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Abstract

Thymidine glycol (Tg) is the most prevalent form of oxidatively induced pyrimidine lesions 

in DNA. Tg can arise from direct oxidation of thymidine in DNA. In addition, 5-methyl-2′-
deoxycytidine (5-mdC) can be oxidized to 5-mdC glycol, and its subsequent deamination also 

yields Tg. However, Tg’s distribution in the human genome remains unknown. Here, we presented 

a DNA–protein cross-linking sequencing (DPC-Seq) method for genome-wide mapping of Tg 

in human cells. Our approach capitalizes on the specificity of a bifunctional DNA glycosylase, 

i.e., NTHL1, for the covalent labeling, as well as DPC pulldown, SDS-PAGE fractionation, 

and membrane transfer for highly efficient and selective enrichment of Tg-bearing DNA. By 

employing DPC-Seq, we detected thousands of Tg sites in the human genome, where dual ablation 

of NTHL1 and NEIL1, the major DNA glycosylases responsible for Tg repair, led to pronounced 

increases in the number of Tg peaks. In addition, Tg is depleted in genomic regions associated 

with active transcription but enriched at nucleosome-binding sites, especially at heterochromatin 
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sites marked with H3K9me2. Collectively, we developed a DPC-Seq method for highly efficient 

enrichment of Tg-containing DNA and for genome-wide mapping of Tg in human cells. Our work 

offers a robust tool for future functional studies of Tg in DNA, and we envision that the method 

can also be adapted for mapping other modified nucleosides in genomic DNA in the future.

Graphical Abstract

INTRODUCTION

Endogenous metabolism and exposure to environmental agents and ionizing radiation can 

result in augmented formation of reactive oxygen species (ROS) in human cells.1 ROS 

can attack genomic DNA to yield a plethora of DNA lesions, such as 8-oxo-7,8-dihydro-2′-
deoxyguanosine (8-oxodG)2 and 5,6-dihydroxy-5,6-dihydrothymidine (thymidine glycol, 

Tg).3 Tg, the most prevalent form of ROS-induced pyrimidine lesions in DNA, can arise 

from direct oxidation of thymidine in DNA3 or from oxidation of 5-methyl-2′-deoxycytidine 

(5-mdC) to 5-mdC glycol and its subsequent deamination.4 Tg may be a more reliable 

indicator of oxidative stress than 8-oxodG, partly because 8-oxodG is more readily 

generated than Tg during sample preparation.5 Moreover, Tg is a predominant type of 

DNA damage induced by ionizing radiation, rendering it directly relevant to cancer radiation 

therapy.6

The knowledge about the distributions of DNA lesions in the human genome is important 

for understanding mutations observed in cancer genomes.7,8 Such knowledge will also 

provide new information for exploring how site-specific induction and repair of DNA lesions 

are modulated by genomic context,9 e.g., nucleosome and transcription factor binding, 

epigenetic state of chromatin, transcription status, DNA repair capacity, etc. In this respect, 

a growing number of studies have been conducted to locate DNA lesions, such as 8-oxodG, 

DNA photoproducts, cisplatin-induced intrastrand cross-links, and the benzo[a]pyrene diol 

epoxide (BPDE) adduct of dG in genomic DNA.10–16 However, no method has been 

reported for mapping Tg at the genome-wide scale.

By taking advantage of their high substrate specificities, Burrows and co-workers17,18 

employed DNA glycosylases to selectively remove 8-oxodG and its further oxidation 

product, spiroiminodihydantoin-2′-deoxyribonucleoside, and marked the damage sites by 

sealing the resultant single-nucleotide gaps with a DNA ligase or by incorporating a non-

natural nucleotide, which enabled the identification of initial damage sites with Sanger 

sequencing. This strategy of combining glycosylase cleavage with non-natural nucleotide 
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incorporation was later employed for developing sequencing methods for genome-wide 

mapping of 8-oxodG and 2′-deoxyuridine.14,19 We reasoned that DNA glycosylases might 

also be harnessed for mapping Tg in the human genome. In this vein, Tg in human cells can 

be repaired primarily by two DNA glycosylases, endonuclease III-like protein 1 (NTHL1) 

and Nei-like DNA glycosylase 1 (NEIL1).20–23

Here, we present a DNA–protein cross-linking sequencing (DPC-Seq) method to map Tg 

in the human genome (Figure 1A). The method capitalizes on NTHL1-mediated removal of 

thymine glycol, covalent binding of the ensuing abasic site with the Lys residue at its active 

site, reduction to stabilize the resulting Schiff base (Figure 1B), and a multistep procedure 

for the highly selective and efficient enrichment of DNA-NTHL1 cross-link for subsequent 

library construction and next-generation sequencing analysis. By conducting DPC-Seq with 

two different cell lines, we identified thousands of Tg peaks, which provided the first insight 

about the genomic distribution of Tg in the context of DNA repair competence, nucleosome 

occupancy, histone epigenetic modifications, and transcription status.

