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ABSTRACT — A typical DNA-damaging agent 4-nitroquinoline 1-oxide (4NQO) is known as an exper-
imental oral carcinogen. Although 4NQO was initially characterized as a UV-mimetic agent, it shows 
more complex effects inducing production of various covalent adducts, oxidative damage and DNA sin-
gle strand break in DNA. To understand roles of histone acetyltransferase GCN5, which protects cells 
against UV-irradiation, on repair of 4NQO-induced DNA damage, we studied the sensitivity of chick-
en homozygous DT40 mutants, ∆GCN5, against 4NQO. After 4NQO treatment, the viability of ∆GCN5 
was appreciably reduced (to ~25% at 6 hr) as compared to that of wild type DT40. Semiquantitative RT-
PCR showed that transcription of DNA polymerase η (POLH) gene whose deficiency is responsible for a 
variant form of xeroderma pigmentosum was drastically down-regulated in ∆GCN5 (to ~25%). However, 
overexpression of POLH could not rescue ∆GCN5 from the enhanced sensitivity to 4NQO, unlike UV-ir-
radiation. Our data suggested that GCN5 participates in control of the sensitivity against 4NQO, and the 
molecular mechanisms of GCN5-mediated repair of the 4NQO-induced DNA lesions are highly complex.

Key words:  DNA repair, DT40, Epigenetics, GCN5, 4-Nitroquinoline 1-oxide
 

INTRODUCTION

On exposure to DNA-damaging factors such as chem-
ical mutagens, radiation and UV, cells are subjected to 
DNA damage followed by mutation, cell death and/or 
carcinogenesis. A typical water-soluble carcinogen 4-nit-
roquinoline 1-oxide (4NQO) has been used in experimen-
tal oral carcinogenesis (Nakahara et al., 1957; Kanojia 
and Vaidya, 2006). Although 4NQO was initially charac-
terized as a UV-mimetic carcinogen, in actuality, it shows 
more complex effects inducing production of various cov-
alent adducts, oxidative damage and DNA single strand 
break in DNA (Miao et al., 2006). Nucleotide excision 
repair (NER) system can remove these DNA lesions to 
protect cells from DNA damage (Balajee and Bohr, 2000; 
Lans et al., 2010). NER system is divided into two dif-
ferent pathways: transcription-coupled repair (TCR) and 
global genome repair (GGR) (Nouspikel, 2008). DNA 

damage in the transcribed strand in transcriptional active 
regions is repaired by TCR, and that in non-transcribed 
regions of the genome is removed by GGR at relatively 
slower rate than TCR. 4NQO-induced DNA lesions are 
mainly repaired by GGR (Snyderwine and Bohr, 1992), 
while pyrimidine dimers, the most abundant UV-induced 
DNA lesions, are principally repaired by TCR (Mellon 
et al., 1987). Several cell lines derived from patients of 
xeroderma pigmentosum (XP) and Cockayne syndrome 
group B (CSB), autosomal recessive inherited disorders 
with NER inactivation, showed hypersensitivity to 4NQO 
(Walker, 1981; Dollery et al., 1983; Edwards et al., 1987; 
Moriwaki et al., 1993; Prince et al., 1999; Muftuog-
lu et al., 2002). In addition, cells from patients of two 
types of RecQ helicase-deficiency diseases, Werner syn-
drome and Bloom syndrome, were also remarkably sensi-
tive to 4NQO (Prince et al., 1999; Imamura et al., 2002; 
Miao et al., 2006). Two RecQ helicase genes, BLM (Rec-
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QL2) and WRN (RecQL3), are responsible for BS and 
WS, respectively. It is well known that RecQ helicases  
(RecQL1, BLM, WRN, RecQL4 and RecQL5) participate 
in DNA double strand break repair and telomere mainte-
nance (Singh et al., 2012; Croteau et al., 2014). In con-
trast, interestingly, primary fibroblasts from Rothmund-
Thomson syndrome carrying mutations in the RecQ4 gene 
showed relative resistance to 4NQO (Jin et al., 2008). 
Thus, various factors are involved in repair of the 4NQO-
induced DNA lesions, and the mechanisms of their repair 
are complicated so far. In particular, the mechanisms of 
epigenetic controls such as histone acetylation in repair of 
4NQO-induced DNA damage remain to be resolved.

