Macrogen Japan (Tokyo, Japan). Sequence data were 
assembled and analyzed using ATGC and Genetyx software 
(version 13; Genetyx Co., Tokyo), respectively. Oligo-DNAs 
were synthesized by FASMAC (Atsugi, Japan) and Inte-
grated DNA Technologies (Coralville, IO).

CRISPR/Cas9‑mediated gene disruptions

The yeast strains with single- or double-gene deletions were 
derived from the parent strain BY4741 through CRISPR/
Cas9-based gene editing following a previously described 
method (Mans et al. 2015) with modifications. Briefly, yeast 
cells carrying the Cas9-expression plasmid pRS415-LEU-
Cas9 were cotransformed with the pMEL10-derived gRNA 

Table 1  Yeast strains used in 
this study

Strains Genotype Source

BY4741 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0 Invitrogen
TEY001 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, pdr1Δ This study
TEY002 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, pdr3Δ This study
TEY003 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, erg6Δ This study
TEY017 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mag1Δ This study
TEY018 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mlh1Δ This study
TEY019 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mms2Δ This study
TEY020 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, pso2Δ This study
TEY021 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, rad10Δ This study
TEY022 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, rad59Δ This study
TEY023 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, yku70Δ This study
TEY025 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mag1Δ, mms2Δ This study
TEY027 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mag1Δ, rad10Δ This study
TEY028 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mag1Δ, rad50Δ This study
TEY030 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mlh1Δ, mms2Δ This study
TEY032 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mlh1Δ, rad10Δ This study
TEY033 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mlh1Δ, rad59Δ This study
TEY035 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mms2Δ, pso2Δ This study
TEY036 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mms2Δ, rad10Δ This study
TEY037 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mms2Δ, rad59Δ This study
TEY038 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, mms2Δ, yku70Δ This study
TEY039 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, pso2Δ, rad10Δ This study
TEY040 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, pso2Δ, rad59Δ This study
TEY042 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, rad10Δ, rad59Δ This study
TEY043 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, rad10Δ, yku70Δ This study
TEY044 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, yku70Δ, rad59Δ This study
IMX672 MATa, ura3-52, trp1-289, leu2-3,112, his3Δ, can1Δ::cas9-natNT2 EUROSCRAF
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expression plasmid and a target gene-specific repair DNA 
fragment. The resulting LEU+- and HIS+-transformants 
were assessed using colony PCR with allele-specific primer 
sets (Table S1) and KOD FX Neo polymerase to confirm 
allele deletion. The target gene, i.e., an open reading frame 
(ORF), was replaced by a repair DNA fragment connected 
with target gene’s 3ʹ- and 5ʹ-flanking DNAs, resulting in 
the corresponding gene-deletion strain. The gene-deletion 
strains, in which the target locus was repaired by the repair 
DNA fragment through homologous recombination, could 
only survive on selective SD agar plates without leucine 
and histidine.

The plasmid pRS415-LEU-Cas9 was prepared as follows. 
First, the Cas9 gene was PCR-amplified using PrimeSTAR 
HS polymerase (Takara) and genomic DNA prepared from 
the yeast strain IMX672 (Mans et al. 2015) with primers 
p414-2873dIFF and p414-4653dIFR. Subsequently, it was 
cloned into the Sma I site of pRS415 DNA using the In-
Fusion HD Cloning Kit (Takara). The gRNA expression 
plasmids for the target gene were then generated from 
pMEL10 containing the CAN1-targeted gRNA sequence 
via inverse PCR with primers #6005_p426CRISPR rv2 and 
target gene_#6006_p426CR fw2 (Table S1) using Prime-
STAR MAX DNA polymerase (Takara). The resulting 
pMEL10 derivatives, in which the CAN1 gRNA sequence 
was replaced with the target gene gRNA sequence, were 
used for target gene-deletion through cotransformation with 
the target gene’s repair DNA fragment. Repair fragments, 
consisting of a 130–240-bp length of the target gene’s 5ʹ- 
and 3ʹ-flanking DNAs, were PCR-amplified from BY4741 

genomic DNA with KOD FX Neo polymerase and the corre-
sponding primer sets (Table S2). These fragments were then 
connected via PCR with forward and reverse primers for the 
5ʹ- and 3ʹ-flanking DNAs. To connect both flanking DNAs, 
reverse primers for the 5ʹ-flanking DNA were attached via 
the tail sequence of the 3ʹ-flanking sequence. The result-
ing repair DNA fragment (350–470 bp) was used for gene 
disruption. Deletion of the target gene in the disruptant was 
confirmed via colony PCR spanning the ORF, with PCR 
products from the wild-type and deletion strains clearly dis-
tinguishable by size (Table S3). We disrupted seven genes 
in a major DNA repair pathway (MAG1, MLH1, MMS2, 
PSO2, RAD10, RAD59, and YKU70), two genes encod-
ing transcription factors regulating ABC transporter gene 
expression (PDR1 and PDR3), and ERG6, a gene involved 
in ergosterol biosynthesis. Additionally, double-gene-dele-
tion strains with mms2Δ, rad10Δ, and rad59Δ alleles were 
prepared by deleting an additional DNA repair gene. The 
double-gene-deletion strains with the rad59Δ allele were 
generated from each single-gene-deletion strain by addi-
tionally disrupting RAD59, given that Rad59p plays a role 
in homologous recombination (Symington 2002), which is 
crucial for CRISPR/Cas9-based gene disruption. The deleted 
allele was confirmed via colony PCR using the primer set for 
a target gene (Table S3). The mutated cells were cultured in 
nonselective YPD medium for 1–3 days to remove plasmid 
DNA and then plated on YPD agar plates to isolate colonies. 
These clones were confirmed to lack the auxotrophic mark-
ers of the plasmid through their inability to grow on the SD 
selection agar plates (ForMedium, Hunstanton, UK).

