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Abstract

6-Nitrochrysene (6-NC) is a potent mutagen in bacteria and carcinogenic in animals. It is the most 

potent carcinogen ever tested in newborn mouse assay. DNA lesions resulting from 6-NC 

modification are likely to induce mutations if they are not removed by cellular defense pathways 

prior to DNA replication. Earlier studies showed that 6-NC-derived C8–2’-deoxyadenosine 

adduct, N-(dA-8-yl)-6-AC, is very slowly repaired in human cells. In this study, we have 

investigated replication of N-(dA-8-yl)-6-AC in human embryonic kidney (HEK 293T) cells and 

the roles of translesion synthesis (TLS) DNA polymerases in bypassing it. Replication of a 

plasmid containing a single site-specific N-(dA-8-yl)-6-AC adduct in HEK 293T cells showed that 

human DNA polymerase (hPol) η and hPol κ played important roles in bypassing the adduct, 

since TLS efficiency was reduced to 26% in the absence of these two polymerases compared to 

83% in polymerase-competent HEK 293T cells. The progeny from HEK 293T cells provided 

12.7% mutants predominantly containing A→T transversions. Mutation frequency (MF) was 

increased to 17.8% in hPol η-deficient cells, whereas it was decreased to 3.3% and 3.9% when the 

adduct containing plasmid was replicated in hPol κ- and hPol ζ-deficient cells, respectively. The 

greatest reduction in MF by more than 90% (to MF 1.2%) was observed in hPol ζ-knockout cells 

in which hPol κ was knocked down. Taken together, these results suggest that hPol κ and hPol ζ 
are involved in the error-prone TLS of N-(dA-8-yl)-6-AC, while hPol η performs error-free 

bypass.
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1. INTRODUCTION

Nitropolycyclic aromatic hydrocarbons (NO2-PAHs) are common environmental pollutants 

as they are formed during combustion of diesel and other fossil fuels [1–4]. They are also 

present in certain foods and beverages. The International Agency for Research on Cancer 

(IARC) labeled diesel exhaust as “carcinogenic to humans” (Group 1) and one of its NO2-

PAH contaminant 6-nitrochrysene (6-NC) as “probably carcinogenic to humans” (Group 

2A) [5]. 6-NC is mutagenic in bacteria and carcinogenic in experimental animals [6–9]. It is 

the most potent carcinogen ever tested in the newborn mouse assay and its carcinogenic 

potency in rat mammary gland is higher than that of the potent carcinogens benzo[a]pyrene 

and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) [9–11].

6-NC is metabolically activated by two different pathways: the first involves nitroreduction 

to form 6-hydroxyaminochrysene (N-OH-6-AC) and the second involves both nitroreduction 

and ring oxidation. N-OH-6-AC, generated in the first pathway forms three DNA adducts, 

N-(dG-8-yl)-6-AC (1), 5-(dG-N2-yl)-6-AC (2), and N-(dI-8-yl)-6-AC (4), the latter being 

produced by deamination of the 2ʹ-deoxyadenosine adduct, N-(dA-8-yl)-6-AC (3) (Scheme 

1) [12–15]. The second pathway generates trans-1,2-dihydroxy-1,2-dihydro-6-

hydroxyaminochrysene (1,2-DHD-6-NHOH-C), which forms 5-(dG-N2-yl)-1,2-DHD-6-AC, 

N-(dG-8-yl)-1,2-DHD-6-AC, and N-(dA-8-yl)1,2-DHD-6-AC [14]. All these DNA adducts 

have been detected in several organs of rats treated with 6-NC orally or by intraperitoneal 

injection [12, 14].
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When the nucleotide excision repair (NER) efficiency of N-(dG-8-yl)-1,2-DHD-6-AC, N-

(dG-8-yl)-6-AC, and N-(dA-8-yl)-6-AC were compared in HeLa cell extracts, N-(dG-8-

yl)-6-AC repair was most facile [16], even though N-(dG-8-yl)-6-AC was estimated to be 

15-fold more resistant to NER than the cis-Pt adduct [17]. NER of N-(dG-8-yl)-1,2-DHD-6-

AC is ~2-fold more resistant than N-(dG-8-yl)-6-AC whereas N-(dA-8-yl)-6-AC is repaired 

8-fold more slowly than N-(dG-8-yl)-6-AC [16]. It was speculated that slow repair of the 6-

NC adducts and thus their persistence in mammalian tissues play a part in the 

carcinogenicity of 6-NC [16]. However, mutagenicity of these adducts in mammalian cells 

have never been reported.