Histone acetylation regulated by histone acetyl-
transferases (HATs) and histone deacetylases (HDACs) 
epigenetically controls numerous gene expressions  
(Berger, 2007; Selvi and Kundu, 2009). HATs and 
HDACs play critical roles in the transcriptional regu-
lation of many genes through histone acetylation and 
deacetylation, respectively. GCN5, a prototypical HAT, 
was first identified as a global coactivator and transcrip-
tion-related HAT (Brownell et al., 1996). To investi-
gate physiological roles of GCN5, we generated chicken 
homozygous DT40 mutants, ∆GCN5, by gene targeting 
techniques in the chicken B cell line DT40 (Kikuchi et 
al., 2005), which are excellent methods to study physi-
ological roles of various genes (Buerstedde and Takeda, 
1991). Studies using ∆GCN5 revealed that GCN5 partic-
ipates in cell cycle progression at G1/S phase transition 
(Kikuchi et al., 2005), B cell receptor-mediated apoptosis 
signaling (Kikuchi and Nakayama, 2008), phosphatidyli-
nositol 3-kinase (PI3K)/Akt survival pathway (Kikuchi 
et al., 2011a), superoxide-generating system (Kikuchi et 
al., 2011b), B cell development (Kikuchi et al., 2014a), 
immunoglobulin heavy chain gene expression (Kikuchi et 
al., 2014b), protein kinase Cθ gene expression (Kikuchi 
et al., 2014c) and endoplasmic reticulum stress-induced 
apoptosis (Kikuchi et al., 2015). In particular, interesting-
ly, GCN5 protects cells from UV-irradiation via control-
ling DNA polymerase η (POLH) gene expression whose 
deficiency is responsible for XP variant (XPV) (Kikuchi 
et al., 2012).

To investigate the role of GCN5 in regulation of repair 
of 4NQO-induced DNA lesions, in this study, we stud-
ied the sensitivity of ∆GCN5 to 4NQO, and also effects 
of GCN5-deficiency on various DNA repair-related gene 
expressions. Our results obtained revealed that GCN5 is 
involved in the sensitivity of cells in response to 4NQO.

MATERIALS AND METHODS

Materials
4NQO (Sigma-Aldrich, St. Louis, MO, USA), Tri-

zol reagent (Invitrogen, Carlsbad, CA, USA), Ex Taq 
DNA polymerase (Takara Bio, Shiga, Japan), cDNA syn-
thesis kit ReverTra Ace-α (Toyobo, Osaka, Japan) were 
obtained.

Cell culture and treatments with 4NQO
Generations of ∆GCN5 and human POLH (hPOLH)-

overexpressing ∆GCN5 were described in our previ-
ous reports (Kikuchi et al., 2005; Kikuchi et al., 2012). 
DT40 cells and all subclones were cultured essential-
ly as described (Kikuchi et al., 2005). Treatments with 
DNA-damaging agents were carried out as follows: cells  
(2 x 106) in 10 mL of culture medium were incubated with 
1 μM 4NQO at 37°C. Viable cells were counted by the 
trypan blue dye exclusion method. DNA fragmentation 
assay was carried out as described (Kikuchi et al., 2012).

Semiquantitative RT-PCR
Total RNA was isolated from DT40 and its subclones 

using Trizol reagent. Semiquantitative RT-PCR was per-
formed using appropriate sense and antisense primers list-
ed in Supplementary Table 1 as described (Kikuchi et al., 
2012). Chicken GAPDH gene was used as internal con-
trol. PCR products were subjected to 1.5% agarose gel 
electrophoresis. Data obtained by semiquantitative RT-
PCR before reaching plateau were analyzed by Mul-
ti Gauge software (densitometric analysis mode) using a 
luminescent image analyzer LAS-3000 (Fujifilm, Tokyo, 
Japan). 

Statistical analysis
Results of PCR are presented as averages of three sep-

arate experiments. Error bars indicate standard devia-
tion. Statistical differences were calculated with Student’s  
t test.

RESULTS AND DISCUSSION

GCN5-deficiency enhances the sensitivity to 
4NQO

First, to know influences of GCN5-deficiency on 
4NQO-induced cytotoxicity, we examined effects of 
4NQO treatment on cell viability and DNA fragmentation 
in ∆GCN5 (clone 1~3) and wild type DT40. After 4NQO 
treatment, the viability of three independent ∆GCN5 
clones was appreciably reduced (to ~25% at 6 hr) as 
compared to that of wild type DT40 (to ~70% at 6 hr)  
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(Fig. 1A). In addition, the DNA fragmentation in ∆GCN5 
clone 1 was more prominent compared to that of wild 
type DT40 (Fig. 1B). Similar results were obtained in 
two other ∆GCN5 clones (data not shown). In contrast, 
as shown in our previous report (Kikuchi et al., 2012), 
GCN5-defi ciency showed insignifi cant infl uences on the 
sensitivity to various DNA-damaging agents (aphidicolin, 
bleomycin, cisplatin, camptothecin, etoposide, mitomycin 
C and methyl methanesulfonate). These results suggest-
ed that GCN5 is necessary for cell survival against 4NQO 
treatment. 