Table 2  Plasmids used in this study

Plasmid Description

pRS415 ARS4/CEN6 plasmid vector with LEU2 marker (Stratagene)
pRS415-LEU-Cas9 pRS415 plasmid containing cas9 expression cassette DNA at the Sma I site (this study)
pMEL10 RNA expression plasmid with URA3 marker and guide RNA (gRNA) for CAN1 gene (Mans et al. 2015) and 

obtained from EUROSCARF
pMEL10-mag1 pMEL10 derivative for gRNA expression of MAG1
pMEL10-mlh1 pMEL10 derivative for gRNA expression for MLH1 gene
pMEL10-mms2 pMEL10 derivative of gRNA expression of MMS2
pMEL10-pso2 pMEL10 derivative of gRNA expression of PSO2
pMEL10-rad10 pMEL10 derivative of gRNA expression of RAD10
pMEL10-rad59 pMEL10 derivative of gRNA expression of RAD59
pMEL10-yku70 pMEL10 derivative of gRNA expression of YKU70
pMEL10-pdr1 pMEL10 derivative of gRNA expression of PDR1
pMEL10-pdr3 pMEL10 derivative of gRNA expression of PDR3
pMEL10-erg6 pMEL10 derivative of gRNA expression of ERG6
pESC-HISΔGAL1/10-PRNR3-luc2 Multicopy luciferase reporter plasmid driven by RNR3 promoter (Suzuki et al. 2017)
pGEV-HIS3 Template plasmid used of preparing pRS313 DNA, kindly provided by Dr. Pinkham (Gao and Pinkham 

2000)
pRS313-HIS3-PRNR3-luc2 Single-copy luciferase reporter plasmid driven by RNR3 promoter
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Development of a yeast strain with a chromosomally 
integrated luciferase reporter gene

A yeast strain with a chromosomally integrated luciferase 
reporter gene was generated from the wild-type BY4741 
strain by integrating the TADH1-PRNR3-luc2-TCYC1 cas-
sette, connected with the 5ʹ- and 3ʹ-flanking DNA of 
the CAN1 gene at each end, into the CAN1 locus using 
CRISPR/Cas9. Briefly, the TADH1-PRNR3-luc2-TCYC1 
cassette (approximately 3.3 kb) was amplified from pESC-
HISΔGAL1/10-PRNR3-luc2 using KOD FX Neo polymerase 
and primers TADH1-5F2-25CAN1-Rtail and TCYC1-3R3-
25CAN1-Ftail. The 5ʹ- and 3ʹ-DNA flanking CAN1 (190 and 
241 bp, respectively) were amplified using KOD FX Neo 
polymerase and the primer sets 5ʹ-CAN1-F and 5-CAN1-
R_5F2_30tail and 3-CAN1-F_3R3_30tail and 3ʹ-CAN1-R, 
respectively. Each flanking DNA was then fused to the cor-
responding end of the TADH1-PRNR3-luc2-TCYC1 cassette 
DNA via PCR using PrimeSTAR DNA polymerase (Takara) 
and primers 5ʹ-CAN1-F and 3ʹ-CAN1-R. Yeast cells with 
pRS415-LEU-Cas9 were cultured in SD medium without 
leucine and cotransformed with pMEL10 expressing CAN1-
targeted gRNA and the TADH1-PRNR3-luc2-TCYC1 cassette 
DNA fused with both flanking DNAs. The resulting LEU+- 
and HIS+-clones were tested for the absence of the CAN1 
ORF and the presence of the reporter cassette DNA at the 
CAN1 locus using colony PCR, with primers CAN1-5check-
F and CAN1orf-R used for CAN1’s 5ʹ-region, CAN1orf-F 
and CAN1_dg rv used for CAN1’s 3ʹ-region for CAN1 gene, 
and CAN1-5check-F and luc2-SQR2 used for the integrated 
reporter gene (Table S1).

Yeast transformation

Yeast cells underwent transformation with reporter plasmids 
using a lithium acetate protocol (Gietz et al. 1992). Transfor-
mants were selected on SD medium without histidine (For-
Medium), and independent colonies were streaked onto fresh 
selection agar plates prior to their use. For gene disruption, 
yeast cells were initially transformed using the Cas9-expres-
sion plasmid pRS415-LEU-Cas9 with the LEU2 marker. 
Subsequently, the LEU+-transformants were cotransformed 
using the pMEL10-derived gRNA expression plasmid with 
the HIS3 marker and a repair DNA fragment corresponding 
to a target gene. The gene-deletion strains were selected on 
SD agar plates lacking leucine or histidine.

Luciferase assay

Luciferase activity was assessed in yeast containing lucif-
erase reporter plasmids exposed to tested agents, following 
a previously established protocol (Suzuki et al. 2017) with 
several modifications. Briefly, yeast cells were grown on SD 

agar plates lacking histidine and cultured with 10 mL of 
histidine-free SD medium in a 50-mL conical tube at 30 °C 
with continuous shaking for 20–40 h. Yeast cells contain-
ing the chromosomally integrated luciferase reporter were 
cultured with 10 mL of YPD medium. The yeast cells were 
collected using centrifugation and resuspended in YPD 
medium to achieve an approximate  OD600 of 1.0. Subse-
quently, 100 µL of yeast suspension was inoculated per well 
in triplicate in a 96-well white plate (Coster, No. 3912), and 
the agents to be tested were added at the specified concentra-
tions. The yeast cells in the microplate were then incubated 
at 30 °C for 8 h under saturated humidity. Following the 
addition of 100 µL of YPD medium, 100 µL aliquots of the 
diluted cell suspension were transferred to a new 96-well 
white plate to measure the absorbance at 600 nm (A600) and 
luciferase activity using a multimode plate reader (Tecan 
Infinite M1000). d-Luciferin (0.5 mM) was introduced, and 
the luminescence and A600 value of the yeast culture in the 
plate were measured after 30 min. The luciferase activity 
is expressed in arbitrary units, defined as the luminescence 
(counts) in 1 s per A600. The fold induction was calculated as 
the ratio of luciferase activity in the presence and absence of 
each test chemical. Data were analyzed in Microsoft Excel 
using a two-tailed paired Student t-test via the T.TEST func-
tion, and p < 0.01 was considered statistically significant.