We have recently developed a total synthesis method to prepare site-specifically 

incorporated N-(dA-8-yl)-6-AC in any desired sequence [18]. We have also shown that this 

adduct is mutagenic in Escherichia coli. In this article, we report the mutagenicity of this 

adduct in human embryonic kidney (HEK) 293T cells. We also determined the roles of the 

translesion synthesis (TLS) DNA polymerases on the bypass and mutagenicity of the DNA 

adduct.

2. MATERIALS AND METHODS

2.1. Materials

All materials, including reagents and solvents, were of commercial grade. [γ−32P] ATP was 

purchased from Perkin Elmer Health Sciences Inc. (Shelton, CT). The enzymes were 

purchased from New England Biolabs (Beverly, MA). All unmodified 

oligodeoxynucleotides were obtained from Integrated DNA Technologies (Coralville, IA). 

Synthetic siRNA duplex against hPol η (SI02663619), hPol κ (SI04930884), and negative 

control siRNA (1027280) were purchased from Qiagen (Valencia, CA). HEK 293T cells 

with knockout of a single TLS polymerase hPol η, hPol κ, hPol ι, and hPol ζ, and 

simultaneous knockout of hPol η/hPol ζ and hPol η/hPol κ were a gift from Professor 

Yinsheng Wang (University of California, Riverside, CA), which were produced by using 

the CRISPR-Cas9 genome editing method [19, 20].

2.2. Methods

2.2.1. Construction and characterization of a pMS2 vector containing a 
single N-(dA-8-yl)-6-AC adduct and its replication in HEK 293T cells.—We have 

constructed a single-stranded pMS2 vector containing a single N-(dA-8-yl)-6-AC adducted 

site. This vector contained neomycin and ampicillin resistance genes and was prepared as 

previously reported [21, 22]. Briefly, the pMS2 DNA (100 pmols) was digested with an 

excess of EcoRV (500 pmol, 8.1 μg) for 4 h at 37 °C, followed by room temperature 

overnight. A mixture of a 4-fold excess of a 60-mer scaffold oligonucleotide and the 

digested plasmid was incubated in a water bath heated to 75 °C, which was allowed to cool 

to room temperature and then left overnight at 4 °C to form a gapped DNA template. The 

control and N-(dA-8-yl)-6-AC containing oligonucleotides were phosphorylated with T4 

polynucleotide kinase, hybridized to the gapped pMS2 DNA, and ligated overnight at 16 °C. 

Unligated oligonucleotides were removed by passing them through a Centricon-100, and the 

DNA was precipitated with ethanol. The scaffold was removed by T4 DNA polymerase (16 
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units, 16 °C, 1 h), and the construct was purified by phenol extraction followed by Sephadex 

G25 filtration. The HEK 293T or TLS polymerase knockout HEK 293T cells were grown to 

60–80% confluency and transfected with 150 ng of construct in 6 μL of Lipofectamine 

cationic lipid reagent (Invitrogen, Carlsbad, CA). Following transfection with modified or 

unmodified pMS2 vector, the cells were allowed to grow at 37◦C in 5% CO2 for 24 h and 

the plasmid DNA was collected and purified. It was used to transform E. coli (DH10B) and 

transformants were analyzed by oligonucleotide hybridization followed by DNA sequence 

analysis [22, 23].

2.2.2. TLS assay in human cells.—N-(dA-8-yl)-6-AC-containing or control pMS2 

vector was mixed with a single-stranded pMS2 DNA construct with a 15-mer 

oligonucleotide sequence at the ligation site different from the N-(dA-8-yl)-6-AC containing 

(or control) DNA sequence, which was used as an internal control. The molar ratio of 

internal control to unmodified control vector was 1:1, and those for the internal control to N-

(dA-8-yl)-6-AC containing vector was 1:3. As expected, this construct gave equal number of 

progeny as the control vector. Transfection was carried out as described above. TLS 

efficiency was determined as the percentages of the colonies originating from the N-(dA-8-

yl)-6-A containing plasmid relative to the internal control vector.