RESULTS

NTHL1-Mediated Covalent Labeling of Tg-Containing DNA.

Previous studies revealed that, after removing its substrate nucleobases, bifunctional DNA 

glycosylases are able to cross-link with the ensuing abasic site in DNA, and the resulting 

Schiff base intermediate can be reduced by NaBH4 to yield stable DPCs.24 This borohydride 

trapping strategy has been used to isolate and characterize many bifunctional DNA 

glycosylases.25–27 NTHL1 is one of the bifunctional glycosylases that can selectively excise 

thymine glycol from genomic DNA. Therefore, we set out to explore the feasibility of using 

this glycosylase to label and enrich Tg-containing DNA.

We first prepared an oligodeoxyribonucleotide (ODN) harboring a site-specifically inserted 

Tg (Figure S1) and purified recombinant NTHL1 with a C-terminal 6xHis tag (Figure S2). 

After the Tg-ODN was incubated with NTHL1 in the presence of NaBH4, we observed 

a stable product with a substantially diminished mobility on SDS-PAGE (Figure 2A). 

Following proteinase K treatment, the product migrates similarly to double-stranded DNA, 

confirming the DPC formation. No DPC was detectable for the corresponding reactions with 

the use of damage-free DNA or in the absence of NaBH4, manifesting the high specificity of 

the labeling reaction (Figure 2A). We also optimized a number of experimental conditions, 

including types and amounts of reducing reagents, solution pH, and amounts of NTHL1 

(Figures S3–S6). We found that a better labeling efficiency can be attained with the use 

of NaBH3CN than NaBH4 (Figure S3); hence, NaBH3CN was used for all the subsequent 

experiments. Under our optimized conditions, we were able to achieve an 80% labeling 

efficiency of the Tg-containing duplex DNA with NTHL1 (Figure S6).

DPC-Seq Enables Enrichment of Tg-Containing DNA with High Efficiency and Selectivity.

With the availability of this highly efficient and specific labeling method, we examined 

the enrichment efficiency of the Tg-containing DNA in the presence of an excess amount 

of genomic DNA. After covalent labeling of the Tg-containing DNA with NTHL1-His6, 
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the resulting DPCs were first enriched from the reaction mixture using Ni-NTA beads. 

Under our optimized enrichment conditions, a model Tg-containing DNA can be enriched 

by several hundred-fold compared to the corresponding damage-free DNA (Figures 2B, S7, 

and S8), which is similar to what was previously reported for dU- or 8-oxodG-containing 

DNA.13,19 Considering the relatively low frequency of Tg in genomic DNA (at a level of 

0.8–10 per 106 nucleosides in different experimental systems),28,29 we decided to further 

enrich the DPC by virtue of its chemical stability. In this vein, we found that the reduced 

NTHL1-abasic site DNA cross-link is very stable even after denaturing the protein with 

boiling.

We asked if we could employ SDS-PAGE to further remove the residual DPC-free DNA 

in the eluent obtained from affinity purification with Ni-NTA beads. We found that, at a 

similar molecular weight, free DNA migrates much faster than protein in SDS-PAGE gel 

(Figure S9). For instance, a 500 bp dsDNA (~300 kDa) displays a faster mobility than 

a 50 kDa marker protein. However, after being cross-linked with a protein, the ensuing 

DPC displays a migration property resembling that of a protein on SDS-PAGE, indicating 

that SDS-PAGE can efficiently separate DPC from free DNA. In addition, SDS-PAGE 

separation can disrupt nonspecific interactions between DNA and beads. Inspired by the 

previously reported protocols for CLIP-Seq, which harnesses membrane transfer to enrich 

RNA-protein cross-link,30 we employed membrane transfer to further remove free DNA and 

to achieve a better recovery of NTHL1 DPC. Our results showed that almost all free DNA 

was removed after the membrane transfer, even in the experiment conducted in the presence 

of an excessive amount of genomic DNA (Figure S10). By using these optimized enrichment 

conditions, we found that, after sequential purification with Ni-NTA beads, SDS-PAGE 

fractionation, and membrane transfer, a model Tg-containing DNA can be enriched by 

2780-fold (Figure 2B), which is approximately 10-fold higher than what was reported 

previously in other DNA damage sequencing methods. Therefore, our DPC-Seq method 

integrates specific Tg labeling (with NTHL1), affinity pulldown of DPC using Ni-NTA 

beads, SDS-PAGE separation, and membrane transfer to achieve highly efficient enrichment 

of Tg-containing DNA.

DPC-Seq Reveals the Genome-Wide Distribution of Tg in Cultured Human Cells.