Results

Development of a yeast‑reporter strain with a RNR3 
promoter–driven chromosomally integrated 
luciferase gene, and comparative characterization 
of the reporter response to genotoxic chemicals 
using plasmid–carrying strains

We developed yeast-reporter strains containing pESC-
HIS-derived multicopy plasmids with the RNR3 promoter 
(PRNR3)–linked GFP and modified firefly luciferase (luc2) 
genes. Subsequently, yeast-based assays effectively detected 
chemical genotoxicity. However, these yeast-reporter strains 
required the auxotrophic selective medium lacking histidine 
for culturing and assaying, given the need to maintain the 
reporter plasmid with the HIS3 marker. Consequently, we 
employed CRISPR/Cas9-based gene editing to replace 
CAN1 with the PRNR3-driven luc2 gene, resulting in a 
yeast-reporter strain easily maintained with nonselective 
YPD medium.

We investigated luciferase activity levels in the yeast 
cells with a multicopy reporter plasmid and those with a 
chromosomally integrated reporter following exposure 
to five genotoxic chemicals: HU, MMS, Phl, MMC, and 
CPT. Dose–response bar charts, excluding CPT, showed 
increased luciferase activities in both types of reporter yeast 
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cells. However, luminescence intensity significantly differed 
between the two reporter strains. The pre-established assay, 
employing a multicopy plasmid, exhibited approximately 
10–100-fold higher intensities compared with the chromo-
somally integrated reporter strain (Fig. S1a–e). Neverthe-
less, the luciferase fold induction was markedly higher in the 
chromosomally integrated reporter strains than in the pre-
established plasmid reporter strain (Fig. S1f–j); for instance, 
the former strain treated with 0.02% MMS showed a 25-fold 
higher fold induction (Fig. S1g). Fold inductions (log scale) 
for each chemical in the assays using a chromosomally inte-
grated reporter and a multicopy reporter plasmid are sum-
marized with relative concentrations (relative to the highest 
concentration tested as 1.0) in Fig. 2a and b, respectively. 
The pre-established assay detected genotoxicity induced 
by MMS (15-fold), HU (fourfold), and Phl (threefold) with 
the highest fold induction but exhibited weak detection of 

MMC- and CPT-induced genotoxicity (Fig. 2b). In contrast, 
the chromosomally integrated reporter yeast assay displayed 
high fold inductions (> 10) with all chemical treatments 
except for CPT (twofold induction; Fig. 2a).

We also developed a yeast strain containing a pRS313-
derived single-copy luciferase reporter plasmid owing 
to its ease of preparation compared with chromosom-
ally integrated reporter yeasts. We examined luciferase 
activity levels in three reporter strains with a multicopy 
or single-copy reporter plasmid or a chromosomally inte-
grated reporter gene after treatment with 20 and 50 mM 
HU for 8 h as a representative genotoxicant. Observations 
of the multicopy plasmid and chromosomally integrated 
reporter gene–containing strains (Fig. 3) were consistent 
with those shown in Fig. 2, with high and low activity 
levels (Fig. 3a) and high and low fold inductions (Fig. 3b) 
in the former and latter strains, respectively. The luciferase 
levels significantly differed between strains harboring a 
multicopy reporter plasmid and those with a chromosom-
ally integrated reporter gene in the presence of HU (t-test, 

Fig. 2  Fold induction of luciferase activity induced by five genotoxic 
chemicals in yeast cells with a chromosomally integrated and a mul-
ticopy plasmid–based reporter gene. Log scale fold induction values 
for the yeast BY4741 strain with an integrated RNR3 promoter–linked 
luciferase reporter gene at the CAN1 locus (a) and with the multicopy 
reporter plasmid (b) after an 8-h exposure to the indicated relative 
concentrations (relative to the highest concentration used as 1.0) of 
hydroxyurea (HU), phleomycin (Phl), mitomycin C (MMC), campto-
thecin (CPT), and methyl methanesulfonate (MMS), the highest con-
centrations of which were 50 mM, 10 μg/mL, 300 μM, 160 μg/mL, 
and 0.05% (w/v), respectively

Fig. 3  Expression levels in the BY4741 yeast strain carrying a 
multi- and a single-copy reporter plasmid and a chromosomally 
integrated reporter gene driven by the RNR3 promoter following 
hydroxyurea exposure. The BY4741 strain with a multicopy plasmid 
pESC-HISΔGAL1/10-PRNR3-luc2, a single-copy plasmid pRS313-
HIS3-PRNR3-luc2, and a chromosomally integrated.PRNR3-luc2 
gene at the CAN1 locus was cultured with (20 or 50 mM) or without 
hydroxyurea for 8 h. Chemiluminescence intensity derived from lucif-
erase per A600-normalized cells (a) and fold induction (b) are shown 
with standard deviations. Significant pairs based on Student’s t-test 
(p < 0.01) are indicated by asterisks (Table S4)
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p < 0.01; Table S4). Significant induction of luciferase 
activity was observed between yeasts with a multicopy 
reporter plasmid and those with a single-copy reporter 
plasmid following a 20-mM HU treatment. Similarly, a 
significant induction was noted between yeast strains with 
a single-copy reporter plasmid and those with a chromo-
somally integrated reporter gene following a 50-mM HU 
treatment (Fig. 3a). Fold inductions in the chromosomally 
integrated reporter strain were significantly higher than 
those in the other two reporter strains treated with 50 mM 
HU (Fig. 3b), with standard deviations in fold induction 
also tending to be larger in the chromosomally integrated 
reporter strain. The strain with a single-copy reporter 
plasmid exhibited an intermediate reporter response, with 
luciferase levels lower than those in the assay with a mul-
ticopy reporter plasmid but markedly higher than those in 
the assay with a chromosomally integrated reporter strain 
(Fig. 3a), whereas fold inductions showed the opposite 
pattern (Fig. 3b).