2.2.3. Mutational analyses of TLS products from human cells.—For the siRNA 

knockdown experiments, prior to transfection of the control and N-(dA-8-yl)-6-AC 

containing vectors, synthetic siRNA duplex was transfected into HEK 293T cells using 

Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA). HEK 293T cells were plated 

in 6-well plates at 50% confluence. After 24 h incubation, they were transfected with 100 

pmoles of siRNA duplex mixed with Lipofectamine, diluted in Opti-MEM (Gibco), per well. 

One day before transfection of the plasmid, cells were seeded in 24-well plates at 70% 

confluence. Cells were then co-transfected with another aliquot of siRNA and either control 

plasmid or lesion-containing plasmid. After 24 h incubation, progeny plasmids were isolated 

as described earlier. The efficiency of knockdown, determined by RT-PCR, was at least 70% 

[22].

3. RESULTS AND DISCUSSION

3.1. Experimental system.

Our experimental system involves construction of an N-(dA-8-yl)-6-AC containing single-

stranded plasmid pMS2 that carries f1 and SV40 origins of replication, neomycin and 

ampicillin resistance genes, the SV40 early promoter, SV40 small tumor antigen splice sites, 

and SV40 early poly-adenylation site, which enable it to be replicated in both mammalian 

cells and E. coli [24]. The lesion containing pMS2 construct was mixed with an unmodified 

plasmid that contained a different DNA sequence at the site of ligation and the mixed DNA 

was transfected in HEK 293T cells. The latter was used as an internal control to calculate the 

TLS efficiency. DNA recovered from the transfected HEK 293T cells was used to transform 

E. coli cells for amplification and analysis (see Figure S1 in SI).

The mechanism of replication of circular ssDNA is well understood in bacteria, but it has 

not been clearly defined in mammalian cells. However, based on several studies, a model has 
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been proposed. The studies on porcine circovirus, the genome of which contains circular 

ssDNA, showed that DNA polymerase α-primase synthesizes primers at several sites on 

ssDNA [25]. Méchali and Harland suggested that the mechanism is similar to lagging strand 

synthesis [26]. PCNA, the processivity factor for the eukaryotic DNA polymerase, is needed 

for the DNA synthesis on ssDNA [26]. This suggests that the replicative DNA polymerases 

Pol α and δ catalyze DNA synthesis in mammalian cells. However, lesion bypass may 

require participation of TLS polymerases.

3.2. Construction of a plasmid containing a single N-(dA-8-yl)-6-AC adduct and its 
replication in HEK 293T cells.

A 15-mer 5ʹ-GCCCTCAA*CAAGATG where A* denotes N-(dA-8-yl)-6-AC was 

synthesized as reported [18]. The DNA sequence of this oligonucleotide was selected from 

the TP53 gene codon 129–133, since codon 131 is a hotspot for A→T transversions in 

patients with urothelial cancers by exposure to another nitroaromatic carcinogen, 

aristolochic acid [27–29]. The 15-mer containing N-(dA-8-yl)-6-AC and a control were 

ligated to a gapped plasmid DNA to prepare site-specifically modified pMS2 plasmid 

constructs, according to a method reported earlier [18]. The lesion containing pMS2 

construct and an unmodified plasmid DNA (containing a 20-mer sequence 5ʹ-
AGGGTTTACCCAGTCACGTT-3ʹ at the ligation site different from the DNA sequence of 

either the lesion containing or control DNA) in 3:1 ratio were co-transfected into HEK 293T 

cells with or without deficiency in TLS polymerases. As indicated earlier, the unmodified 

construct was used as an internal control, and equal number of progeny was obtained when it 

was replicated with an equal amount of control plasmid DNA. Cells were incubated for 24 h 

to allow for one round of replication, following which the DNA of the replicates were 

isolated and used to transform E. coli DH10B cells. The percentages of the colonies 

originating from the lesion-containing plasmid relative to the unmodified plasmid, indicating 

the percentage of TLS, were determined by oligonucleotide hybridization followed by DNA 

sequencing. The experimental procedure for construction of the DNA adduct containing 

plasmid, its replication in HEK 293T cells, and TLS efficiency and mutational analyses of 

the progeny are schematically displayed in Figure S1 in the SI. The DNA sequences of the 

hybridization probes are provided in Figure S2 in the SI.

