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Abstract

Environmental DNA damaging agents continuously challenge the integrity of the genome through 

introducing a variety of DNA lesions. The DNA damage caused by environmental factors will lead 

to mutagenesis and subsequent carcinogenesis if they are not removed efficiently by repair 

pathways. Methods for detection of DNA damage and repair can be applied to identify, visualize 

and quantify the DNA damage formation and repair events, and they enable us to illustrate the 

molecular mechanisms of DNA damage formation, DNA repair pathways, mutagenesis and 

carcinogenesis. Ever since the discovery of double helix structure of DNA in 1953, a great number 

of methods have been developed to detect various types of DNA damage and repair. Rapid 

advances in sequencing technologies have facilitated the emergence of a variety of novel methods 

for detecting environmentally-induced DNA damage and repair at genome-wide scale during the 

last decade. In this review, we provide a historical overview of the development of various damage 

detection methods. We also highlight the current methodologies to detect DNA damage and repair, 

especially some next generation sequencing (NGS)-based methods.
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INTRODUCTION

The natural environment is generally considered to play an important role in the origin and 

evolution of life on the earth. Nucleic acids, essential to all three domains of life (Archaea, 

Bacteria, and Eukarya), are constantly challenged by endogenous and exogenous sources of 

nucleic acid damaging agents. Endogenous reactive oxygen species (ROS) produced in 

cellular metabolism and nucleotide misincorporation during DNA replication can cause 

oxidation and mismatch of DNA bases (Lindahl and Barnes 2000). Environmental factors 

such as ultraviolet (UV) light, mycotoxins, polycyclic aromatic hydrocarbons (PAHs) and 

ionizing radiation can cause structural distortions and strand breaks of DNA (Hoeijmakers 

2001). UV exposure results in the formation of cyclobutane pyrimidine dimer (CPD) and (6–

4) pyrimidine-pyrimidone photoproduct [(6–4)PP] between two adjacent pyrimidines. 
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Aflatoxin B1 (AFB1), known as the most toxic mycotoxin, forms AFB1-DNA adduct after 

bioactivation in the cell. Benzo[a]pyrene is the most common PAH and induces the 

benzo[a]pyrene diol epoxide (BPDE)-DNA adduct after being bioactivated. X ray irradiation 

causes deleterious single and/or double strand breaks in DNA. To cope with these 

challenges, organisms have evolved a variety of DNA repair mechanisms as well as global 

DNA damage responses. There are mainly five common repair pathways that recognize and 

remove different types of DNA damage: direct reversal repair, nucleotide excision repair, 

base excision repair, mismatch repair and double strand break repair (Fig. 1). Failure to 

repair DNA damage efficiently by the aforementioned repair mechanisms can cause 

mutagenesis and eventually lead to cancers.

To better understand the mechanisms of mutagenesis and carcinogenesis, it is critical to 

know the exact location of DNA damage and its repair efficiency across the whole genome. 

Prior to the advent of high-throughput sequencing technologies, a number of strategies were 

developed to detect environmentally-induced DNA damage and repair in various organisms. 

However, none of these strategies are applicable to detect DNA damage and repair at 

genome-wide scale with single-nucleotide resolution. Over the last decade a variety of high-

throughput sequencing-based methods have been devised to detect genome-wide DNA 

damage and repair at single-nucleotide resolution (Sloan et al. 2018; Salk and Kennedy 

2019). In this review, we focus on current methodologies for detecting environmentally-

induced DNA damage and repair, especially the recently developed high-throughput 

sequencing-based methods.

HISTORICAL OVERVIEW OF METHODOLOGIES FOR DETECTING 

ENVIRONMENTALLY-INDUCED DNA DAMAGE AND REPAIR

There is no doubt that new technology inventions assist the advancement of science, and 

advances in science, in turn, facilitate the emergence of novel technologies. Since the 

discovery of the double helix structure of DNA through X-ray diffraction in 1953 (Watson 

and Crick 1953; Wilkins et al. 1953), researchers tended to answer biological questions at 

the molecular level. Although studies on biological responses to UV and ionizing radiation 

can be traced back to the 1930s and 1940s, the discovery of photolyase in 1958 marked the 

beginning of DNA repair field (Rupert et al. 1958; Rupert 1960; Sancar 2017). The isolation 

and identification of the UV-induced CPD by paper chromatography was regarded as a key 

breakthrough in 1960s (Varghese and Wang 1967). Meanwhile, radioactive labeling-based 

methods such as repair replication (Pettijohn and Hanawalt 1964) and unscheduled DNA 

synthesis (UDS) assay (Rasmussen and Painter 1964) were used to detect nucleotide 

excision repair in bacterial and mammalian cells. The fluorescence-based methods such as 

acridine orange staining (Gruzdev and Kishchenko 1978) and halo assay in which propidium 

iodide was used (Roti Roti and Wright 1987) were developed to detect DNA strand breaks 

and DNA loops in 1970s and 1980s. In 1977, the bulky DNA adduct caused by mycotoxin 

AFB1 was identified through high-performance liquid chromatography-mass spectrometry 

(HPLC-MS) (Essigmann et al. 1977). The Sanger sequencing (Sanger and Coulson 1975), 

the first generation of sequencing technology, and the recombinant DNA technology were 

invented (Jackson et al. 1972) and repair-related genes were then cloned and sequenced 
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(Sancar and Rupert 1978a; Sancar and Rupp 1979; Sancar et al. 1980). Methods for 

identification of repair proteins encoded by cloned repair genes on plasmids were devised 

(‘maxicell’) and they were used for expression and purification of repair-related proteins 

(Sancar and Rupert 1978b; Sancar et al. 1979). These methods enabled the identification and 

purification of UvrA, UvrB, and UvrC proteins of Escherichia coli and the development of 

the in vitro excision assay in 1980s (Sancar et al. 1981a; Sancar et al. 1981b; Sancar et al. 

1981c; Sancar and Rupp 1983). The excision assay, which detects the excised 

oligonucleotides carrying the damage, was the method that led to the discovery of the 

molecular mechanism of nucleotide excision repair in prokaryotes and eukaryotes (Sancar 

and Rupp 1983; Huang et al. 1992; Guzder et al. 1995). The single cell gel electrophoresis 

assay (comet assay) was also invented in 1980s to detect DNA strand breaks for single cell 

(Ostling and Johanson 1984; Freeman et al. 1986). The immunoassay-based methods such 

as radioimmunoassays (RIA) (Mitchell and Clarkson 1981), enzyme-linked immunosorbent 

assay (ELISA) (Leipold et al. 1983) and immunoslot blot (Wani et al. 1987) were invented 

and employed to quantify UV-induced DNA damage in 1980s . With the advent of 

polymerase chain reaction (PCR) (Saiki et al. 1985), the PCR-based methods such as 

quantitative PCR (qPCR) (Govan et al. 1990; Kalinowski et al. 1992) and ligation-mediated 

PCR (LMPCR) (Pfeifer et al. 1991) were developed and widely used for mapping DNA 

damage at nucleotide resolution in 1990s. The TUNEL (TdT-mediated dUTP-biotin nick end 

labeling) assay was used to in situ label DNA breaks for studying apoptosis in 1992 

(Gavrieli et al. 1992). In 2010s, a method that combines the immunoprecipitation and 

microarray was reported for mapping UV-induced DNA damage at genome-wide scale in 

yeast (Teng et al. 2011) and at chromosome scale in humans (Zavala et al. 2014).