We next utilized DPC-Seq to map Tg in the human genome. Apart from Tg, 

NTHL1 can also remove other DNA lesions from genomic DNA, e.g., 2,6-diamino-4-

hydroxy-5-formamidopyrimidine (FapyG), 5,6-di-hydro-2′-deoxyuridine (5,6-DHdU), and 

5-hydroxy-2′-deoxyuridine (5-OHdU), and label abasic sites induced endogenously and/or 

formed from BER processes. Hence, we pretreated genomic DNA with Fpg, SMUG1, and 

EndoIV, which allowed for removal of these lesions and free abasic sites without affecting 

appreciably the labeling of Tg (Figures 2C and S11A). In this vein, we found that NTHL1 is 

also able to label an abasic site-containing duplex DNA, albeit at a lower efficiency than that 

for the corresponding Tg-containing duplex DNA, which might be due to poorer binding 

of the abasic site- than Tg-containing DNA with NTHL1. After pretreatment with Fpg, 

SMUG1, and EndoIV, the abasic site-containing DNA, however, can no longer be subjected 

to NTHL1 labeling (Figure S11B), suggesting the effectiveness of the pretreatment on 

removing other lesions.
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To assess the feasibility of DPC-Seq, we spiked 30 fmol of Tg-containing DNA into 1 μg 

of fragmented genomic DNA isolated from HEK293T cells, which represents a spike-in 

level of approximately 1 Tg modification per 105 nucleosides. Our results obtained from 

DPC enrichment (Figure S12) and TA-clone sequencing showed that, among the ten clones 

that we sequenced, six had insertions of the initial Tg-containing DNA, two had insertions 

that can be aligned to the human genome, one could be aligned with blocking DNA (i.e., 

salmon sperm DNA), and one was attributed to self-ligation. These results suggest that 

Tg-containing DNA can be efficiently enriched with our method and correctly sequenced 

(Figure S13). In this vein, it is worth noting that we did not detect any mutation at the 

initial Tg site, which might be attributed to the preferential amplification of the strand 

complementary to the DPC-containing strand, where DPC is known to block polymerase 

bypass.31 Indeed our primary extension assay results revealed that the DNA-peptide cross-

link remnant arising from proteinase K cleavage of the NTHL1-abasic site cross-link 

completely stalls primer extension mediated by the Q5 DNA polymerase used in our library 

construction (Figure S14).

In mammalian cells, NTHL1 and NEIL1 are the main BER glycosylases for Tg repair.21–23 

To further understand the distribution of Tg damage, we used CRISPR-Cas9 to knock 

out NTHL1 and NEIL1 genes to examine the Tg landscape in genomic DNA of human 

cells without its major BER glycosylases. Western blot and Sanger sequencing analyses 

confirmed the successful knockout of these two genes (Figures S15 and S16). Next, we 

applied the DPC-Seq method to map Tg in fragmented genomic DNA samples extracted 

from parental HEK293T (WT) cells and the isogenic NTHL1/NEIL1 double-knockout 

(DKO) cells. After peak calling with the control and overlap between two biological 

replicates (Figure S17), we identified 3688 and 9373 high-confidence Tg peaks for parental 

HEK293T and the isogenic DKO cells, respectively (Figure 3A). Approximately 76% (2812 

out of 3688) of peaks detected for parental HEK293T cells overlapped with those detected 

in DKO cells (Figure 3B), suggesting the facile formation and/or poor repair of Tg in some 

genomic regions. This result also underscored that, even with active BER, Tg at some sites 

persists long enough in the genome to be captured. In addition, our results showed that there 

is a nearly 2.5-fold increase in peak numbers observed in the DKO cells compared to WT 

cells. With a 4- or 5-fold cutoff in enrichment, there are still markedly higher numbers of 

peaks in the DKO than WT background (Figure 3A). Moreover, the common peaks detected 

for the two cell lines exhibit higher signal intensity in DKO cells than parental cells (Figures 

3C and 3D). These results are in accordance with the fact that NTHL1 and NEIL1 constitute 

the major DNA glycosylases for Tg repair in human cells.32

Correlation of Tg Sites with Genomic Features.

We next analyzed the correlation of Tg peaks with genomic features (Figure S18A). For 

parental HEK293T cells, 60.2%, 37.9%, and 1.7% of the Tg peaks are located in intergenic 

regions, introns, and other regions [e.g., 3′-untranslated region (3′-UTR), transcriptional 

termination sites (TTS), and transcriptional start sites (TSS)], respectively. In addition, 

Tg exhibits a slight enrichment in intron regions and depletion in other regions (Figure 