3.3. TLS efficiency in human cells.

In HEK 293T cells, the TLS efficiency for the N-(dG-8-yl)-6-AC containing plasmid was 

83±3%, as compared to 100% progeny generated from the undamaged DNA (Figure 1). 

Next, we determined the TLS efficiency of the adduct containing construct in cells deficient 

in various TLS polymerases (hPol η, hPol κ, hPol ι, and hPol ζ). While cells with hPol ι 
knockout had little effect on replication, TLS efficiency were reduced to 45±3%, 60±2%, 

and 72±2% in hPol η-, hPol κ-, and hPol ζ-deficient cells, respectively. TLS efficiency was 

further reduced in deficiency in two TLS polymerases. For example, TLS efficiency was 

34±2% in cells with simultaneous knockout of hPol η and hPol ζ. Likewise, when hPol κ 
was knocked down in hPol ζ knockout cells, TLS efficiency of 54±2% was lower than either 

polymerase-deficient cell lines. The largest reduction in TLS efficiency to 26±1% was 

observed in cells with simultaneous knockout of hPol η and hPol κ. This suggests that 
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primarily hPol η and hPol κ but also hPol ζ play a role in bypassing this DNA adduct in 

HEK 293T cells.

3.4. Error-free and error-prone TLS of N-(dA-8-yl)-6-AC in human cells.

DNA sequence analysis indicated that 12.7±2.7% of the progeny from the HEK 293T cells 

were mutants, which comprised of ~11% targeted and 1.7% semi-targeted mutations (Figure 

2). Semi-targeted mutations are defined as base substitutions and deletions detected near N-

(dG-8-yl)-6-AC even though the lesion might have been replicated correctly as a template 

adenine. Targeted mutations included ~7% A*→T, 3% A*→G, and 0.5% A*→C (Figure 

3). Mutation frequency (MF) was increased to 17.8±0.2% in hPol η-deficient cells, whereas 

it decreased to 3.3±0.5%, 10.1±0.6%, and 3.9±0.1% in hPol κ-, hPol ι-, and hPol ζ-

deficient cells, respectively. This suggests that hPol η is involved in error-free bypass of N-
(dG-8-yl)-6-AC, whereas hPol κ and hPol ζ play critical roles in error-prone bypass. hPol ι 
also has a role in error-prone bypass of the DNA adduct, though its effect was modest. In 

cells carrying simultaneous knockouts of hPol η and hPol ζ, the MF (4.4±0.3%) was only 

slightly higher than that in hPol ζ-deficient cells. Likewise, in cells with simultaneous 

knockout of hPol η and hPol κ, the MF (4.9±0.2%) was higher than that in hPol κ-deficient 

cells but much lower than that in hPol η-deficient cells. The most pronounced effect on MF 

was noted in hPol ζ-deficient cells in which hPol κ was knocked down, when the MF 

dropped to 1.2±0.2%.

In each of these cases the major type of targeted mutation was A*→T, except in hPol κ-

deficient cells, in which the major type of targeted mutation was A*→G (Figure 3). This 

suggests that hPol κ is involved in A*→T mutations. However, in cells deficient in both 

hPol κ and hPol ζ, A*→T mutation was the foremost targeted mutations. We hypothesize 

that the error-prone base insertion of A and to a lesser extent C opposite N-(dG-8-yl)-6-AC 

is carried out by hPol κ, but extension for both is executed by hPol ζ. In contrast, hPol η 
performs a significant fraction of error-free bypass of N-(dG-8-yl)-6-AC. Semi-targeted 

mutations at low level were detected in all cases, which frequently occurred at the 5ʹ A or 3ʹ 
C adjacent to N-(dG-8-yl)-6-AC. We believe that the semi-targeted mutations were the result 

of helix destabilization by the DNA adduct, which have been detected at a low level with 

other bulky adducts [22, 30] and at a high frequency with certain intra-strand DNA-DNA 

(e.g., G[8,5-Me]T and T[5- Me,8]G) and DNA-peptide cross-links [31, 32].

Based on these results we propose Scheme 2 for error-free and error-prone TLS of N-(dA-8-

yl)-6-AC.