Response of the luciferase gene in single DNA repair 
gene–deleted strains treated with four genotoxic 
chemicals

We used CRISPR/Cas9-mediated gene editing to systemati-
cally generate deletion strains of seven DNA repair genes 
in major DNA repair pathways: MAG1 in base excision 
repair (BER), MLH1 in mismatch repair (MMR), MMS2 
in postreplication repair (PRR), PSO2 in crosslink repair, 
RAD10 in nucleotide excision repair, RAD59 in homologous 
recombination repair (HRR), and YKU70 in nonhomologous 
end joining (NHEJ) (Fig. 1). Subsequently, we investigated 
the luciferase gene’s response after an 8-h exposure to the 
genotoxic agents MMS, CPT, MMC, and CDDP, including 
three anticancer drugs. The activities induced in the wild-
type and seven gene-deletion strains carrying a single-copy 
reporter plasmid in the presence of various concentrations 
of these chemicals are shown in Fig. 4. In MMS assays, 
luciferase activities in the mag1Δ, mms2Δ, rad10Δ, rad59Δ, 

Fig. 4  Luciferase activity levels 
induced by four genotoxic 
chemicals in the wild-type and 
seven DNA repair gene–deleted 
BY4741 strains carrying a 
single-copy luciferase reporter 
plasmid. The wild-type and 
seven single-gene-deletion 
strains carrying pRS313-HIS3-
PRNR3-luc2 were cultured in 
YPD medium with or without 
the indicated concentrations 
of MMS (a), CPT (b), MMC 
(c), and CDDP (d) for 8 h. 
Luciferase-mediated chemilu-
minescence intensity is shown 
with standard deviations. Bar 
plots with asterisks indicate 
mutant cells with significant 
luminescent intensity com-
pared with the corresponding 
wild-type cells (Student’s t-test, 
p < 0.01; Table S5)
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and yku70Δ strains were higher than those in wild-type cells 
(Fig. 4a). Enhanced luciferase induction was observed in the 
rad59Δ strain treated with 5 and 10 μg/mL CPT (Fig. 4b), as 
well as in the mms2Δ and rad10Δ strains treated with MMC 
(Fig. 4c) and CDDP (Fig. 4d), respectively. However, signifi-
cantly higher fold inductions were only detected in MMS-
treated mag1Δ, mms2Δ, and rad59Δ strains (Fig. 5a), as well 
as in the CPT-treated rad59Δ strain (Fig. 5b), compared 
with the corresponding wild-type strains (t-test, p < 0.01; 
Table S5). Interestingly, the background luciferase activ-
ity levels in the absence of chemicals increased in several 
deletion strains in four independent experiments (Fig. S2; 
Table S6). Despite some differences among the experi-
ments, enhanced luciferase activities were predominantly 
found in several DNA repair–deficient mutants, such as 
strains mag1Δ and rad10Δ (three out of four experiments), 
in addition to mms2Δ and rad59Δ (two out of four), leading 

to inconsistent results between the luciferase activity and 
fold induction in assays employing these mutants. Neverthe-
less, although high luciferase activity levels were detected, 
the resultant fold induction was not significantly increased, 
given that fold induction is considered the activity ratio in 
chemical-treated cells relative to untreated cells.

Response of the luciferase gene in the reporter 
strains with double‑deleted DNA repair genes 
after treatment with CPT or DNA crosslinkers

We examined four deletion strains that exhibited higher 
luciferase activities following exposure to CPT (rad59Δ), 
MMC (mms2Δ), and CDDP (mms2Δ and rad10Δ), given 
the genotoxicity of these anticancer drugs. This emphasis 
is particularly pertinent as CDDP is difficult to detect using 
our pre-established reporter assays with wild-type yeast 

Fig. 5  Fold induction of lucif-
erase activity in the wild-type 
and seven DNA repair single-
gene-deletion strains treated 
with four genotoxic chemi-
cals. The wild-type and seven 
single-gene-deletion BY4741 
strains carrying pRS313-HIS3-
PRNR3-luc2 were cultured in 
YPD medium with or without 
the indicated concentrations of 
MMS (a), CPT (b), MMC (c), 
and CDDP (d) for 8 h. Fold 
induction of luciferase activity 
is shown with standard devia-
tions. Bar plots with asterisks 
indicate mutant cells with 
significant luminescent intensity 
compared with the correspond-
ing wild-type cells (Student’s 
t-test, p < 0.01; Table S5)
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cells (Ochi et al. 2011). Therefore, we generated a series 
of double-deletion strains from these strains to investigate 
luciferase activities following chemical treatments.