S18B). The distributions of Tg peaks are similar in the DKO cells, where most Tg sites 

are located within intergenic and intron regions. Tg sites’ signal intensity meta profiles 
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are clearly depleted at the TSS and TTS regions (Figure S18C), which are consistent 

with the previous observations made for DNA photoproducts, benzo[a]pyrene-dG adducts, 

and cisplatin adducts.12,16,33 These results suggest a strong influence of transcription on 

the genome-wide distribution of Tg. In this vein, transcription-coupled repair is an NER 

pathway that removes DNA lesions from the genome.34 While transcription-coupled BER 

is still under debate, some studies suggest such a possibility.34–37 Although Tg is mainly 

repaired by NTHL1- and NEIL1-mediated BER pathways in mammalian cells, some studies 

show that oxidatively induced single-nucleobase lesions may be repaired by the NER 

pathway.38,39 Thus, depletion of Tg at TSS and TTS may arise from more active BER 

or NER at these sites. Interestingly, we also observed an apparent depletion of the Tg signal 

at TSS and TTS in the DKO cells (Figure S18C), indicating that, in BER-deficient cells, 

the TC-NER pathway may participate in the removal of Tg in actively transcribed regions. 

Nevertheless, we could not formally exclude the possibility that DNA glycosylase(s) other 

than NTHL1 and NEIL1 may be involved in Tg repair, e.g., NEIL3.40 Future experiments 

are needed to examine this possibility.

We also investigated the influence of nucleosome binding and epigenetic state of chromatin 

on Tg distribution. We found that Tg peaks are enriched at histones H3 and H4 binding 

sites (Figure 4A) but depleted at DNase I hypersensitive (DHS) sites (Figure S19), which 

is consistent with the notion that the packaging of DNA into nucleosomes impedes DNA 

repair.41,42

We next explored Tg distribution around the center of four histone epigenetic marks, 

i.e., H3K9me2, H3K4me1, H3K4me3, and H3K27ac (Figure 4A). Interestingly, a higher 

enrichment of Tg peaks was observed at H3K9me2, a mark of heterochromatin that 

is strongly associated with transcriptional repression.43 An Integrative Genomics Viewer 

(IGV) plot also shows a high degree of colocalization between Tg and H3K9me2 peaks 

(Figure 4B). In addition, motif analysis revealed an enrichment of highly repetitive 

sequences (Figure S20), which are characteristic of heterochromatin.44 However, we failed 

to observe similar enrichment patterns for histone marks that are characteristic of active 

transcription, i.e., H3K4me1, H3K4me3, and H3K27ac (Figure 4B). Additionally, when we 

overlapped Tg peaks with those of the histone epigenetic marks, a much higher overlap rate 

was observed in the heterochromatin region than those with active histone marks (Figure 

4C). These data are in agreement with the notions that DNA lesions in active and open 

chromatin regions are more readily repaired than those in repressed and heterochromatin 

regions45 and that transcription-coupled NER/BER may be involved in Tg removal.46 

Moreover, mitochondrial DNA, which is devoid of nucleosome binding or NER, displays 

a higher level of Tg compared to the nuclear DNA (Figure S21), which is in keeping with 

previous findings for other DNA lesions.47,48 While Tg is known to be induced from the 

oxidation of 5-mdC to 5-mdC glycol and its subsequent deamination, we were not able to 

detect an enrichment of Tg in CpG islands (Figure S18B). This is likely attributed to the lack 

of adequate resolution of our mapping method. In this vein, the resolution of our method is 

approximately 100–300 bp, which is imposed by the size of DNA fragments employed for 

NTHL1 labeling and sequencing library construction.
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DISCUSSION

In this study, we developed a genome-wide mapping method for Tg detection in human 

cells. Our approach harnesses the high specificity of NTHL1, a natural DNA repair enzyme 

for Tg. The NaBH3CN-mediated reductive cross-linking enables efficient removal of non-

cross-linked free DNA through rigorous washing. In addition, SDS-PAGE separation and 

membrane transfer allow for further removal of free DNA, which provides an extremely high 

enrichment efficiency (i.e., by ~2780-fold) of a Tg-containing DNA over the corresponding 

unmodified DNA. By employing this highly efficient method, we generated the first 

genome-wide distribution maps of Tg in HEK293T and the isogenic NTHL1/NEIL1-DKO 

cells. A high degree of overlap (76%) was observed between the peaks in the two cell lines, 

suggesting the susceptible induction and/or poor repair of Tg in some genomic regions. 

Even with active BER, some Tg sites persist long enough in the genome to be captured. An 

additional 6000 peaks were identified in the DKO cells, suggesting the highly efficient repair 

of Tg in repair-competent human cells.

Our results revealed a depletion of Tg peaks at TSS and TTS in both parental and DKO 

HEK293T cells. This observation underscores that Tg may be repaired by transcription-

coupled repair pathway(s) that is(are) independent of NEIL1 and NTHL1, which is in 

agreement with the observation that Tg can be recognized by the human NER factors 

XPA and XPC.38 Future research is needed to verify this. In addition, our results suggest 

that Tg persists within nucleosomes, which is in keeping with the in vitro results showing 

that the packaging of DNA into nucleosomes hinders the repair of oxidatively induced 

DNA lesions.49,50 Moreover, Tg peaks are highly enriched in heterochromatin relative to 

euchromatin regions, which is attributed to differential accessibility of DNA repair enzymes 

to these chromatin regions.