It is remarkable that N-(dA-8-yl)-6-AC induces predominantly A*→G mutations in both 

uninduced and SOS-induced E. coli cells, and A*→T mutations occur at a much lower 

frequency [18]. But in human cells the trend is reversed with A*→T occurring at a much 

higher frequency than A*→G. This suggests a different role of the leading TLS polymerases 

in TLS of the adduct in these two organisms. It is also interesting that in cells with 

deficiency in both hPol κ and hPol ζ MF was very low (Figure 2 & 3), but the efficiency of 

TLS was significant and much higher than hPol η/hPol ζ or hPol η/hPol κ double knockout 

cells (Figure 1). This further implies a critical role in error-free bypass of N-(dA-8-yl)-6-AC 

by hPol η.
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4. Conclusions

While mutagenicity of many bulky dG adducts in mammalian cells have been published 

[33], there is a paucity of reports on the mutagenicity of bulky dA adducts. Of the limited 

number of studies on the mutagenic outcome of bulky dA adducts [34–40], none has 

evaluated a bulky C8-dA adduct. To our knowledge, this is the first study on replication of a 

bulky NO2-PAH-derived C8-dA adduct in human cells, which showed that its bypass relies 

heavily on the TLS polymerases and that it is mutagenic inducing A*→T and A*→G 

mutations. The mutations are induced when bypass is conducted by a coordination of hPol κ 
and hPol ζ, whereas error-free TLS is carried out by hPol η.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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5-(dG-N2-yl)-6-AC 5-(deoxyguanosine-N2-yl)-6-aminochrysenene
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PAH polynuclear aromatic hydrocarbon
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5. REFERENCES

[1]. Pitts JN Jr., Van Cauwenberghe KA, Grosjean D, Schmid JP, Fitz DR, Belser WL, Knudson GP, 
Hynds PM, Atmospheric reactions of polycyclic aromatic hydrocarbons: facile formation of 
mutagenic nitro derivatives, Science, 202 (1978) 515–519. [PubMed: 705341] 

[2]. WHO International Agency for Research on Cancer, Diesel and gasoline engine exhausts and 
some nitroarenes., IARC Monogr. Eval. Carcinog. Risks Hum., 46 (1989) 1–458.

[3]. Rosenkranz HS, Mermelstein R, Mutagenicity and genotoxicity of nitroarenes. All nitro-
containing chemicals were not created equal, Mutat Res, 114 (1983) 217–267. [PubMed: 
6300670] 

[4]. Purohit V, Basu AK, Mutagenicity of nitroaromatic compounds, Chem. Res. Toxicol, 13 (2000) 
673–692. [PubMed: 10956054] 

Powell et al. Page 7

DNA Repair (Amst). Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[5]. Benbrahim-Tallaa L, Baan RA, Grosse Y, Lauby-Secretan B, El Ghissassi F, Bouvard V, Guha N, 
Loomis D, Straif K, International G Agency for Research on Cancer Monograph Working, 
Carcinogenicity of diesel-engine and gasoline-engine exhausts and some nitroarenes, Lancet 
Oncol., 13 (2012) 663–664. [PubMed: 22946126] 

[6]. El-Bayoumy K, Shiue GH, Amin S, Hecht SS, The effects of bay-region methyl substitution on 6-
nitrochrysene mutagenicity in Salmonella typhimurium and tumorigenicity in newborn mice, 
Carcinogenesis, 10 (1989) 1685–1689. [PubMed: 2670305] 

[7]. El-Bayoumy K, Desai D, Upadhyaya P, Amin S, Hecht SS, Comparative tumorigenicity of 
nitrochrysene isomers in newborn mice, Carcinogenesis, 13 (1992) 2271–2275. [PubMed: 
1473233] 

[8]. El-Bayoumy K, Rivenson A, Upadhyaya P, Chae YH, Hecht SS, Induction of mammary cancer by 
6-nitrochrysene in female CD rats, Cancer Res, 53 (1993) 3719–3722. [PubMed: 8339281] 

[9]. El-Bayoumy K, Desai D, Boyiri T, Rosa J, Krzeminski J, Sharma AK, Pittman B, Amin S, 
Comparative tumorigenicity of the environmental pollutant 6-nitrochrysene and its metabolites in 
the rat mammary gland, Chem. Res. Toxicol, 15 (2002) 972–978. [PubMed: 12119009] 

[10]. El-Bayoumy K, Shiue GH, Hecht SS, Comparative tumorigenicity of 6-nitrochrysene and its 
metabolites in newborn mice, Carcinogenesis, 10 (1989) 369–372. [PubMed: 2912588] 