Over the last five years, a number of next generation sequencing (NGS)-based methods have 

emerged for detecting various types of DNA damage and repair across the entire genome at 

nucleotide resolution (Sloan et al. 2018). The emergence of these NGS-based methods 

revolutionized the DNA repair field by providing researchers the precise locations of DNA 

damage and repair at genome-wide level. With the development of the third-generation 

sequencing technologies (also called long-read sequencing), such as Pacific Biosciences 

Single Molecule Real-Time (SMRT) sequencing and Oxford Nanopore sequencing, a third-

generation sequencing-based method, RADAR-seq, was recently developed for detecting the 

ribonucleotide incorporation and UV-induced DNA damage (Zatopek et al. 2019).

GEL ELECTROPHORESIS-BASED METHODS

DNA fragments in an electric field will migrate to the positively charged anode because of 

the negatively charged phosphate backbone of DNA. Agarose gel electrophoresis is a simple 

and efficient way for separating DNA fragments with a range from 50 bp to 500, 000 bp. 

Thus, the density of DNA strand breaks and other types of DNA damage which can be 

converted to strand breaks by chemical or enzymatic reaction can be analyzed by agarose gel 

electrophoresis under denaturing conditions (McMaster and Carmichael 1977). The comet 

assay is another gel electrophoresis-based method to detect strand breaks in individual cells 

on a microscope slide (Ostling and Johanson 1984; Freeman et al. 1986). The cells 

embedded in agarose gel are lysed to form nucleoids and the migration pattern of single 

nucleoid resembles comet observed by fluorescence microscope. The intensity of the comet 
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tail depends on the frequency of strand breaks. This method won popularity after it was 

developed because of its simplicity and sensitivity. However, it can only be used for 

detecting the overall DNA damage and repair lacking the information on individual genes. 

The combination of comet and fluorescent in situ hybridization (FISH) method (Comet-

FISH) allows observation of specific genes within the DNA comet (McKelvey-Martin et al. 

1998; Spivak et al. 2009).

Despite of the simplicity and sensitivity of the conventional slide-based comet assay, it has 

high sample-to-sample variation and is labor-intensive for genotoxicity screening. The 

recently developed CometChip technology overcomes these limitations by using micro-

patterned vertical casting cassettes and a macrowell former to create a 96-well agarose gel. 

Each of the 96 wells has about 500 microwells and only one single cell can be loaded into 

each microwell. After electrophoresis, the DNA will be stained with SYBR Gold and image 

data acquired will be analyzed by the Comet Analysis Software (Wood et al. 2010; Ge et al. 

2014; Sykora et al. 2018). This method is quite useful for high throughput genotoxicity 

testing and measurement of DNA damage and repair (Ngo et al. 2019). Like the 

conventional comet assay, it can detect the overall level of strand breaks but cannot provide 

information on the locations of DNA damage and repair in the genome.

RADIOACTIVE LABELING-BASED METHODS

Radioactive isotopes such as 32P and 3H have been widely used in studies of biological and 

medical sciences. In DNA repair field, the repair replication (Pettijohn and Hanawalt 1964) 

and UDS assay (Rasmussen and Painter 1964) were first used to measure nucleotide 

excision repair in bacterial and mammalian cells respectively. The [14C]thymine, [14C]5-

bromouracil, C3H3-thymine and [3H]5- bromouracil were used in the repair replication 

method and the [3H]thymine was included in the UDS assy. The 32P-postlabeling assay, 

which was devised in 1981, is a general way to measure the DNA damage level and repair 

rate (Randerath et al. 1981). Because of the high sensitivity of the radioactive labeling 

method, it gained wide applications and was combined with other techniques (e.g. 

immunoassay and PCR) to develop novel methods for detection of DNA damage and repair 

both in vivo and in vitro. However, the radioactive labeling-based methods are generally 

labor-intensive and require stringent radioactive safety standards.

Detection of DNA damage and repair in specific genes

Methods such as comet assay, immunoslot blot and UDS are designed to measure the total 

levels of DNA damage and repair either in cell populations or individual cells. For studying 

repair in specific genes, radioactive hybridization probe, restriction enzymes, PCR 

amplification and radioactive end labeling are generally used to isolate and label the specific 

genes of interest. The Southern blot assay uses restriction enzymes to cut off specific DNA 

fragments, creates strand breaks at DNA lesion sites within the DNA fragments by repair 

enzymes, and measures the frequency of DNA lesions by hybridization with radioactive 

probe after alkaline gel electrophoresis (Bohr et al. 1985; Thomas et al. 1988). Although the 

Southern blot has high sensitivity and wide applications for various DNA lesions, it only 
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measures the total frequency of DNA damage in specific genes and cannot achieve 

nucleotide resolution.

A number of radioactive labeling-based methods were then developed to detect DNA 

damage and repair in specific genes with single-nucleotide resolution. In these methods, 

cleavage at DNA damage sites by repair enzymes (e.g. T4 Endo V digests at CPD damage 

sites) or chemical treatment [e.g. piperidine cleaves at (6–4) PP damage sites] or blockage of 

DNA polymerase at damage site during the primer extension was applied to detect the DNA 

damage and repair. They are generally divided into two categories based on their distinct 

strategies: The first category, which includes LMPCR (Pfeifer et al. 1991), single-strand 

ligation PCR (sslig-PCR) (Grimaldi et al. 1994) and primer extension (Wellinger and Thoma 

1996; Wellinger and Thoma 1997), uses PCR or multiple times of primer extension to 

amplify the damage signal . The second category including indirect end-labeling (Smerdon 

and Thoma 1990), oligonucleotide-facilitated end-labeling (Kunala and Brash 1992) and 

oligonucleotide/streptavidin magnetic bead-facilitated end-labeling (Li and Waters 1996; Li 

et al. 2000) utilizes radioactive end-labeling of the unamplified DNA fragments carrying 

information about damage positions . The methods in the first category have higher 

sensitivity and can be used in mammalian cells that have large genome size. However, the 

efficiency variations in ligation and PCR amplification steps may cause bias.Although the 

methods in the second category have lower sensitivity, they exclude potential bias produced 

in the first category of methods because they do not amplify the damage signal with PCR. 

And they have been used in organisms with lower genome size such as E.coli and yeast (Li 

and Waters 1997; Li et al. 2014a; Li et al. 2014b).

Despite of the single-nucleotide resolution, these methods can only measure DNA damage 

and repair in a short region (<500 bp) due to the limited resolvability of DNA fragment on 

sequencing gels. Moreover, methods that depend on the cleavage at damage sites by repair 

enzyme or chemical reaction are not applicable for other types of non-cleavable DNA 

lesions such as benzo[a]pyrene and aflatoxin-induced DNA damage.