In summary, we developed a novel DPC-based strategy for highly efficient and selective 

enrichment of Tg-containing DNA over unmodified DNA. The method, in conjunction 

with second-generation sequencing analysis, facilitated the first genome-wide mapping 

of Tg in human cells. Our results revealed an enrichment of Tg in nucleosome-binding 

regions, especially in heterochromatin regions, and unveiled the modulations of the genome-

wide occupancy of this modified nucleoside by DNA repair competence and transcription 

activity. It can be envisaged that the strategy can be employed to assess the genome-wide 

distributions of Tg in tissue samples and other organisms, and the method can also be 

adapted for assessing, in the future, the occurrence of other DNA lesions and modifications 

in the human genome. In addition, this method is amenable for monitoring the dynamics of 

Tg repair in the future.

EXPERIMENTAL SECTION

Cell Lines.

HEK293T cells were purchased from ATCC. NTHL1/NEIL1 DKO cells were generated in 

the HEK293T background using CRISPR-Cas9, following previously reported procedures.51 

The guide RNAs were designed according to a previously described method,52 and their 

sequences are listed in Table S1. The guide sequences for NEIL1 and NTHL1 sites were 
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inserted into the pX330 plasmid (Addgene). At 24 h following plasmid transfection, the cells 

were diluted and seeded into a 96-well plate at a concentration of approximately 0.5 cell per 

well. After 2 weeks, single colonies were transferred to a 24-well plate. Western blot was 

performed to screen for the knockout clones by using an anti-NEIL1 antibody (Proteintech). 

Sanger sequencing was performed to confirm the mutation of the sequence. The NEIL1-KO 

cell line was used for the further knockout of the NTHL1 gene by following previously 

described procedures.53 The deletion of NTHL1 was screened and confirmed by PCR and 

Sanger sequencing.

The cell lines used in this study were confirmed to be free of mycoplasma contamination 

with the use of the e-Myco Mycoplasma PCR Detection Kit (Bulldog Bio, Inc.). The cells 

were maintained in DMEM (Life Technologies) supplemented with 10% FBS (Invitrogen) 

and 1% penicillin/streptomycin at 37 °C in a humidified incubator with 5% CO2. The 

cells were harvested at 80% confluence, and genomic DNA was extracted by using a 

Monarch Genomic DNA Purification Kit (NEB, T3010S). Butylated hydroxytoluene (0.1 

mM) (Sigma) was added during DNA extraction to minimize artificial generation of Tg 

during sample preparation.14

Preparation of Model Tg-Containing DNA Sequences.

We synthesized an 18-mer ODN harboring a site-specifically inserted Tg by employing 

automated solid-phase DNA synthesis on a Beckman Oligo 1000 M DNA synthesizer 

(Fullerton, CA, USA) with a commercially available Tg phosphoramidite (Glen Research) 

following the vendor’s recommended protocols. Synthesized ODNs were cleaved from 

controlled pore glass and deprotected by treating with 30% ammonium hydroxide at 

room temperature for 2 h. After solvent removal using a SpeedVac, the solid residues 

were dissolved in 0.5 mL of TEA·3HF and kept at 40 °C overnight to remove the 

TBDMS protecting groups. The ODN was subsequently purified by denaturing PAGE and 

characterized by ESI-MS and MS/MS analyses (Figure S1). The ESI-MS and MS/MS 

results support the site-specific insertion of Tg. The 18-mer Tg-containing ODN was ligated 

with a 30-mer ODN in the presence of a 24-mer scaffold ODN to generate a 48-mer 

Tg-containing ODN. The ligation product was purified by denaturing PAGE and used as 

model Tg-ODN for the following labeling and enrichment experiments. Detailed sequences 

are listed in Table S1.

Generation of Recombinant NTHL1 Protein.