[11]. El-Bayoumy K, Environmental carcinogens that may be involved in human breast cancer 
etiology, Chem. Res. Toxicol, 5 (1992) 585–590. [PubMed: 1445997] 

[12]. Chae YH, Delclos KB, Blaydes B, El-Bayoumy K, Metabolism and DNA binding of the 
environmental colon carcinogen 6-nitrochrysene in rats, Cancer Res, 56 (1996) 2052–2058. 
[PubMed: 8616850] 

[13]. Boyiri T, Leszczynska J, Desai D, Amin S, Nixon DW, El-Bayoumy K, Metabolism and DNA 
binding of the environmental pollutant 6-nitrochrysene in primary culture of human breast cells 
and in cultured MCF-10A, MCF-7 and MDA-MB-435s cell lines, Int. J. Cancer, 100 (2002) 395–
400. [PubMed: 12115519] 

[14]. El-Bayoumy K, Sharma AK, Lin JM, Krzeminski J, Boyiri T, King LC, Lambert G, Padgett W, 
Nesnow S, Amin S, Identification of 5-(deoxyguanosin-N2-yl)- 1,2-dihydroxy-1,2-dihydro-6-
aminochrysene as the major DNA lesion in the mammary gland of rats treated with the 
environmental pollutant 6-nitrochrysene, Chem. Res. Toxicol, 17 (2004) 1591–1599. [PubMed: 
15606134] 

[15]. Delclos KB, Miller DW, Lay JO Jr., Casciano DA, Walker RP, Fu PP, Kadlubar FF, Identification 
of C8-modified deoxyinosine and N2- and C8-modified deoxyguanosine as major products of the 
in vitro reaction of N-hydroxy-6-aminochrysene with DNA and the formation of these adducts in 
isolated rat hepatocytes treated with 6-nitrochrysene and 6-aminochrysene, Carcinogenesis, 8 
(1987) 1703–1709. [PubMed: 3664962] 

[16]. Krzeminski J, Kropachev K, Reeves D, Kolbanovskiy A, Kolbanovskiy M, Chen KM, Sharma 
AK, Geacintov N, Amin S, El-Bayoumy K, Adenine-DNA adduct derived from the 
nitroreduction of 6-nitrochrysene is more resistant to nucleotide excision repair than guanine-
DNA adducts, Chem. Res. Toxicol, 26 (2013) 1746–1754. [PubMed: 24112095] 

[17]. Krzeminski J, Kropachev K, Kolbanovskiy M, Reeves D, Kolbanovskiy A, Yun BH, Geacintov 
NE, Amin S, El-Bayoumy K, Inefficient nucleotide excision repair in human cell extracts of the 
N-(deoxyguanosin-8-yl)-6-aminochrysene and 5-(deoxyguanosin-N(2)-yl)-6-aminochrysene 
adducts derived from 6-nitrochrysene, Chem. Res. Toxicol, 24 (2011) 65–72. [PubMed: 
21114286] 

[18]. Powell BV, Basu AK, 6-Nitrochrysene-Derived C8–2’-Deoxyadenosine Adduct: Synthesis of 
Site-Specific Oligodeoxynucleotides and Mutagenicity in Escherichia coli, Chem. Res. Toxicol, 
33 (2020) 604–613. [PubMed: 31903755] 

[19]. Wu J, Li L, Wang P, You C, Williams NL, Wang Y, Translesion synthesis of O4-alkylthymidine 
lesions in human cells, Nucleic Acids Res, 44 (2016) 9256–9265. [PubMed: 27466394] 

[20]. Du H, Leng J, Wang P, Li L, Wang Y, Impact of tobacco-specific nitrosamine-derived DNA 
adducts on the efficiency and fidelity of DNA replication in human cells, J. Biol. Chem, 293 
(2018) 11100–11108. [PubMed: 29789427] 

Powell et al. Page 8

DNA Repair (Amst). Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[21]. Kalam MA, Basu AK, Mutagenesis of 8-oxoguanine adjacent to an abasic site in simian kidney 
cells: tandem mutations and enhancement of G-->T transversions, Chem. Res. Toxicol, 18 (2005) 
1187–1192. [PubMed: 16097791] 