Excision repair assays

Methods that detect various types of DNA damage and repair can be used for identifying 

DNA damage, measuring DNA damage level and repair rate, and localizing DNA damage 

sites at nucleotide resolution. Whereas, it is the combination of maxicell method, incision 

assay and excision assay that led to the discovery of the molecular mechanism of nucleotide 

excision repair (Sancar 2016). In addition, a repair patch assay was developed to determine 

the size and sequence of the newly synthesized repair patch after excision repair in 1990 

(Sibghat-Ullah et al. 1990; Huang et al. 1992; Reardon et al. 1997).

The incision assay (also known as endonuclease-sensitive site assay) was first developed to 

measure the damage-dependent incisions of DNA by repair enzymes such as T4 Endo V or 

chemical reactions by using alkaline sucrose gradient (Seeberg et al. 1976), nitrocellulose 

filter binding (Seeberg and Steinum 1982) or agarose gel electrophoresis (Sancar and Rupp 

1983). To detect the damage-dependent incisions at nucleotide resolution, it was further 

optimized by using the 5’ or the 3’ end-radiolabeled DNA fragments carrying damage at 

specific sites and the denaturing polyacrylamide gel to visualize the exact incision sites 
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(Sancar and Rupp 1983). By using this method, the molecular mechanism of nucleotide 

excision repair in E.coli was uncovered in 1983. It was shown that the UvrABC excision 

nucleases remove pyrimidine dimers by cutting the 8th phosphodiester bond 5’ to the lesion 

and the 4th or 5th phosphodiester bond 3’ to the lesion (Sancar and Rupp 1983). One decade 

later, the molecular mechanism of bacterial transcription-coupled repair, one subpathway of 

nucleotide excision repair, was discovered by using the incision assay in a reconstituted 

strand-specific repair system and the mysterious mfd− phenotype (Witkin 1966) was then 

clarified (Selby and Sancar 1993).

The excision assay is the method that detects the excised damage-carrying oligonucleotides 

(nominal 30-mer) by dual incisions during the nucleotide excision repair. This powerful 

method for studying the mechanism of the excision nucleases is classified into two 

categories: in vitro and in vivo. For in vitro excision assay, the purified excision nucleases or 

cell-free extract, cofactors such as ATP, and the lesion-containing DNA substrate are used to 

reconstitute the nucleotide excision repair. The excision assay and the incision assay only 

differ in the radiolabel position in the DNA substrate. In the in vitro excision assay, the DNA 

substrate can be radiolabeled in the vicinity of the lesion before the repair reaction and the 

excised oligonucleotide carrying the radiolabel is resolved on a polyacrylamide gel (Van 

Houten et al. 1986; Huang et al. 1992). If the substrate is not radiolabeled, the excised 

oligonucleotide released in the repair reaction can be radiolabeled by terminal 

deoxynucleotidyl transferase before being resolved on a sequencing gel (Guzder et al. 1995) 

or detected by Southern hybridization after being separated on a sequencing gel (Moggs et 

al. 1996). The molecular mechanism of human nucleotide excision repair was uncovered by 

using an in vitro excision assay system consisting of human cell-free extract and a plasmid 

carrying thymine dimers or a thymine-psoralen monoadduct adjacent to 32P label (Huang et 

al. 1992; Svoboda et al. 1993). Similarly, using the in vitro excision assay consisting of cell-

free extracts from mouse brain and liver, the circadian oscillation of nucleotide excision 

repair activity and XPA protein level was identified (Kang et al. 2009; Kang et al. 2010). 

The in vivo excision assay was developed based on the in vitro finding that the excised 

oligonucleotide released from DNA is tightly bound to the TFIIH, a 10-subunit protein 

complex involved in transcription initiation and nucleotide excision repair (Mu et al. 1995; 

Mu et al. 1996; Kemp et al. 2012). In the in vivo excision assay, the excised oligonucleotide 

can be isolated by either DNA damage-specific immunoprecipitation after Hirt extraction 

(Hirt 1967) or TFIIH immunoprecipitation after gentle cell lysis. The isolated 

oligonucleotides are then 3ʹ or 5’ end-radiolabeled and resolved on a sequencing gel (Hu et 

al. 2013). Alternatively, the captured oligonucleotides can be 3’ end-labeled with biotin and 

detected by using horseradish peroxidase (HRP)-conjugated streptavidin and 

chemiluminescent reagents (Choi et al. 2014). An integrated method that combines the in 
vivo excision assay, immunoblot blot and Western blot was devised to detect the excised 

oligonucleotides, the rate of nucleotide excision repair and DNA damage response signaling 

in parallel from the same population of cells (Choi et al. 2015; Song et al. 2017). As the 

DNA fragmentation occurs during apoptosis, the in vivo excision assay is also applicable to 

simultaneously detect the apoptotic DNA fragments and the excised oligonucleotides (Baek 

et al. 2018).
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Based on the phosphorothioate sequencing method (Gish and Eckstein 1988) in which 

phosphorothioate bonds are hydrolyzed preferentially by iodoethanol, the repair patch assay 

(Sibghat-Ullah et al. 1990) was devised to identify the size and sequence of the repair patch 

synthesized after excision repair. During the nucleotide excision repair, the gap, generated 

after the excision of the damage-carrying DNA fragment, is filled in by DNA polymerase 

and then ligated by DNA ligase (Kemp 2019). To determine whether the gap is enlarged or 

not before new strand synthesis, it is required to know the exact size and sequence of the 

newly synthesized repair patch. In the repair patch assay, the repair synthesis is carried out 

in the presence of one dNTP(αS) and three dNTPs (four reactions in which either A, G, T, C 

are in the form of dNTP(αS) and the other three nucleotides in the form of canonical 

dNTPs). Following repair synthesis reaction, DNA fragments carrying the repair patch are 

terminally labeled with 32P, and incubated in the presence of iodoethanol. The cleavage at 

the position of dNTP(αS) gives rise to a sequence ladder exactly matching the repair gap. 

Thus, this method reveals the exact boundaries of the incision sites and the repair patch. This 

nucleotide resolution method has been applied to determine the repair patches in prokaryotic 

and eukaryotic cells (Sibghat-Ullah et al. 1990; Huang et al. 1992; Reardon et al. 1997).

FLUORESCENCE-BASED METHODS

In combination with fluorescence microscopy and flow cytometry, the fluorescence-based 

methods for detection of DNA damage and repair are widely used because of the high 

sensitivity and specificity, the wide range of fluorophores for selection and the ease of use. 

In general, there are mainly four categories for the fluorescence-based methods: fluorescent-

dye staining, affinity-based binding assay, enzyme-mediated fluorescent labeling and host 

cell reactivation assay. In addition, a number of luminescent oligonucleotide-based methods 

for detecting the activities of DNA repair enzymes are available and will not be discussed 

here (Leung et al. 2013; Wilson and Kool 2018). There are some limitations of the 

fluorescence-based methods: they cannot provide any genomic sequence information and 

photobleaching caused by photochemical destruction of fluorophores is a concern in the 

quantitative analysis.