GCN5-defi ciency affects transcription of various 
DNA repair-related genes

To study the infl uences of GCN5-defi ciency on expres-
sions of DNA repair-related genes; Ataxia telangiectasia 
mutated (ATM), BLM, breast cancer susceptibility gene 
1 and 2 (BRCA1 and 2), DNA-damage binding protein 
1 (DDB1), excision repair cross-complementing 6 and 8 
(ERCC6 and 8), Fanconi anemia complementation group 
D2 (FANCD2), Nijmegen breakage syndrome 1 (NBS1), 
proliferation cell nuclear antigen (PCNA), DNA polymer-
ase δ (POLD), DNA polymerase ε (POLE), POLH, DNA 
polymerase κ (POLK), DNA polymerase ζ (POLZ), radi-
ation-sensitive 18 (RAD18), replication factor 1 (RFC1), 
replication protein A 1~3 (RPA1~3), WNR, XPA~XPG, 
we carried out semiquantitative RT-PCR on total RNAs 
prepared from three independent ∆GCN5 clones and 

wild type DT40 (Fig. 2). As expected, GCN5-defi ciency 
showed signifi cant infl uence on transcription of various 
DNA repair-related genes; PCNA (to ~55%), POLE (to 
~65%), RecQL1 (to ~50%), RFC1 (to ~75%), RPA1 (to 
~65%), RPA3 (to ~75%), WNR (to ~140%) and XPF (to 
~75%). In particular, transcription of POLH gene whose 
defi ciency is responsible for XPV was signifi cantly down-
regulated in ∆GCN5 (to ~25%). These fi ndings suggested 
that the remarkable decrease in gene expression of POLH 
in ∆GCN5 may result in accelerated sensitivity to 4NQO 
as well as UV-irradiation (Kikuchi et al., 2012).

Overexpression of hPOLH cannot rescue ∆GCN5 
from the enhanced sensitivity to 4NQO

As reported in our previous paper, overexpression of 
hPOLH in ∆GCN5 dramatically reversed the sensitivi-
ty to UV-irradiation of ∆GCN5 to almost the same lev-
el of wild type DT40 (Kikuchi et al., 2012). To investi-
gate whether or not the down-regulation of POLH caused 
the enhanced sensitivity to 4NQO as well as UV-irradi-
ation in ∆GCN5, ∆GCN5/hPOLH cells, hPOLH-overex-
pressing ∆GCN5 cells (Kikuchi et al., 2012), were treat-
ed with 4NQO. However, overexpression of hPOLH 
could not rescue ∆GCN5 from the enhanced sensitivity to 
4NQO at all (Fig. 3). These data suggested that remarka-
ble decrease of POLH did not contribute to the high sen-
sitivity to 4NQO in ∆GCN5.

Fig. 1. Infl uences of GCN5-defi ciency on sensitivity to 4NQO. (A) Cell viability. After 4NQO-treatment (1 μM), wild type DT40 
(circles) and three independent ∆GCN5 clones 1, 2 and 3 (squares, triangles and lozenges) were cultured at 37°C up to 
6 hr. Viable cells were counted by the trypan blue dye exclusion method. Data represent the average of three separate ex-
periments. (B) DNA fragmentation. After 1 μM 4NQO-treatment, the cells (wild type DT40 and ∆GCN5 clone 1) were 
cultured at 37°C for 0, 1, 2 and 3 hr. DNAs were isolated from the cells and analyzed by 1.5% agarose gel electrophoresis. 
The sizes of λ-DNA digested with HindIII are indicated in kilobase pairs.

Vol. 3 No. 3

139

GCN5-defi ciency remarkably enhances the sensitivity to 4NQO



Concluding remarks
Our findings in this study reveal that GCN5 partici-

pates in resistance against 4NQO in vertebrate cells. The 
GCN5-defi cient DT40 mutants, ∆GCN5, established by 

us showed a remarkably enhanced sensitivity to 4NQO 
but not to other DNA-damaging agents (Fig. 1), suggest-
ing that GCN5-defi ciency may infl uence the expressions 
of DNA repair-related genes, which are involved in repair 
of the 4NQO-induced DNA lesions. Therefore, we car-
ried out semiquantitative RT-PCR to study infl uences of 
GCN5-defi ciency on expressions of various DNA repair-
related genes. As expected, GCN5-deficiency caused 
influences to some extent on transcriptions of various 
genes tested (Fig. 2). It is noteworthy that transcription 
of POLH gene whose decrease caused remarkable atten-
uation of UV-tolerance in ∆GCN5 (Kikuchi et al., 2012) 
was drastically down-regulated (to ~25%). However, 
unexpectedly, overexpression of hPOLH could not rescue 
∆GCN5 from the enhanced sensitivity to 4NQO (Fig. 3), 
unlike UV. Since defi ciency of Rev1, which is involved in 
translesion synthesis (TLS) the same as POLH, showed 
no effect on the sensitivity to 4NQO (Sakai et al., 2003), 
TLS-related genes may not contribute to repair of the 
4NQO-induced DNA lesions. Changes on transcriptions 
of other DNA repair-related genes (PCNA, POLE, Rec-
QL1, RFC1, RPA1, RPA3, WNR and XPF) were rela-
tively moderate, and were insufficient for understand-
ing the mechanisms of the drastic enhanced sensitivity 
of ∆GCN5 against 4NQO. On the other hand, no chang-
es were detected in the mRNA levels of XPA~E, XPG 
and ERCC6 whose defi ciency is responsible for CSB. As 
mentioned above, cell lines derived from patients of XP 