[22]. Pande P, Malik CK, Bose A, Jasti VP, Basu AK, Mutational analysis of the C8-guanine adduct of 
the environmental carcinogen 3-nitrobenzanthrone in human cells: critical roles of DNA 
polymerases eta and kappa and Rev1 in error-prone translesion synthesis, Biochemistry, 53 
(2014) 5323–5331. [PubMed: 25080294] 

[23]. Bose A, Pande P, Jasti VP, Millsap AD, Hawkins EK, Rizzo CJ, Basu AK, DNA polymerases 
kappa and zeta cooperatively perform mutagenic translesion synthesis of the C8–2’-
deoxyguanosine adduct of the dietary mutagen IQ in human cells, Nucleic Acids Res, 43 (2015) 
8340–8351. [PubMed: 26220181] 

[24]. Moriya M, Single-stranded shuttle phagemid for mutagenesis studies in mammalian cells: 8-
oxoguanine in DNA induces targeted G.C-->T.A transversions in simian kidney cells, Proc. Natl. 
Acad. Sci. U S A, 90 (1993) 1122–1126. [PubMed: 8430083] 

[25]. Gassmann M, Focher F, Buhk HJ, Ferrari E, Spadari S, Hubscher U, Replication of single-
stranded porcine circovirus DNA by DNA polymerases alpha and delta, Biochim. Biophys. Acta, 
951 (1988) 280–289. [PubMed: 3207761] 

[26]. Mechali M, Harland RM, DNA synthesis in a cell-free system from Xenopus eggs: priming and 
elongation on single-stranded DNA in vitro, Cell, 30 (1982) 93–101. [PubMed: 6181898] 

[27]. Olivier M, Hollstein M, Hainaut P, TP53 mutations in human cancers: origins, consequences, and 
clinical use, Cold Spring Harb Perspect Biol, 2 (2010) a001008. [PubMed: 20182602] 

[28]. Grollman AP, Shibutani S, Moriya M, Miller F, Wu L, Moll U, Suzuki N, Fernandes A, 
Rosenquist T, Medverec Z, Jakovina K, Brdar B, Slade N, Turesky RJ, Goodenough AK, Rieger 
R, Vukelic M, Jelakovic B, Aristolochic acid and the etiology of endemic (Balkan) nephropathy, 
Proc. Natl. Acad. Sci. U S A, 104 (2007) 12129–12134. [PubMed: 17620607] 

[29]. Hollstein M, Moriya M, Grollman AP, Olivier M, Analysis of TP53 mutation spectra reveals the 
fingerprint of the potent environmental carcinogen, aristolochic acid, Mutat. Res, 753 (2013) 41–
49. [PubMed: 23422071] 

[30]. Watt DL, Utzat CD, Hilario P, Basu AK, Mutagenicity of the 1-nitropyrene-DNA adduct N-
(deoxyguanosin-8-yl)-1-aminopyrene in mammalian cells, Chem. Res. Toxicol, 20 (2007) 1658–
1664. [PubMed: 17907783] 

[31]. Colis LC, Raychaudhury P, Basu AK, Mutational specificity of gamma-radiation-induced 
guanine-thymine and thymine-guanine intrastrand cross-links in mammalian cells and translesion 
synthesis past the guanine-thymine lesion by human DNA polymerase eta, Biochemistry, 47 
(2008) 8070–8079. [PubMed: 18616294] 

[32]. Pande P, Ji S, Mukherjee S, Scharer OD, Tretyakova NY, Basu AK, Mutagenicity of a Model 
DNA-Peptide Cross-Link in Human Cells: Roles of Translesion Synthesis DNA Polymerases, 
Chem. Res. Toxicol, 30 (2017) 669–677. [PubMed: 27951635] 

[33]. Basu AK, Pande P, Bose A, Translesion Synthesis of 2’-Deoxyguanosine Lesions by Eukaryotic 
DNA Polymerases, Chem. Res. Toxicol, 30 (2017) 61–72. [PubMed: 27760288] 

[34]. Frank EG, Sayer JM, Kroth H, Ohashi E, Ohmori H, Jerina DM, Woodgate R, Translesion 
replication of benzo[a]pyrene and benzo[c]phenanthrene diol epoxide adducts of deoxyadenosine 
and deoxyguanosine by human DNA polymerase iota, Nucleic Acids Res, 30 (2002) 5284–5292. 
[PubMed: 12466554] 