The coding sequence of the human NTHL1 gene was amplified by PCR and inserted into 

the pET30a, followed by a 6xHis tag at the C terminus. For purification of NTHL1, Rosetta 

(DE3) E. coli cells were transformed with the plasmid and grown on LB agar with 100 

μg/mL ampicillin at 37 °C overnight. A single colony was amplified in a 5 mL LB medium 

containing 100 μg/mL ampicillin at 37 °C overnight and then diluted to a 500 mL LB 

medium. After the optical density (OD600) reached approximately 0.6, the culture was 

cooled to 16 °C, and the protein expression was induced with 1 mM IPTG (Sigma) at 

16 °C for approximately 20 h. The cells were then collected by centrifugation and lysed 

at 4 °C by sonication in a 15 mL 1× PBS buffer (Fisher BioReagents) containing 1 mM 

phenylmethylsulfonyl fluoride. The suspension was centrifuged at 14,000 g for 15 min, and 
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the supernatant was collected and incubated with 0.5 mL of HisPur Ni-NTA Resin (Thermo 

Scientific, 88221) at 4 °C for 30 min. The resin was then washed 6 times with a 1 mL 

washing buffer (PBS with 25 mM imidazole, pH 7.4). The His6-tagged NTHL1 was eluted 

with a 1 mL PBS buffer containing 250 mM imidazole (pH 7.4) 4 times. The purity of 

NTHL1 was assessed by SDS-PAGE analysis. The pure glycosylase-containing fractions 

were pooled and dialyzed against PBS with 1 mM DTT and concentrated using Slide-A-

Lyzer Dialysis Cassettes, 10 kDa MWCO (Thermo Scientific, 66380). Protein concentration 

was determined by using a Bradford Protein Assay Kit (Bio-Rad). Aliquots of purified 

proteins were stored at −80 °C until use.

Labeling of Tg-ODN with NTHL1.

For the labeling experiments, 250 fmol of 5′−32P-labeled T/Tg-ODN was annealed with its 

complementary strand. The resulting double-stranded DNA was incubated with 2 pmol of 

NTHL1 in 10 μL of 50 mM PBS buffer (pH 7.0) containing 1 mM EDTA, 1 mM DTT, and 

50 mM NaBH4 at 37 °C for 30 min, followed by digestion with 8 U proteinase K (NEB, 

P8107S) at 37 °C for 20 min. The reaction was quenched by a 4× Laemmli Sample Buffer 

(Biorad, #1610747) and heated at 90 °C for 5 min. The samples were separated using 10% 

SDS-PAGE at 90 V for 60 min and imaged on a Typhoon 9410 imager. For pH optimization, 

250 fmol of T/Tg-ODN was incubated with 2 pmol of NTHL1 in 10 μL of 50 mM PBS 

buffer (pH 5–8) containing 1 mM EDTA, 1 mM DTT, and 50 mM NaBH3CN or NaBH4 at 

37 °C for 30 min. The results showed that NaBH3CN gave better labeling efficiency (Figure 

S3); hence, we subsequently optimized the concentrations of NaBH3CN and NTHL1 in the 

labeling reactions.

Other oxidatively induced DNA lesions that may interfere with NTHL1 labeling were 

removed by incubating the isolated DNA with an enzyme cocktail containing 1 μL of 

endonuclease IV (NEB, M0304), 1 μL of Fpg (NEB, M0240S), 1 μL of hSMUG1 (NEB, 

M0336S) in a buffer containing 25 mM Tris (pH 7.5), 50 mM NaCl, 5 mM MgCl2, and 0.5 

mM DTT at 37 °C for 60 min and then at 85 °C for 20 min to deactivate the enzymes. The 

mixture was then labeled with 2 pmol of NTHL1 in a buffer containing 50 mM Tris-HCl 

(pH 7.0), 1 mM EDTA, 1 mM DTT, and 10 mM NaBH3CN at 37 °C for 60 min.

Enrichment of Tg-Induced NTHL1 DPC with Bead Purification.

To optimize the washing times in bead purification, we first spiked 250 fmol of 32P-labeled 

T/Tg-ODN into 10 μg of fragmented genomic DNA isolated from HEK293T cells. To the 

mixture was then added 8 pmol of NTHL1 in a 10 μL buffer containing 50 mM Tris (pH 

7.0), 1 mM EDTA, 1 mM DTT, and 10 mM NaBH3CN, and the mixture was incubated at 

37 °C for 60 min. DPC was enriched from the mixture by incubating with 15 μL of HisPur 

Ni-NTA resin, which was washed twice with PBS prior to use, in 800 μL of PBS at 4 °C for 

2 h. The sample was centrifuged, and the supernatant was discarded. After washing with 1 

mL of PBS 5 times, DNA was eluted from the beads by incubating with a 15 μL PBS buffer 

containing 500 mM imidazole in a Thermomixer at 37 °C for 15 min with interval mixing at 

1,200 rpm. The eluents were resolved by 10% SDS-PAGE at 90 V for 60 min and imaged by 

using a Typhoon 9410 imager.
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To minimize nonspecific adsorption of DNA to Ni-NTA beads, we optimized the amount of 

blocking DNA. Toward this end, 3 fmol of T/Tg-ODN was spiked into 10 μg of genomic 

DNA isolated from HEK293T cells and labeled with 8 pmol of NTHL1 following the 

aforementioned procedures. Different amounts of salmon sperm DNA (0–50 μg) were 

subsequently added to the binding buffer to block the beads. After elution, the eluents were 

diluted 2 times and subjected to qPCR quantification by using Luna Universal qPCR Master 

Mix (NEB, M3003X) on the CFX96 RT-qPCR detection system (Bio-Rad). Primers used for 

qPCR are listed in Supplementary Table S1. The “enrichment fold”, quantified by the ΔΔCt 

method,54 represents the fold change of Tg-ODN/T-ODN after enrichment compared to the 

input sample. First, the difference in Ct values (ΔCt) between input and enriched samples 

was calculated, which was used to calculate the recovery rate. The difference in ΔCt (ΔΔCt) 

between Tg-ODN and T-ODN was then calculated and transformed into the enrichment fold.