Fig. 2. Infl uences of GCN5-defi ciency on expressions of various DNA repair-related genes. Total RNAs were extracted from wild 
type DT40 and three independent ∆GCN5 clones, and mRNA levels of DNA repair-related genes found in chicken were de-
termined by semiquantitative RT-PCR using appropriate primers (see Supplementary Table 1). Chicken GAPDH gene was 
used as internal control. Data represent averages of three independent ∆GCN5 clones (gray bars), and indicated as percent-
ages of control values (100%) obtained from wild type DT40 cells. Error bars indicate standard deviation. Statistical differ-
ences were calculated using Student’s t test. *, p < 0.05; **, p < 0.01.

Fig. 3. Infl uences of overexpression of hPOLH in ∆GCN5 on 
sensitivity to 4NQO-treatment. After 4NQO-treatment 
(1 μM), wild type DT40 (circles) and two independent 
∆GCN5/hPOLH clones-1 and -2 (squares and lozeng-
es) were cultured at 37°C up to 6 hr. Viable cells were 
counted by the trypan blue dye exclusion method. Data 
represent averages of three separate experiments. Error 
bars indicate standard deviation.
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and CSB showed hypersensitivities to 4NQO (Walker,  
1981; Dollery et al., 1983; Edwards et al., 1987;  
Moriwaki et al., 1993; Prince et al., 1999; Muftuoglu et 
al., 2002). However, our data suggested that the hyper-
sensitivity of ∆GCN5 against 4NQO is not caused by 
down-regulation of these genes. Transcripts of RecQL4 
gene, unfortunately, could not detected by RT-PCR using 
several primers. In addition, there is the possibility that 
the unidentified factors may participate in repair of the 
4NQO-induced DNA lesions. Identification of the target 
genes of GCN5 involved in repair of the 4NQO-induced 
DNA lesions should be done in the future.

Another possibility is that GCN5-deficiency-induced 
hypoacetylation surrounding the 4NQO-induced DNA 
lesions enhances the sensitivity to 4NQO. As is well 
known, GCN5 promotes histone acetylation resulting in 
recruitment of DNA repair-related protein factors to dam-
aged sites and efficient DNA repair (Brand et al., 2001; 
Martinez et al., 2001; Teng et al., 2002; Yu et al., 2005; 
Gamper and Roeder, 2008; Shimada et al., 2008; Guo et 
al., 2011). In fact, GCN5-deficiency in DT40 cells led to 
remarkable decreased bulk acetylation level of Lys-9 res-
idue of histone H3 (Kikuchi et al., 2005). Such chang-
es in the pattern of histone acetylation can influence the 
sensitivity to 4NQO. Perhaps, changes in the expression 
of some DNA repair-related genes and histone acetyla-
tion levels might cooperatively bring about the enhanced 
sensitivity against 4NQO. Unfortunately, we have no 
data proving this hypothesis. In addition, the reason why 
∆GCN5 showed an enhanced sensitivity to 4NQO but not 
to other DNA-damaging agents still remains unexplained. 
Further studies will be needed to clarify molecular mech-
anisms of GCN5-mediated repair of the 4NQO-induced 
DNA lesions.

Nonetheless, it is quite certain that GCN5 participates 
in control of the sensitivity against 4NQO. As mentioned 
in our previous study, GCN5 is involved in regulation of 
various cell death progressions. For example, GCN5-defi-
ciency causes acceleration of apoptosis induced by hydro-
gen peroxide (Kikuchi et al., 2011b) and UV-irradiation 
(Kikuchi et al., 2012), while it suppresses apoptotic cell 
death mediated by B cell receptor-signaling (Kikuchi 
and Nakayama, 2008) and endoplasmic reticulum stress 
(Kikuchi et al., 2015). Moreover, GCN5-deficiency in 
mice led to early embryonic lethality with increased apop-
tosis in mesodermal lineages (Xu et al., 2000; Yamauchi 
et al., 2000). Thus, GCN5 is one of the most significant 
epigenetic supervisor in the decision between cell life and 
cell death. Studies on GCN5 functions will become more 
important for epigenetic control of life and death in ver-
tebrate cells.
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