Fluorescent-dye staining

The fluorescent-dye staining is a straightforward method for visualizing DNA. The DNA 

intercalating fluorescence dyes such as acridine orange and propidium iodide were first used 

to detect DNA strand breaks (Gruzdev and Kishchenko 1978) and DNA loops (Roti Roti and 

Wright 1987). Three other fluorescence dyes, ethidium bromide, SYBR Green I, and 

GelRed are now commonly used in the Comet assay. This method is easy to use but it has 

relatively low sensitivity and requires pure DNA for staining. To increase the sensitivity and 

specificity, a strategy that uses direct covalent modification of DNA damage with fluorescent 

molecules such as near-infrared probe (Condie et al. 2015) and modified alkoxyamine (Wei 

et al. 2015) was developed to detect and quantify the abasic sites .

Affinity-based binding assay

In the affinity-based binding assay, DNA damage and repair are visualized by using the 

binding affinity of DNA damage specific antibodies or fluorophore-conjugated DNA repair 
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proteins to DNA lesions. Antibodies against various DNA lesions such as CPD, (6–4)PP, 

BPDE-DNA adduct, AFB1-DNA adduct and 8-Oxoguanine have already been used to detect 

DNA damage and repair both in vivo and in vitro. Meanwhile, antibodies against DNA 

damage biomarkers such as γ-H2AX which is a biomarker for DNA double-strand breaks 

are also utilized to detect DNA damage and repair (Pilch et al. 2003; Bonner et al. 2008). 

Immunoassay-based methods such as RIA (Mitchell and Clarkson 1981), ELISA (Leipold et 

al. 1983), immunoslot blot (Wani et al. 1987) and microplate-formatted cell-based 

immunoassay for NER of UV photoproducts (M-CINUP) (Nishinaga et al. 2012) use the 

same strategy to detect and quantify various types of DNA damage . These methods heavily 

rely on the specificity of the primary antibody and require a secondary fluorophore-

conjugated antibody to visualize the signal.

A more direct approach was developed to detect DNA damage and repair by using 

fluorophore-conjugated DNA repair proteins that bind to DNA lesions directly. For example, 

the bacteriophage Mu Gam protein, which recognizes double strand breaks, was fused to 

GFP to monitor the formation and repair of double strand breaks in E. coli and mammalian 

cells (Shee et al. 2013).The truncated p53-binding protein 1 (53BP1) that accumulate at 

double strand break sites was fused to Apple fluorescent protein to localize sites of double 

strand breaks by in vivo imaging (Yang et al. 2015). In another study, the DNA damage 

binding protein 2 (DDB2) was fused to FLAG-HA tag, hybridized onto fibroblasts treated 

with UV irradiation, and revealed by anti-HA immunofluorescence (Dreze et al. 2014). 

Although the DDB2 proteo-probe is quite useful for monitoring DNA damage and repair, it 

requires the secondary antibody for visualizing the signal.

Enzyme-mediated fluorescent labeling

The enzyme-mediated fluorescent labeling strategy uses various DNA repair enzymes to 

process the DNA damage and/or incorporate fluorescently-modified nucleotides at damage 

sites for visualization. In the TUNEL assay, the terminal deoxynucleotidyl transferase was 

used to label 3’- hydroxyl termini of DNA double strand breaks with biotin-dUTP or 

fluorescently-modified nucleotide in single cells for detecting DNA double strand breaks 

during apoptosis (Gavrieli et al. 1992; Loo 2002). This method is limited to detect strand 

breaks with 3’-hydroxyl termini only. In another study, the pyrimidine dimer glycosylase 

(PDG), fluorescently-labeled dNTP and DNA polymerase I were used to visualize single 

strand breaks and UV-induced DNA damage (Lee et al. 2013). Then, this method was 

extended to detect 8-Oxoguanine, CPD, (6–4)PP, uracil and abasic site by adding an 

enzymatic repair cocktail containing formamidopyrimidine DNA glycosylase (FPG), Endo 

VIII, pyrimidine dimer glycosylase (PDG), uracil-DNA glycosylase (UDG) and Endo IV 

(Zirkin et al. 2014). These enzymes recognize and process their DNA damage substrates, 

and the DNA polymerase and ligase perform the incorporation of the fluorescently-labeled 

nucleotides and ligation respectively. This method is quite useful because the enzyme 

cocktail can be tailored for visualizing specific type of DNA damage (Kang et al. 2016; Lee 

et al. 2016). However, this approach is applied only on extracted DNA in vitro.

An optimized cell-based Repair Assisted Damage Detection (RADD) method was developed 

to detect a broad spectrum of DNA damage by using the same labeling strategy as the 

Li and Sancar Page 8

Environ Mol Mutagen. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aforementioned TUNEL assays within the cell (Holton et al. 2018). This technique uses 

CSK (a hypotonic buffer) treatment and mild permeabilization before treating with DNA 

damage processing mix (UDG, FPG, T4PDG, Endo IV, Endo VIII) and DNA gap filling mix 

(Klenow DNA polymerase, biotin-dUTP). It can be applied in various types of cells from 

different species without requirement of DNA extraction. More recently, a multi-color 

fluorescent labeling assay was devised to simultaneously detect oxidative damage and 

photoproducts caused by UV irradiation (Torchinsky et al. 2019). In this assay, the extracted 

DNA carrying oxidative damage and photoproducts are labeled two times consecutively. 

Each damage type is treated with specific repair enzymes and labeled with a distinct 

fluorescent nucleotide. After labeling, the DNA will be stained and stretched on a glass slide 

for imaging and quantification. This useful methodology requires only 50 ng of DNA 

sample for efficient labeling and can be adapted to detect other types of DNA damage.

Host cell reactivation assay

Host cell reactivation (HCR) assay measures the repair capacity of host cells to repair the in 
vitro DNA carrying damage. Generally, damaged viruses or plasmids are delivered into host 

cells and the replication reactivation of the damaged viruses or plasmids indicates the host 

repair capacity (Aaronson and Lytle 1970; Zavadova 1971). This assay has certain 

advantages over direct DNA-damaging treatment because the physiology of the cell will not 

be disturbed by the treatment of DNA-damaging agent. With the development of real time 

qPCR, a method termed oligonucleotide retrieval assay (ORA) was developed to evaluate 

nucleotide excision repair capacity of host cells transfected with synthetic biotinylated 

oligonucleoti des carrying CPD damage (Shen et al. 2014). This method uses the similar 

strategy with HCR to quantify the repair capacity of host cells. After repair incubation, the 

biotinylated oligonucleotides are retrieved by streptavidin beads and subjected to qPCR, in 

which damaged oligonucleotides are not as efficiently amplified as repaired ones, for 

quantification of the repaired oligonucleotides.