Enrichment of Tg-ODN with Bead Purification, SDS-PAGE, and Membrane Transfer.

For the two-step enrichment procedure, 3 fmol of T/Tg-ODNs was spiked into 10 μg of 

HEK293T genomic DNA and labeled with 8 pmol of NTHL1, followed by purification 

using Ni-NTA beads. The eluents were separated by 10% SDS-PAGE at 90 V for 60 min 

and transferred to the nitrocellulose blotting membrane (Biorad, 162–0112). The membrane 

was rinsed with PBST and then placed on a clean glass surface. The DNA–protein cross-link 

band in the molecular weight range of 50–250 kDa was cut from the membrane. The 

membrane was then cut into 1–2 mm slices, transferred to a new 1.5 mL tube, and washed 

with 500 μL of Tris-HCl buffer (30 mM, pH 8.0). To the mixture were added proteinase K 

(NEB, P8107S) (20 μL) and 130 μL of Tris-HCl buffer (30 mM, pH 8.0), and the mixture 

was incubated in a Thermomixer at 55 °C overnight with interval mixing at 1,200 rpm. 

The Thermomixer temperature was subsequently raised to 70 °C, and the incubation was 

continued at 70 °C for 20 min with interval mixing at 1,200 rpm. The liquid (150 μL) was 

transferred into a new DNA LoBind tube and purified with QIAquick Nucleotide Removal 

Kit (Qiagen, 28304) by following the manufacturer’s guidelines. After purification, the 

eluents were employed for qPCR quantification, with the primers being listed in Table S1.

DPC-Seq.

Genomic DNA was digested to 100–300 bp with NEBNext dsDNA Fragmentase (NEB, 

M0348) following the manufacturer’s guidelines. Sonication was avoided during the 

fragmentation process since it may introduce artificial generation of oxidatively induced 

DNA lesions. Purification and size selection were performed using NEBNext Sample 

Purification Beads (NEB).

Genomic DNA (10 μg) was pretreated with SMUG1, Fpg, and Endo IV in a buffer 

containing 25 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM MgCl2, and 0.5 mM DTT 

at 37 °C for 60 min. DNA was purified with NEBNext Sample Purification Beads. The 

genomic DNA was labeled with 0.8 μM NTHL1 in 40 μL of Tris-HCl buffer (50 mM, pH 

7.0) with 1 mM EDTA, 1 mM DTT, and 10 mM NaBH3CN at 37 °C for 60 min. DPC was 

enriched from the reaction mixture by incubating with 20 μL of HisPur Ni-NTA Resin in 

800 μL of PBS containing 50 μg of single-stranded salmon sperm DNA (Sigma, D7656). 

The mixture was incubated at 4 °C overnight. After centrifugation at 6000g, the supernatant 
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was discarded, and the beads were washed twice with 1 mL of PBS and then twice with 

1 mL of washing buffer (20 mM Tris-HCl, pH 7.5, 0.2% Tween). The NEB adaptor was 

ligated (NEB, E7103S) to double-stranded DNA on Ni-NTA resin. The ligation assay was 

performed by following the manufacturer’s guidelines with minor modifications. To the 

mixture were subsequently added 50 μL of ddH2O, 3 μL of End Prep Enzyme Mix, and 

7 μL of End Prep Reaction Buffer (NEB, E7103S). The end repair mixture was incubated 

in a Thermomixer at 20 °C for 1 h and then at 65 °C for 30 min with interval mixing at 

1,200 rpm. Ligation Master Mix (30 μL), 2.5 μL of NEBNext Adaptor, and 1 μL of Ligation 

Enhancer (NEB, E7103S) were then added to the mixture. The mixture was incubated at 20 

°C for 1 h, and the tube was flipped in every 10 min for better mixing. Three microliters 

of USER Enzyme (NEB, E7500S) was added to the ligation mixture, and the mixture 

was incubated at 37 °C for 30 min. Input samples’ ligation was performed in parallel by 

following the manufacturer’s guidelines and purified with NEBNext Sample Purification 

Beads.