Initially, we measured the luciferase activities in the 
wild-type and rad59Δ strains as well as six double-dele-
tion strains with the rad59Δ allele carrying a single-copy 
reporter plasmid following treatment with low CPT con-
centrations (Fig. S3). However, none of the six double-
deletion strains exhibited luciferase activity levels higher 
than those of their parent strain rad59Δ (Table S7). Subse-
quently, we assessed luciferase activity following exposure 
to five different MMC concentrations using six mms2Δ-
derived double-deletion strains together with the wild-type 
and their parent strains. Although none of the double-dele-
tion strains exhibited enhanced fold induction compared 
with their parent strain, a higher luciferase activity level 
was detected in the rad10Δ/mms2Δ strain treated with 
1 mM MMC compared with the corresponding mms2Δ 
cells (Fig. 6; Table S8). Finally, luciferase activities of 
the wild-type, mms2Δ, and rad10Δ strains, as well as their 
11 double-deletion strains with a reporter plasmid, were 
tested following exposure to 0.1, 0.3, and 0.5 mM CDDP 
(Fig. 7; Table S9). Significantly higher luciferase activity 
levels were detected in the rad10Δ/mms2Δ reporter strain 
compared with the parent mms2Δ strain (Fig. 7a), although 
fold induction values remained comparable between these 
strains owing to the enhanced basal luciferase expression 
level without CDDP treatment (Fig. 7b). Results were 
consistent in assays using rad10Δ-derived double-deletion 

strains, where the mms2Δ/rad10Δ strain exhibited mark-
edly high luciferase activity levels, in contrast to the other 
five double-deletion strains (Fig. 7c).

Response of the luciferase gene to HU treatment 
in strains with deletions of cell permeability–related 
genes

We prepared three gene-deletion strains (pdr1Δ, pdr3Δ, 
and erg6Δ) with defects in cell permeability and inves-
tigated HU-induced luciferase activities in these strains 
carrying a single-copy reporter plasmid. Pdr1p and 
Pdr3p form a transcription factor that regulates the 
expression of ABC transporter (drug efflux pump) genes 
(Mamnun et al. 2002), and Erg6p is a methyltransferase 
involved in ergosterol biosynthesis, altering the ergos-
terol composition of the plasma membrane (Lees et al. 
1995). HU was used as a DNA-damaging chemical to 
evaluate cell permeability in mutants because effective 
HU concentrations are 10–100-fold higher than those 
in cultured human cells. For example, the HU concen-
trations required for cell synchronization in human and 
budding yeast cells are 2 mM (Biegel et al. 1987) and 
200 mM (Rosebrock 2016), respectively. Although the 
induction levels in the two PDR-deletion strains were 
comparable to those in the parental strains, enhanced 
luciferase activity and fold induction were observed in 
the erg6Δ strain (Fig. S4; Table S10).

Fig. 6  Luciferase induction 
with MMC in yeast DNA repair 
double-gene-deletion mutants 
with the mms2Δ allele. Wild-
type BY4741, mms2Δ, and six 
mms2Δ-derived double-gene-
deletion mutants with plasmid 
pRS313-HIS3-PRNR3-luc2 
were cultured with or without 
the indicated concentrations 
of MMC for 8 h. Luciferase 
activity (a) and fold induction 
(b) in cells are shown with 
standard deviations. Bar plots 
with asterisks indicate double-
gene-deletion mutant cells with 
significant luminescent intensity 
compared with the correspond-
ing mms2Δ cells (Student’s 
t-test, p < 0.01; Table S8)
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Discussion

Yeast-based bioassays using reporter genes linked to DNA 
damage–inducible promoters are valuable for assessing 
mutagenicity due to genotoxic chemicals (Eki 2018). We 
previously used yeast cells with PRNR3-driven reporter plas-
mids containing a 2-μm origin and the HIS3 auxotrophic 
marker to detect genotoxicity (Suzuki et al. 2017). Various 
studies have employed multicopy reporter plasmids with 
assays driven by promoters such as PRAD54 (Afanassiev 

et al. 2000; Billinton et al. 1998; Bui et al. 2016; Cahill 
et al. 2004; Knight et al. 2007, 2002; Lichtenberg-Fraté et al. 
2003; Van Gompel et al. 2005; Walmsley et al. 1997; Walsh 
et al. 2005; Westerink et al. 2009), PRNR2 (Afanassiev et al. 
2000; Lu et al. 2015; Walsh et al. 2005), PRNR3 (Endo-Ichi-
kawa et al. 1995), and PPLM2 and PDIN7 (Bui et al. 2015). 
A chromosomally integrated reporter system has also been 
used with RNR3 (Boronat and Pina 2006; Jia et al. 2002; 
Wei et al. 2013), RAD51 (Liu et al. 2008), HUG1 (Benton 
et al. 2007, 2008; Wei et al. 2013), and RAD54 (Boronat and 