The green fluorescent protein (GFP) from the jellyfish, Aequorea victoria, and its derivatives 

have been utilized as a tool to track proteins since the cloning and expression of GFP in E. 
coli and Caenorhabditis elegans (Prasher et al. 1992; Chalfie et al. 1994). A fluorescence-

based multiplex flow-cytometric HCR assay (FM-HCR) was developed to simultaneously 

measure the repair capacity in up to four repair pathways by using plasmid reporters 

expressing different fluorescent proteins (Nagel et al. 2014b). The repair pathways that can 

be measured by FM-HCR include nucleotide excision repair, base excision repair, mismatch 

repair, homologous recombination repair, nonhomologous end joining, and methylguanine 

methyltransferase repair. The fluorescent plasmid reporters carrying DNA lesions to be 

removed by different repair pathways are transfected into cells and the different fluorescent 

signals will be collected by a flow cytometry after repair incubation. The 96-well microplate 

flow-cytometric sample processing employed in FM-HCR enables the rapid and high-

throughput analysis of repair capacity in multiple repair pathways. Meanwhile, an NGS-

based HCR assay (HCR-Seq) was devised to measure transcriptional bypass of DNA lesions 

by deep sequencing of mRNA including the plasmid reporter transcripts. The FM-HCR and 

HCR-Seq are quite useful for comprehensive analysis of repair capacity in basic research 

and clinical applications (Nagel et al. 2014a; Nagel et al. 2017).
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NEXT-GENERATION SEQUENCING-BASED METHODS

Determination of the genome-wide distribution of environmentally-induced DNA damage 

and the heterogeneous repair kinetics at nucleotide resolution is critical for characterizing 

genotoxicity and linking specific environmental carcinogen exposure to mutagenesis and 

subsequent carcinogenesis. Although a number of radioactive labeling-based methods were 

developed to detect DNA damage and repair at single-nucleotide resolution, they are limited 

to small genomic regions. A wide range of mass spectrometry-based DNA adductomic 

methods are extremely useful for simultaneous identification and quantification of multiple 

DNA adducts, but these methods cannot provide genome sequence information (Kanaly et 

al. 2006; Balbo et al. 2014; Hemeryck et al. 2016; Chang et al. 2018).

The advent of NGS technology has transformed the genome-related research by providing 

high-throughput, low cost and high accuracy DNA sequence data. In the last five years, a 

growing number of NGS-based DNA adductomic methods have been developed to detect, 

characterize and quantify various types of environmentally-induced DNA damage and repair 

at genome-wide level (Hu and Adar 2017; Panahi et al. 2018; Sloan et al. 2018; Salk and 

Kennedy 2019). As covalent modifications of DNA bases caused by exposures to 

environmental carcinogens hinder the PCR amplification step during the NGS library 

preparation procedure, the standard NGS method must be specifically modified for 

measuring DNA damage and repair. In the burgeoning field of NGS-based DNA 

adductomics, there are mainly three strategies to circumvent the obstacle. The first strategy 

uses immunoprecipitation or biotin-streptavidin capture to enrich DNA fragments carrying 

DNA damage. The DNA damage can be directly reversed or bypassed by translesion DNA 

polymerase in one round of primer extension before the PCR amplification step. The second 

strategy enzymatically or chemically creates a nick at the damage site and ligates the 

sequencing adaptor for NGS library preparation. The third one takes advantages of the DNA 

damage immunoprecipitation and the stoppage of high-fidelity DNA polymerase before the 

lesion during primer extension to enrich the DNA damage and localize the damage position.

Besides the three aforementioned strategies, there is another strategy using in situ end-

labeling to detect double strand breaks (Vitelli et al. 2017). A number of methods developed 

to detect double strand breaks are based on this strategy: BLESS (Breaks Labeling, 

Enrichment on Streptavidin and next-generation Sequencing) (Crosetto et al. 2013), END-

seq (Canela et al. 2016), BLISS (Breaks Labeling In Situ and Sequencing) (Yan et al. 2017), 

i-BLESS (immobilized-BLESS) (Biernacka et al. 2018). There are also two methods 

available for detection of single strand breaks: SSB-seq (Baranello et al. 2014) and 

SSiNGLe (single-strand break mapping at nucleotide genome level) (Cao et al. 2019). These 

methods are not discussed in detail in this review due to the space limitation.

DNA damage enrichment and damage reversal or bypass-based strategy

This strategy uses immunoprecipitation or biotin-streptavidin capture to enrich DNA 

fragments carrying DNA damage. For those DNA damage that can block PCR amplification, 

they are directly reversed or bypassed by translesion DNA polymerase in one round of 

primer extension before the PCR amplification of the NGS library. This strategy includes 

single-strand DNA-associated protein immunoprecipitation followed by sequencing (SPI-
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seq) (Zhou et al. 2013), 8-oxo-7,8-dihydroguanine sequencing (OG-Seq) (Ding et al. 2017), 

OxiDIP-Seq (Amente et al. 2019), Damaged DNA Immunoprecipitation and next generation 

sequencing (DDIP-seq) (Alhegaili et al. 2019), eXcision Repair sequencing (XR-seq) (Hu et 

al. 2015) and translesion eXcision Repair sequencing (tXR-seq) (Li et al. 2017). The SPI-

seq was designed to map double strand breaks across the fission yeast genome. Similar to 

ChIP-seq, SPI-seq detects the enrichment of Rad52, which binds to the single-strand DNA at 

double strand break sites, to determine the hotspots of double strand breaks. OG-seq and 

OxiDIP-Seq have been applied to measure oxidative damage. As shown in Figure 2, the cell 

lysis and genomic DNA extraction are performed after treatment with DNA damaging agent. 

In OG-Seq (Fig. 2A), the OG is chemically labeled with biotin and the streptavidin magnetic 

beads are used to enrich the double stranded DNA carrying OG damage. And the strands 

complementary to the biotinylated ones will be released and sequenced (Ding et al. 2017). 

Instead of using chemical labeling, the OxiDIP-Seq directly uses an anti-8-Oxoguanine 

antibody to enrich the DNA fragments containing oxidative damage (Amente et al. 2019). In 

2017, a novel experimental method which is similar to DDIP-seq (Fig. 2B) was used to 

study the effect of genome architecture on CPD susceptibility in human lung fibroblast. In 

this method, the sonicated DNA fragments were subjected to CPD lesion 

immunoprecipitation and photolyases were used to remove the CPDs and (6–4)PPs before 

the NGS library preparation and sequencing.

It was reported that regions of lamina-associated heterochromatin are more susceptible to 

UV damage than the regions of euchromatin (Garcia-Nieto et al. 2017). The DDIP-seq 

method uses DNA damage immunoprecipitation to enrich sonicated DNA fragments 

carrying solar-simulated radiation-induced damage and PreCR Repair Mix to remove the 

CPDs and (6–4)PPs before PCR amplification (Alhegaili et al. 2019). Like ChIP-seq, these 

methods can detect DNA damage across the whole genome, but they have relatively low 

resolution ranging from 100 to 1000 bp.

The XR-seq (Fig. 2C) was developed to measure the nucleotide excision repair of UV- and 

cisplatin-caused DNA damage at single-nucleotide resolution following the studies on the 

fate of the excised oligonucleotide released during nucleotide excision repair (Mu et al. 