After completing the adaptor ligation, the beads were washed twice with PBS and then 

twice with a washing buffer. After washing, DNA was eluted from the beads using 20 

μL of PBS with 500 mM imidazole at 37 °C for 30 min with interval mixing at 1,200 

rpm. The subsequent enrichment procedures (SDS-PAGE and membrane transfer) were the 

same as described above. Purified DNA was quantified and verified on an Agilent 2100 

Bioanalyzer. The library was then constructed using NEBNext Ultra DNA Library Prep Kit 

(NEB, E7103S) following the manufacturer’s instructions. Subsequently, the purified DNA 

libraries were assessed using an Agilent 2100 Bioanalyzer and multiplexed for sequencing 

on a HiSeq4000 system (Illumina).

DPC-Seq Data Processing and Analysis.

The sequencing reads of DPC-seq were checked with FastQC and aligned to the human 

hg38 reference genome using Bowtie2 with the default configuration.55 For genome-wide 

Tg site identification, peak calling was performed using the model-based analysis of 

ChIP-seq (MACS2)56 with the following configuration: macs2 callpeak -t treat.bam -c 

input.bam -f BAM -g 2.7e+9 -n --ourdir macs2. The Integrated Genome Browser57 

was used to visualize the mapping results. Overlap of two biological replicates was 

defined as high-confidence peaks, which were employed in further analysis. Genomic 

annotations were performed using PAVIS.58 The intersection between bed files was 

performed using BEDTools.59 Plotprofile and heatmap were performed using deepTools.60 

The H3, H4, H3K9me2, H3K4me1, H3K4me3, H3K27ac, TSS, and DHS sequencing 

data of HEK293T cell line were downloaded from GEO databases (GSM1482823; 

GSM1482824; GSM1644653; GSM1249888; GSM1249885; GSM1249889) and ENCODE 

(ENCSR294YNI; ENCF-F285OXK).61 Motif analysis was conducted using MEME-ChIP.62 

The DPC-Seq data generated in this study have been deposited into the NCBI Gene 

Expression Omnibus (GEO) under accession number GSE184204.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
DNA–protein cross-link sequencing (DPC-Seq) for genome-wide profiling of Tg. (A) A 

schematic diagram illustrating the workflow of DPC-Seq. Fragmented genomic DNA was 

first cross-linked with NTHL1-His6 to form DPC. Subsequently, DPC was stabilized by 

NaBH4 reduction and enriched with Ni-NTA beads. The eluents were further purified by 

SDS-PAGE and membrane transfer. After proteinase K digestion, DNA was recovered from 

the membrane and employed for library construction and next-generation sequencing. (B) 

NTHL1-mediated cleavage of Tg, DPC formation, and NaBH3CN reduction of the ensuing 

Schiff base intermediate.
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Figure 2. 
NTHL1-mediated covalent labeling and enrichment of Tg-containing DNA. (A) SDS-PAGE 

analysis of the Tg-containing DPC products. (B) DPC-Seq enables efficient enrichment of 

Tg-containing DNA. The enrichment fold was calculated based on the ratio of recovery rate 

of Tg-ODN over that of the corresponding unmodified ODN, where the recovery rates were 

calculated from qPCR results in three replicates. Error bars represent standard deviations. 

(C) Tg-ODN pretreated with BER enzymes: Lane 1, Tg-ODN control without labeling; Lane 

2, labeling of Tg-ODN without pretreatment with BER enzymes; Lane 3, the sample was 

pretreated with Fpg (F), SMUG1 (S), and EndoIV (IV) prior to cross-linking with NTHL1; 

Lane 4, absence of NTHL1 labeling of Tg-ODN when the sample was pretreated with 

EndoIII and EndoIV.
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Figure 3. 
Analysis of NGS reads obtained from DPC-Seq of genomic DNA isolated from HEK293T 

and the isogenic DKO cell lines. (A) Peak numbers obtained from the two cell lines with 

at least 3-, 4-, and 5-fold enrichment relative to input. (B) A Venn diagram illustrating the 

overlap of high-confidence peaks between the two cell lines. (C) Genome browser view 

displaying the peak enrichment in parental and DKO HEK293T cells. (D) Fold enrichment 

of overlapped peaks between the two cell lines.
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Figure 4. 
Tg peaks are enriched in a nucleosome region, especially in a heterochromatin region. (A) 

The heatmap representation of Tg signals in the regions ±3 kb from the centers of H3, 

H4, H3K9me2, H3K4me1, H3K4me3, and H3K27ac peaks in HEK293T cells. (B) Genome 

browser view to illustrate peak colocalization between Tg and the corresponding histone 

marks. (C) Percentages of the H3, H4, H3K9me2, H3K4me1, H3K4me3, H3K27ac, TSS, 

and DHS peaks that overlapped with Tg peaks. Overlap percentages = (number of peaks 

overlapped with Tg peaks/number of peaks in the whole genome) × 100%.
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