Fig. 7  Luciferase induction 
with CDDP in yeast DNA repair 
double-gene-deletion mutants 
with the mms2Δ and rad10Δ 
alleles. Wild-type BY4741, 
mms2Δ, and six mms2Δ-derived 
double-gene-deletion mutants 
(a, b) along with rad10Δ and 
six rad10Δ-derived double-
gene-deletion mutants (c, d) 
with plasmid pRS313-HIS3-
PRNR3-luc2 were cultured 
with or without the indicated 
concentrations of CDDP for 8 h. 
Luciferase activity (a, c) and 
fold induction (b, d) in cells are 
shown with standard deviations. 
Bar plots with asterisks indicate 
double-gene-deletion mutant 
cells with significant lumines-
cent intensity compared with 
the corresponding parent strains 
(Student’s t-test, p < 0.01; 
Table S9)
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Pina 2006; Walmsley et al. 1997) promoter-linked reporter 
assays for genotoxicity detection. Two PRNR3-linked single-
copy lacZ and Cypridina luciferase gene reporter plasmids, 
namely pZZ2 (Zhou and Elledge 1992) and pCLY-RNR3 
(Ochi et al. 2011), were reported to enhance genotoxicity 
testing with yeast mutants (Jia and Xiao 2003; Ochi et al. 
2011; Zhang et al. 2010, 2008, 2011). Given that three dif-
ferent yeast-based reporter systems were employed in pre-
vious studies, it has become crucial to determine reporter 
responses to DNA-damaging agents in these systems to 
assess potential differences in their results. Therefore, in 
the present study, we developed yeast strains containing an 
ARS/CEN-plasmid-based and chromosomally integrated 
PRNR3-driven luciferase gene (luc2), subsequently com-
paring reporter gene responses upon exposure to genotoxic 
chemicals in three reporter systems, including a multicopy 
plasmid–based reporter assay. Chromosomally integrated 
reporter yeasts exhibited a contrasting induction of lucif-
erase activity due to HU-induced DNA damage compared 
with the pre-established multicopy plasmid–based reporter 
yeasts (Fig. 3), with high fold induction and low luciferase 
levels in the former and low fold induction and high lucif-
erase levels in the latter. Despite displaying low luciferase 
activity, the significant increase in the luciferase activity 
ratio with induction observed in a chromosomally integrated 
reporter assay compared with the pre-established assay sys-
tem indicates a robust genotoxic-dependent induction ratio 
in this system. Regarding sensitivity to genotoxicity, the 
lowest effective MMS concentration (0.0025%) detected in 
the yeast-reporter assay using a chromosomally integrated 
gene was comparable to the concentrations in plasmid-based 
reporter assays conducted in our previous studies (Ichikawa 
and Eki 2006; Ochi et al. 2011; Suzuki et al. 2017) (Fig. S2). 
However, this system may be improved for sensitive geno-
toxicity detection using a genetically designed luciferase 
expressing stronger chemiluminescence, such as NanoLuc 
luciferase (Masser et al. 2016; Shichinohe et al. 2023). Con-
trasting fold inductions (i.e., the signal-to-background activ-
ity ratio) between the chromosomally integrated reporter and 
reporter plasmid-based assay systems may be attributed to 
different gene copy numbers and/or molecular environments, 
such as chromatin structure, which differ with reporter gene 
transcriptional activation in the plasmid DNA or chromo-
somal DNA transcriptional activation. Understanding the 
reason behind the observed high fold inductions in chro-
mosomally integrated reporter assays remains challenging. 
Yeast strains with a single-copy reporter plasmid exhibited 
an intermediate response compared with the two types of 
reporter yeast cells. Despite both yeast strains carrying 
an equal copy number of the reporter gene, the luciferase 
levels induced by HU in the yeast with a reporter plasmid 
were substantially higher than those in the chromosomally 
integrated reporter yeast (Fig. 3). This may be explained by 

different molecular environments around the reporter gene 
as described above.

The response of the luciferase gene to the alkylating 
agent MMS was readily detected in both chromosomally 
integrated and multicopy plasmid–based reporter yeasts 
in terms of fold induction (Fig. 2). However, the luciferase 
reporter gene exhibited poor responsiveness to two anti-
tumor agents, the DNA crosslinker MMC (Tomasz 1995) 
and topoisomerase I inhibitor CPT (Khaiwa et al. 2021), 
in yeasts carrying a multicopy reporter plasmid. Despite 
this, the DNA damage induced by these chemicals was 
successfully detected in the chromosomally integrated 
reporter yeasts (Fig. 2a). Thus, we have clarified the char-
acteristics of three reporter systems: a yeast-based reporter 
assay using a chromosomally integrated luciferase gene can 
detect the genotoxicity of chemicals that are challenging 
to detect using established plasmid-based reporter assays. 
Moreover, yeast cells with a chromosomally integrated 
reporter gene can be maintained in nonselective nutrient 
medium, such as YPD, facilitating the easy and conveni-
ent handling of yeast cells in a genotoxicity assay. How-
ever, this reporter system faces challenges related to low 
levels of reporter expression and more time-consuming 
and laborious preparation of chromosomally integrated 
reporter yeasts compared with plasmid-based reporter 
yeasts. Conversely, plasmid-based assays exhibit high lev-
els of reporter expression and are well-suited for generat-
ing a large number of yeast mutants carrying a reporter 
plasmid through transformation in a short period. Conse-
quently, the selection of a reporter assay can be tailored to 
the intended purpose based on the distinctive features of 
reporter response in each system.

Yeast-reporter assays encounter challenges associated 
with reduced sensitivity due to diminished reporter response 
caused by the repair of DNA lesions induced by test chemi-
cals or restricted membrane permeability to chemicals owing 
to the rigid cell wall. To address this limitation, several stud-
ies successfully employed strategies such as the introduction 
of gene-deletion mutants in DNA repair (Benton et al. 2008; 
Jia and Xiao 2003; Wei et al. 2013) or cell wall generation 
and/or transporters (Lichtenberg-Fraté et al. 2003; Walsh 
et al. 2005; Wei et al. 2013; Zhang et al. 2010, 2008) as 
host strains. We also tested DNA repair–deficient BY4741 
strains, which were generated in a genome-wide yeast gene-
deletion project. This was achieved by transfecting a single-
copy plasmid containing the secretory Cypridina luciferase 
gene. Notably, we observed markedly higher fold inductions 
in deletion mutants with mag1Δ and mms2Δ, rad59Δ and 
mlh1Δ, and mms2Δ and mlh1Δ following exposure to MMS, 
CPT, and MMC, respectively, compared with those in the 
wild-type strain (Ochi et al. 2011). In the present study, we 
systematically generated a series of BY4741-derived single- 
and double-deletion mutants of DNA repair genes through 
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gene editing. Subsequently, we investigated the response of 
the luciferase gene in these deletion mutants, all carrying a 
single-copy reporter plasmid. The summarized results from 
the reporter assays involving DNA repair gene–deleted 
mutants are presented in Fig. 8.