1996; Kemp et al. 2012; Hu et al. 2013; Hu et al. 2015; Hu et al. 2016). It was found that the 

excised oligonucleotide was released in complex with TFIIH and XPG which incises the 

damage containing strand at the 3’ side of the lesion. In the XR-seq, mammalian cells are 

lysed gently after treatment with UV or cisplatin and the excised oligonucleotides are 

isolated by TFIIH or XPG immunoprecipitation. For some organisms such as E. coli 
(Adebali et al. 2017a), yeast (Li et al. 2018), Arabidopsis thaliana (Oztas et al. 2018) and 

Drosophila melanogaster (Deger et al. 2019), anti-DNA damage antibody can be used to 

capture the excised oligonucleotides when there are no anti-TFIIH or anti-XPG antibodies 

available. Then, the isolated oligonucleotides are ligated with adapters and further purified 

by specific DNA damage immunoprecipitation. The UV-induced DNA damage and 

cisplatin-DNA adducts on the adapter-ligated excised oligonucleotides are reversed by 

photolyases and sodium cyanide respectively before the PCR amplification (Hu et al. 2015; 

Hu et al. 2016). After sequencing, the reads from XR-seq are aligned to human genome and 

the damage sites can be identified based on the dual incision mode of human nucleotide 

excision repair.
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Although the XR-seq is quite useful for studying the effects of a wide range of factors on 

nucleotide excision repair in E. coli and humans (Adar et al. 2016; Adebali et al. 2017a; 

Adebali et al. 2017b; Hu et al. 2017a; Hu et al. 2017b; Chiou et al. 2018), it is limited by its 

requirement of damage reversal by repair enzymes or chemical reactions because not all 

types of DNA damage on the excised oligonucleotides can be reversed enzymatically or 

chemically. To overcome this shortcoming, the tXR-seq (Fig. 2D) was devised and applied 

to map the repair of UV- and benzo[a]pyrene-caused DNA damage (Li et al. 2017). The 

tXR-seq and XR-seq share the same DNA damage enrichment procedure. They differ at the 

step before the PCR amplification. The tXR-seq uses the human translesion synthesis 

polymerases η and κ to bypass the CPD and BPDE-DNA damage respectively during the 

one-cycle primer extension. Then the primer extension products are amplified by PCR to 

create a library for sequencing and subsequent bioinformatic analysis. As tXR-seq does not 

require the DNA damage reversal by repair enzymes or chemical reactions and there are 

plenty of translesion synthesis polymerases commercially available for bypassing various 

types of DNA damage, it can be applied to map virtually all DNA lesions that are removed 

by nucleotide excision repair.

The key advantage of XR-seq and tXR-seq is that the repair is directly and purely measured 

by isolating all the repair products (the excised oligonucleotides) other than subtracting one 

large percentage of damage at later time point from another one at early time point. They 

have been applied in a wide range of organisms to study nucleotide excision repair-related 

cellular processes such as transcription, histone modifications, mutagenesis, circadian 

rhythm oscillation (Adar et al. 2016; Hu et al. 2017a; Oztas et al. 2018; Yang et al. 2018; Hu 

et al. 2019; Yang et al. 2019a; Yang et al. 2019b; Yimit et al. 2019). With advances in the 

detection of excised oligonucleotides from human skin epidermis after UVB exposure (Choi 

et al. 2019), the XR-seq and the tXR-seq have great potential to be used in clinical 

applications. For both XR-seq and tXR-seq, the drawback is that the real rate of repair 

cannot be measured because the excised oligonucleotides are continuously produced and 

degraded by nucleases during the nucleotide excision repair. These methods can only 

capture a snapshot of the ongoing repair of DNA damage at one time point. The specificity 

of DNA damage antibody is a variable that needs to be taken into account when interpreting 

results from methods using DNA damage immunoprecipitation. It is not an issue if the right 

antibody is chosen based on the experimental design.

Nick creation and ligation-based strategy

The nick creation and ligation-based strategy uses nicking endonucleases or chemical 

reactions to create a nick at damage sites before or after fragmentation of genomic DNA, 

and ligates the adapter to the 5’ or 3’ end at the nick site by using ligases before PCR 

amplification and subsequent sequencing. Based on this strategy, a good number of methods 

have been developed to detect various types of DNA damage such as UV damage, alkylation 

damage, oxidative damage, ribonucleotide incorporation and cisplatin-DNA adducts in 

different organisms: Excision-seq (Bryan et al. 2014), Ribose-seq (Koh et al. 2015), 

hydrolytic end sequencing (HydEn-seq) (Clausen et al. 2015), polymerase usage sequencing 

(Pu-seq) (Daigaku et al. 2015), Lesion-Adjoining Fragment Sequencing (LAF-Seq) (Li et al. 

2015), embeded ribonucleotide sequencing (emRriboSeq) (Ding et al. 2015), endonuclease 
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sequencing (EndoSeq) (Ding et al. 2015), CPD-seq (Mao et al. 2016), N-methylpurine-

sequencing (NMP-seq) (Mao et al. 2017), Click-Code-Seq (Wu et al. 2018), and adductSeq 

(Premi et al. 2019).

The Excision-seq (Fig. 3A) uses E.coli UDG and T4 Endo IV to create a nick at the uracil 

site in the DNA, and utilizes S. pombe UVDE, which cleaves 5’ to CPD and (6–4)PP, and 

photolyases to create ligatable 5’ ends at CPD or (6–4)PP sites (Bryan et al. 2014). In 

Excision-seq, the fragmentation of genomic DNA depends on the repair enzyme digestion. 

Although this method can reach high resolution, it requires high level of DNA damage for 

library construction, which limits its wide application. For example, the UV dose used in 

this method needs to be around 10,000 J/m2 which is much higher than routinely used dose.

For mapping ribonucleotide incorporation, the Ribose-seq, HydEn-seq and Pu-seq make use 

of alkaline hydrolysis to cleave at embedded ribonucleotides, and emRiboSeq (Fig. 3B) uses 

RNase H2 to make the cleavage. Although the alkaline treatment is simple and 

straightforward, it may cause background by hydrolysis at abasic sites. The replacement of 

RNase H2 with one specific nicking endonuclease in emRiboSeq is defined as EndoSeq 

(Fig. 3B). The EndoSeq can be applied to detect UV damage and apurinic/apyrimidinic (AP) 

sites, and it requires the generation of 3’-OH group after enzymatic digestion for subsequent 

biotinylated second adapter ligation.

The N-methylpurines (NMPs) caused by environmental methylating agents are removed by 

base excision repair. The alkyladenine glycosylase (AAG) recognizes and excises the NMPs 

generating AP sites in humans. The AP sites are then cleaved by AP endonuclease 1 (APE1) 

before the repair synthesis and ligation during base excision repair (Bauer et al. 2015). Both 

LAF-Seq and NMP-seq (Fig. 3B) make use of AAG and APE1 to create nicks at NMPs and 

ligate adapters to the 3’ ends for the following PCR amplification and sequencing. The two 

methods are useful for mapping NMPs at single-nucleotide resolution. The LAF-Seq can 

only detect NMPs at gene size level, whereas the NMP-seq can be used for detection of 

NMPs at genome-wide scale.