[35]. Chiapperino D, Cai M, Sayer JM, Yagi H, Kroth H, Masutani C, Hanaoka F, Jerina DM, Cheh 
AM, Error-prone translesion synthesis by human DNA polymerase eta on DNA-containing 
deoxyadenosine adducts of 7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene, J. 
Biol. Chem, 280 (2005) 39684–39692. [PubMed: 16188888] 

[36]. Page JE, Pilcher AS, Yagi H, Sayer JM, Jerina DM, Dipple A, Mutational consequences of 
replication of M13mp7L2 constructs containing cis-opened benzo[a]pyrene 7,8-diol 9, 10-
epoxide-deoxyadenosine adducts, Chem. Res. Toxicol, 12 (1999) 258–263. [PubMed: 10077488] 

[37]. Christner DF, Lakshman MK, Sayer JM, Jerina DM, Dipple A, Primer extension by various 
polymerases using oligonucleotide templates containing stereoisomeric benzo[a]pyrene-
deoxyadenosine adducts, Biochemistry, 33 (1994) 14297–14305. [PubMed: 7524675] 

Powell et al. Page 9

DNA Repair (Amst). Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[38]. Attaluri S, Bonala RR, Yang IY, Lukin MA, Wen Y, Grollman AP, Moriya M, Iden CR, Johnson 
F, DNA adducts of aristolochic acid II: total synthesis and site-specific mutagenesis studies in 
mammalian cells, Nucleic Acids Res, 38 (2010) 339–352. [PubMed: 19854934] 

[39]. Levine RL, Yang IY, Hossain M, Pandya GA, Grollman AP, Moriya M, Mutagenesis induced by 
a single 1,N6-ethenodeoxyadenosine adduct in human cells, Cancer Res, 60 (2000) 4098–4104. 
[PubMed: 10945616] 

[40]. Basu AK, Wood ML, Niedernhofer LJ, Ramos LA, Essigmann JM, Mutagenic and genotoxic 
effects of three vinyl chloride-induced DNA lesions: 1,N6-ethenoadenine, 3,N4-ethenocytosine, 
and 4-amino-5-(imidazol-2-yl)imidazole, Biochemistry, 32 (1993) 12793–12801. [PubMed: 
8251500] 

Powell et al. Page 10

DNA Repair (Amst). Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The TLS efficiencies of the N-(dA-8-yl)-6-AC containing construct in HEK 293T cells and 

various TLS polymerase knockout (KO) HEK 293T cells. The data represent the means and 

standard errors of the mean from 2–4 independent replication experiments. The statistical 

significance of the difference in % TLS efficiency between HEK 293T and TLS pols 

knockouts was calculated using two-tailed, unpaired Student’s t test. (*P < 0.05; **P < 0.01; 

***P < 0.001).

Powell et al. Page 11

DNA Repair (Amst). Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Targeted and semi-targeted mutations induced in the progeny from the N-(dA-8-yl)-6-AC 

construct in HEK 293T and various polymerase knockout (KO) cells. The data represent the 

mean and the standard deviation (of the total MF) from 2–4 independent experiments. The 

statistical significance of the difference in MFs between HEK 293T and TLS pols knockouts 

was calculated using two-tailed, unpaired Student’s t test. (*P < 0.05; **P < 0.01; ***P < 

0.001).
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Figure 3. 
The types and frequencies of targeted mutations induced in the progeny from the N-(dA-8-

yl)-6-AC construct in HEK 293T cells and various polymerase knockout (KO) HEK 293T 

cells. The data represent the mean and the standard deviation (of the total targeted MF) from 

2–4 independent experiments. The statistical significance of the difference in targeted MFs 

between HEK 293T and TLS pols knockouts was calculated using two-tailed, unpaired 

Student’s t test. (*P < 0.05; **P < 0.01; ***P < 0.001).
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Scheme 1. 
Metabolic activation of 6-NC and the DNA adducts formed by the nitroreduction pathway.
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Scheme 2. 
Postulated pathways of error-free and error-prone TLS of N-(dA-8-yl)-6-AC construct in 

HEK 293T cells. A similar error-prone pathway can be envisioned for dCTP insertion by 

hPol κ opposite the adduct and its extension by hPol ζ causing A*→G mutations.
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