Unexpectedly, high fold inductions were not detected in 
these mutants (Fig. 5) owing to an increase in background 
luciferase activities in the absence of genotoxic chemicals. 
This rise can presumably be attributed to the accumulation 
of endogenous DNA damage resulting from dysfunctional 
DNA repair processes (Fig. S2). However, significantly 
elevated reporter activity levels were consistently found in 
mag1Δ and mms2Δ, rad59Δ, and mms2Δ following expo-
sure to MMS, CPT, and MMS, respectively (Fig. 4). In 
addition, MMS-treated rad59Δ, MMC-treated rad10Δ, and 
CDDP-treated mms2Δ and rad10Δ cells exhibited signifi-
cantly enhanced activities. In contrast to our previous study, 
in which MMR-deficient mlh1Δ cells displayed high fold 

inductions upon treatment with CPT and MMC (Ochi et al. 
2011), no significant induction of reporter activities was 
observed in the present study (Fig. 4), although the reasons 
for this discrepancy remain unclear.

Enhanced luciferase activities and fold inductions induced 
by MMS were detected in mag1Δ, mms2Δ, and rad59Δ 
cells, suggesting that BER, PRR, and HRR were involved in 
repairing DNA lesions caused by the alkylating agent. This 
observation aligns with a comprehensively screening study 
of MMS-sensitive mutants (BY4741 background) (Chang 
et al. 2002), where numerous BER, PRR, and HRR mutants 
exhibited impaired growth in the presence of 0.035% MMS. 
Enhanced reporter expression in MMS-treated mag1Δ and 
mms2Δ cells was observed in our previous studies (Ochi 
et al. 2011; Suzuki et al. 2017), consistent with observa-
tions from studies involving mag1Δ cells (Benton et al. 
2008; Jia and Xiao 2003; Wei et al. 2013). Such increased 
reporter expression is likely caused by the accumulation of 

Fig. 8  Summary of reporter 
assays using DNA repair 
gene-deletion mutants. Results 
from reporter assays using 
single-gene-deletion mutants 
(central part) and double-gene-
deletion mutants (bottom part) 
are summarized. DNA repair 
pathways and corresponding 
mutants are also shown (top 
part and vertical pale-colored 
columns, respectively). Back-
ground alleles (rad59Δ, mms2Δ, 
and rad10Δ) are indicated 
(horizontal pale-colored boxes). 
Genotoxicants used and DNA 
damage caused (in brackets) 
are shown for each assay. 
Strains (in bold) exhibiting 
highly enhanced responses to 
the indicated chemical in terms 
of both luciferase activity and 
fold induction (bold arrows) 
and either luciferase activity or 
fold induction (dashed arrows) 
are presented (arrow thickness 
reflects the level of enhance-
ment)
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MMS-induced DNA damage due to loss of Mag1p DNA 
glycosylase (Xiao et al. 2001). As the name implies (methyl 
methanesulfonate sensitivity-2), mms2Δ cells are hyper-
sensitive to MMS. Additionally, Mms2p forms a complex 
with Ubc13p, acting as a ubiquitin-conjugating enzyme in 
error-free PRR (Hofmann and Pickart 1999). Consequently, 
reporter activity was enhanced in mms2Δ cells following 
MMS treatment. A 7.5-fold higher level of luciferase activity 
was detected in 1 mM MMS-treated rad59Δ cells compared 
with wild-type cells (Fig. 4a), suggesting the involvement 
of HRR in repairing MMS-induced DNA damage in yeast.

Despite being representative anticancer drugs, the geno-
toxicity of the topoisomerase I inhibitor CPT (Khaiwa et al. 
2021) and crosslinking agents MMC (Tomasz 1995) and 
CDDP (Ghosh 2019) was not sensitively detected in our 
established plasmid-based assays using the wild-type strain 
(Fig. 2b) (Ochi et al. 2011). Notably, we observed higher 
levels of luciferase activity under low-concentration CPT 
exposure in rad59Δ cells compared with the wild-type cells 
(Fig. 4b). This result aligns with our previous findings from 
a secretary luciferase reporter assay (Ochi et al. 2011), high-
lighting the crucial role of HRR in DNA damage resulting 
from CPT-triggered DNA elongation arrests. This is further 
supported by previous studies showing that mutants with 
defects in HRR and repair of blocked replication forks are 
hypersensitive to CPT (Parsons et al. 2004) and that signifi-
cant growth defects in HRR and DNA damage checkpoint 
mutants occur in the presence of CPT (Simon et al. 2000).

Higher luciferase activity levels were observed in 
mms2Δ and rad10Δ cells compared with BY4741 cells fol-
lowing MMC treatment (Fig. 4c), and luciferase induction 
due to MMC was higher in mms2Δ/rad10Δ cells than in 
mms2Δ cells (Fig. 6). Additionally, markedly and moder-
ately enhanced luciferase activities were found in rad10Δ 
and mms2Δ cells following CDDP treatment, respectively 
(Fig. 4d). Notably, enhanced luciferase activity was exclu-
sively found in mms2Δ/rad10Δ cells among 11 different 
double-deletion mutants derived from mms2Δ and rad10Δ 
strains (Fig. 7). Given that MMC and CDDP are anticancer 
drugs that cause cytotoxicity primarily by arresting DNA 
synthesis through crosslinking duplex DNA strands (Tomasz 
1995), these observations suggest that PRR and NER play 
crucial roles in repairing such DNA crosslinks. Gross-
mann et al. showed that three pathways, namely the Pso2p-
dependent pathway, Rev3p-dependent PPR, and Rad51p-
mediated HRR, are involved in DNA interstrand crosslinks 
repair, based on hypersensitivity to DNA crosslinkers in the 
mutants (Grossmann et al. 2001). Growth delay caused by 
MMC and CDDP was observed in NER, PRR, and HRR 
yeast mutants but not in BER and MMR mutants (Simon 
et  al. 2000). Genome-wide phenotype analyses using 
BY4743-derived barcoded homozygous deletion mutants 
indicated that genes in NER, PRR, and HRR, along with the 