The CPD-seq (Fig. 3B) was devised to determine the CPD damage sites across the whole 

genome with single-nucleotide resolution in yeast (Mao et al. 2016). The T4 Endo V and 

APE1 are used to create a nick upstream the CPD sites and generate the ligatable 3’-OH 

group. This useful method has been applied to investigate the effects of transcription factor 

binding and nucleosome structure on CPD damage formation and repair as well as 

mutagenesis (Mao et al. 2016; Brown et al. 2018; Mao et al. 2018). The DNA strand 

breakage generated during DNA extraction and purification and the inefficient adaptor 

ligation can introduce the background signal which can be seen in the no UV treatment 

group (Mao et al. 2016). When the CPD damage level is relatively low, it might be 

challenging to detect the damage by using the CPD-seq method. The Damage-seq method 

makes use of DNA damage immunoprecipitation and stoppage of DNA polymerase before 

the damage site to detect a variety of DNA lesions with high sensitivity and single-

nucleotide resolution (Hu et al. 2016; Hu et al. 2017a). Following the development of CPD-

seq and Damage-seq, another method termed adductSeq was recently devised to detect the 

CPD hyperhotspots in humans (Premi et al. 2019). The adductSeq can also examine CPDs 
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across the entire genome at single-nucleotide resolution by using T4 Endo V and 

photolyases to generate a nick and ligatable 5’ end at a CPD site. Semirandom primers are 

used to create a double-stranded end at the lesion site for subsequent adapter ligation and 

PCR amplification. To reduce the background, USER enzyme and shrimp alkaline 

phosphatase (rSAP) are used for blocking nonspecific ligation to adapters. Meanwhile, an 

elegant statistical method termed freqSeq was developed to identify the CPD hyperhotspots. 

The freqSeq uses ratio-based analysis to identify the highly recurrent CPDs based on the 

results from adductSeq. Interestingly, instead of using the endonuclease to create a nick at 

damage site, another method named Ad-Seq was developed to map DNA-adducts using the 

5’ to 3’ exonuclease activity of two exonucleases (Harismendy and Howell 2018). The 

exonucleases Lambda and Rec-Jf continuously digest both double strand and single strand 

DNA from 5’ end until they encounter the DNA-adduct. The digestion resistant DNA-

adducts are then subjected to 3’ C tailing and HG9 primer extension followed by adapter 

ligation and PCR amplification. This method has been used for mapping UV damage and 

cisplatin-DNA adducts, however, it also needs high level of DNA damage for enrichment of 

DNA adducts due to the background issue.

For single-nucleotide mapping of oxidative damage, the Click-Code-Seq (Fig. 3C) uses FPG 

and APE1 to remove the 8-oxoGuanine, creating one nucleotide gap. The gap is then filled 

with a synthetic O-3ʹ-propargyl modified nucleotide (prop-dGTP) by using a DNA 

polymerase. The 3ʹ-alkynyl modified DNA is ligated to a 5ʹ-azido-modified code sequence 

through a copper(I)-catalyzed click reaction. In this way, the 8-oxoGuanine sites are labeled 

with a biocompatible code sequence which is suitable for sequencing. After the 5’ end 

adaptor ligation, the ligation products are subjected to PCR amplification and NGS (Wu et 

al. 2018). This smart way of labeling 8-oxoGuanine sites enables the nucleotide-resolution 

mapping of oxidative damage at genome-wide scale, surpassing the OG-seq method.

Despite of the wide applications of the nick creation and ligation-based methods, the 

specificity and sensitivity of the strategy mainly depend on the nicking endonucleases 

applied in the specific application. Most importantly, the measurement of oxidative DNA 

damage in cellular DNA is quite challenging because of the low level of oxidative formation 

and the occurrence of artefactual DNA oxidation during DNA extraction (Cadet et al. 2011).

DNA damage enrichment and primer extension-based strategy

The DNA damage enrichment and primer extension-based strategy applies damage-specific 

immunoprecipitation and the stoppage of DNA polymerase before the damage during primer 

extension to determine the damage position. Two NGS-based damage-detecting methods 

have applied this strategy to map DNA damage formation and repair: one is the 

aforementioned Damage-seq (Hu et al. 2016), the other is cisplatin-seq (Shu et al. 2016).

In the Damage-seq (Fig. 4A), the damage-specific antibody is used to enrich the damage-

containing DNA fragments ligated to the first adapter and a biotinylated primer is extended 

by the Q5 DNA polymerase which will stop before the damage site. The primer extension 

products are then ligated to the second adapter and amplified by PCR for sequencing. To 

increase the sensitivity of this method for detection of low levels of damage, a high-

sensitivity damage sequencing (HS-Damage-seq) method was devised by adding a 
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subtractive hybridization step in the original Damage-seq procedure to remove the 

undamaged strands before PCR amplification (Hu et al. 2017a). This HS-Damage-seq can 

even detect the remaining CPD damage after 48 hours of repair in human fibroblast cells 

treated with 10 J/m2 UVC. It has been applied to detect UV damage and cisplatin-DNA 

adducts (Hu et al. 2017a; Yimit et al. 2019). The Damage-seq can be adapted to detect 

essentially all types of DNA damage that can block the DNA polymerase if there is an 

available damage-specific antibody. The cisplatin-seq (Fig. 4B) makes use of the high 

mobility group box 1 protein (HMGB1), a nuclear protein that preferentially binds to the 

cisplatin-DNA adducts, to enrich the double-stranded DNA fragments carrying the cisplatin-

DNA adducts. Then, the following steps including the primer extension, the ligation of the 

second adapter and the PCR amplification are similar with Damage-seq (Shu et al. 2016).

In contrast to the cisplatin-seq which can only be used for detection of cisplatin-DNA 

adducts, the Damage-seq is a general method and can be adapted to map various types of 

DNA damage under the condition that there are available damage-specific antibodies. The 

DNA damage enrichment step greatly reduces the level of background signal and therefore 

increases the sensitivity of this strategy. At the same time, the specificity of this strategy 

virtually depends on the specificity of the antibody or protein used.

THIRD-GENERATION SEQUENCING-BASED METHODS

The third-generation sequencing technologies (also known as long-read sequencing) 

including the Single Molecular Real-Time sequencing (SMRT) by Pacific Biosciences 

(PacBio) and Nanopore sequencing by Oxford detect the nucleotide sequences at single 

molecular level (Branton et al. 2008; Eid et al. 2009). The SMRT sequencing reads the 

nucleotide sequences by real-time imaging of the incorporation of differently fluorescent-

labeled nucleotides by polymerase anchored in a small well (70 nm diameter and 100 nm 

depth). The Nanopore sequencing detects the nucleotide sequences by recording the ionic 

current shift when negatively charged DNA strand is forced by electrophoresis to pass 

through the biological nanopore formed within a phospholipid bilayer. The third-generation 

sequencing can produce long reads (more than 10 kb for SMRT) and does not require PCR 

amplification. In contrast, the short-read NGS-based methods for detection of DNA damage 

and repair generally need DNA damage enrichment and PCR amplification for high 

throughput sequencing. Thus, the NGS-based methods measure the relative amount of DNA 

damage and repair across the whole genome rather than the absolute amount.

Theoretically, the third-generation sequencing can directly detect some types of damaged 

base modifications. Indeed, the SMRT sequencing and Nanopore sequencing have been 

shown to directly detect oxidative damage, interstrand crosslink or UV damage in a few 

studies (Clark et al. 2011; Feng et al. 2013; Schadt et al. 2013; An et al. 2015; Zhang et al. 