gene pso2, primarily contribute to DNA damage induced by 
two crosslinkers (Lee et al. 2005; Wu et al. 2004). Another 
genome-wide study using heterozygous barcode deletion 
strains showed significant growth defects and lethality in 
the pso2Δ strain and several mutants in NER and HRR in the 
presence of CDDP (Giaever et al. 2004). Collectively, these 
studies indicate that four DNA repair pathways (NER, PRR, 
HRR, and the Pso2p-dependent pathway) contribute to the 
restoration of DNA damage induced by MMC and CDDP in 
yeasts, aligning with our observations of enhanced luciferase 
induction in rad10Δ and mms2Δ cells treated with MMC and 
CDDP (Fig. 4c, d). However, the luciferase induction levels 
in DNA crosslinker–treated pso2Δ and rad59Δ cells were 
not significantly high (Fig. 4c, d). Additionally, significantly 
enhanced luciferase induction was lacking in MMC-treated 
pso2Δ/mms2Δ and rad59Δ/mms2Δ cells as well as CDDP-
treated pso2Δ/rad10Δ and rad59Δ/rad10Δ cells (Figs. 6 and 
7). Our results suggest that the four DNA repair pathways 
do not equally contribute to DNA crosslink repair, with 
NER and PRR predominantly acting in the restoration of 
DNA damage induced by MMC and CDDP in yeast. Thus, 
the major contribution of NER and PRR to repair of DNA 
crosslink repair is further supported by the series of double-
gene-deletion mutants in each DNA repair pathway (Fig. 8). 
He et al. (2021) developed a reporter assay using GFP-fused 
DNA repair genes and successfully assessed DNA damage 
types based on the expression profiles after chemical expo-
sure. This may be a useful alternative for determining DNA 
repair pathway involved in chemical-induced DNA lesions, 
including those induced by anticancer drugs, and reporter 
assays involving DNA repair–deficient strains may hold util-
ity for screening lead compounds for novel anticancer drugs.

Elevated background levels of luciferase activity were 
observed in some DNA repair gene-deletion mutants, such 
as mag1Δ, rad10Δ, mms2Δ, and rad59Δ strains, without 
chemical treatment, whereas pso2Δ, mlh1Δ, and yku70Δ 
strains did not exhibit such increases (Fig. S2). These 
observations can be attributed to increased endogenous 
DNA damage resulting from functional defects in the cor-
responding DNA repair gene. In particular, consistently 
high levels of luciferase induction in mag1Δ and rad10Δ 
cells were noted, suggesting that endogenously generated 
DNA damage, such as oxidative DNA lesions caused by 
respiration, is primarily repaired by excision DNA repair. 
Despite marked luciferase induction in the presence of 
genotoxic chemicals, the high background luciferase activ-
ity levels in several DNA repair–deficient mutants led to 
decreases in fold induction (Figs. 4 and 5). In the previ-
ous study, using a reporter plasmid with the PRNR3-linked 
Cypridina luciferase gene, we demonstrated significantly 
high fold inductions in mutant strains with mms2Δ and 
mlh1Δ, rad59Δ and mlh1Δ, and mms2Δ and mlh1Δ follow-
ing exposure to MMS, CPT, and MMC, respectively (Ochi 
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et al. 2011). These results are consistent with our present 
observations, except for those in mlh1Δ cells. Notably, in 
our previous study, we did not observe enhanced secretory 
luciferase background activities in DNA repair–deficient 
mutants in the absence of DNA-damaging agents, which 
could account for the discrepant results in fold induction 
observed in our two studies.

Finally, we tested three gene-deletion strains with 
defects in cell permeability and chemical transport to 
increase the effective concentrations of tested agents in 
yeast cells. Although two reporter strains with PDR1- and 
PDR3-deleted alleles exhibited a reporter gene response 
comparable to that of wild-type BY4741 cells follow-
ing exposure to HU, the erg6Δ reporter strain showed 
enhanced luciferase induction (Fig. S4). Limited increases 
in PRNR3-mediated reporter induction were observed fol-
lowing exposure to four genotoxic chemicals in a prior 
study (Zhang et al. 2008), although ERG6 inactivation is 
known to alter membrane permeability, increasing yeast’s 
sensitivity to chemicals (Emter et al. 2002; Welihinda 
et al. 1994). Hence, employing gene editing to introduce 
multiple deletions in DNA repair genes and cell perme-
ability–related genes enabled the development of yeast 
strains tailored for a reporter assay with enhanced sensi-
tivity to genotoxic chemicals.

In conclusion, we developed three yeast-based lucif-
erase reporter assays tailored for genotoxicity testing, each 
demonstrating distinct luciferase induction upon expo-
sure to representative genotoxic chemicals, measuring 
both luciferase activity and fold induction. Employing the 
CRISPR/Cas9-mediated gene editing technique, we also 
facilitated the preparation of chromosomally integrated 
reporter strains and genetically modified host strains. 
Using this approach, we generated 10 single- and 11 dou-
ble-deletion mutants, successfully showing that NER and 
PRR mainly play crucial roles in repairing DNA strand 
crosslinks in BY4741, as evidenced by mutagen-dependent 
enhanced induction of luciferase activity. Consequently, 
this study will be useful for developing improved yeast-
based genotoxicity tests and tools to further investigate 
DNA repair mechanisms and screen potential anticancer 
compounds.
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