2015). A SMRT sequencing-based method termed RAre DAmage and Repair sequencing 

(RADAR-seq) was devised to detect the ribonucleotide incorporation and CPD damage in 

Thermococcus kodakarensis and E. coli (Zatopek et al. 2019). Because the 6mA and 4mC can 

be distinctively detected by SMRT sequencing, the RADAR-seq makes use of Bst FL DNA 

polymerase and Taq DNA ligase to replace the DNA damage with a patch of DNA bases 

containing 6mA and 4mC after nick creation at damage sites by repair enzymes. This 
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promising method can be applied to detect rare and different types of DNA damage 

simultaneously at genome-wide level, and study cellular processes such as DNA repair and 

replication.

As the RADAR-seq uses only 6mA and 4mC to localize the damage site, it cannot achieve 

single-nucleotide resolution. The overlapping of two patches of DNA bases can challenge 

the identification of damage sites as well. The RADAR-seq can now only be applied in 

organisms with small genome size because of the low throughput of SMRT sequencing 

technology.

CONCLUSIONS AND PERSPECTIVES

Understanding the dynamic environmentally-induced DNA damage formation and repair 

events in the cell and how these events relate to mutagenesis and subsequent carcinogenesis 

requires the methodologies for detecting DNA damage and repair. The development of NGS 

technology has enabled us to study DNA damage and repair at genome-wide level and with 

single-nucleotide resolution. However, current NGS-based methodologies still have 

limitations such as short read-length, high input DNA requirement and PCR amplification 

bias. The breakthroughs in DNA sequencing technology will advance scientific research in 

the field of DNA damage and repair. For example, the improvements to the high error rates 

in the third-generation sequencing technology will expand its application in detecting 

cancerous mutations and different types of DNA damage. Besides, the emerging single-

molecule super-resolution imaging technique allows us to directly visualize individual repair 

proteins and the events of DNA damage and repair in single cells. The further development 

of this imaging technique will help us to study the heterogeneity of DNA damage and repair 

in single cells.

The recent findings from the Pan Cancer Analysis of Whole Genomes (PCAWG) project 

have enabled us to understand cancer’s complexity on an unprecedented scale (Campbell 

2020). In the near future, it is intriguing to explore how different cellular processes such as 

DNA damage formation and repair, DNA damage response, circadian clock oscillation, 

replication, transcription, histone modifications, chromosome looping, mutagenesis and 

carcinogenesis interplay with each other. We are entering an era of big data in which 

collaborations among research scientists, computer scientists, physician scientists are 

needed.
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Fig. 1. 
Schematic of various DNA damaging agents-induced DNA damage and the corresponding 

repair pathways. The top panel shows the different types of DNA damaging agents. The 

various DNA lesions caused by DNA damaging agents are shown in red in the middle panel. 

The lower panel shows the corresponding repair pathways that are responsible for the 

removal of those DNA lesions listed in the middle panel. This figure is redrawn based on 

reference (Hoeijmakers 2001).
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Fig. 2. 
Schematic representation of four methods using the DNA damage enrichment and damage 

reversal or bypass-based strategy for detection of DNA damage and repair. (A) OG-seq for 

detection of 8-Oxoguanine (Ding et al. 2017). After fragmentation of genomic DNA 

containing oxidative damage, 8-Oxoguanines indicated by red stars are chemically labeled 

with biotin and enriched by streptavidin (STP) beads. Then, the double strands of DNA 

fragments are separated, and the strand (black) complementary to the damage containing 

strand (dark blue) will be amplified by PCR and sequenced by NGS. (B) Overview of DDIP-

seq method (Alhegaili et al. 2019). The genomic DNA carrying CPDs represented by red 

stars is sonicated and denatured, and DNA strands containing damage are enriched by CPD 

immunoprecipitation. The CPDs are removed by repair enzymes (the dark blue pie), and 
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then the strands are subjected to standard NGS library preparation procedure for sequencing. 

(C) XR-seq method for mapping repair of UV damage (Hu et al. 2015). The excised 

oligonucleotides carrying the UV damage indicated by red star are released in complex with 

TFIIH and enriched by TFIIH immunoprecipitation. After adapter ligation, the excised 

oligonucleotides are further purified by UV damage immunoprecipitation. The UV damage 

in the excised oligonucleotides are reversed by photolyases, and the excised oligonucleotides 

are amplified by PCR followed by NGS. Besides UV damage, the XR-seq can also be 

applied to detect repair of cisplatin-adducts which are reversed by sodium cyanide (Hu et al. 

2016). (D) tXR-seq method for mapping repair of CPD and BPDE-DNA adducts (Li et al. 

2017). The steps of DNA damage enrichment and ligation are similar to XR-seq. Instead of 

using damage reversal strategy, tXR-seq makes use of translesion DNA synthesis (TLS) 

polymerase (indicated by pink can) to bypass the DNA damage during one cycle of primer 

extension. The primer extension products are then amplified and subjected to NGS. This 

method can be applied to essentially all types of DNA damage that are removed by 

nucleotide excision repair.
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Fig. 3. 
Schematic of six NGS-based methods using nick creation and ligation-based strategy for 

detection of DNA damage. (A) Excision-seq method for detection of uracil and UV damage 

indicated by red stars in DNA (Bryan et al. 2014). The UDG and Endo IV are used to digest 

uracil, and UVDE and photolyases are applied to nick at sites of UV damage. After 

polishing, adapter ligation and PCR amplification, the library is subjected to NGS. (B) 

Overview of experimental workflow for emRiboSeq, EndoSeq, CPD-seq, NMP-seq (Ding et 

al. 2015; Mao et al. 2016; Mao et al. 2017). After sonication and ligation, the DNA damage 

(red stars) are recognized and digested by specific repair enzymes to create a nick 5’ to the 

lesion. Then, the 5’-P group is removed and the second adapter is ligated to the DNA 

fragments containing 3’-OH group. Following ligation, the ligation products are amplified 

by PCR and subjected to NGS. (C) Click-Code-Seq method for detection of oxidative 

damage (Wu et al. 2018). After sonication and ddNTP blocking, one nucleotide gap is 

created by FPG and APE1 repair enzymes. Then, a prop-dGTP is incorporated to fill the gap 

and a 5’-azido-modified code sequence is ligated to the 3’ end by click reaction followed by 

the 5’ end adaptor ligation. The ligation products are amplified and sequenced by NGS.
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Fig. 4. 
Schematic of two methods using DNA damage enrichment and primer extension-based 

strategy for detection of DNA damage. (A) Damage-seq method for detection of any type of 

damage that can block the DNA polymerase (Hu et al. 2016; Hu et al. 2017a). After 

sonication, ligation and denaturation, the DNA strands carrying damage are enriched by 

damage immunoprecipitation followed by one cycle of primer extension in which the high-

fidelity DNA polymerase stops before the lesion. Following a subtractive hybridization step, 

the products of primer extension are then amplified by PCR for subsequent NGS. (B) 

Cisplatin-seq method for detection of cisplatin-DNA adducts (Shu et al. 2016). Following 

sonication and ligation, the DNA fragments containing cisplatin-DNA adducts are enriched 

by HMGB1 domain A immunoprecipitation followed by primer extension step which is 

similar to Damage-seq. Then, the primer extension products are ligated to a second adapter 

and amplified by PCR for the following NGS.
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