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Abstract

DNA-protein crosslinks (DPCs) are complex DNA lesions that induce mutagenesis and cell death. 

DPCs are created by common antitumor drugs, reactive oxygen species, and endogenous 

aldehydes. Since these agents create other types of DNA damage in addition to DPCs, 

identification of the mechanisms of DPC repair is challenging. In this study, we created plasmid 

substrates containing site-specific DPC lesions, as well as plasmids harboring lesions that are 

selectively repaired by the base excision or nucleotide excision repair (NER) pathways. These 

substrates were transfected into mammalian cells and a quantitative real-time PCR assay employed 

to study their repair. This assay revealed that DPC lesions were rapidly repaired in wild-type 

human and Chinese hamster derived cells, as were plasmids harboring an oxoguanine residue 

(base excision repair substrate) or cholesterol lesion (NER substrate). Interestingly, the DPC 

substrate was repaired in human cells nearly three times as efficiently as in Chinese hamster cells 

(>75% vs ∼25% repair at 8 hours post-transfection), while there was no significant species-

specific difference in the efficiency with which the cholesterol lesion was repaired (∼60% repair). 

Experiments revealed that both human and hamster cells deficient in NER due to mutations in the 

xeroderma pigmentosum A or D genes were five to ten-fold less able to repair the cholesterol and 

DPC lesions than were wild-type control clones, and that both the global genome and 

transcription-coupled sub-pathways of NER were capable of repairing DPCs. In addition, analyses 

using this PCR-based assay revealed that a 4 kDa peptide DNA crosslink was repaired nearly 

twice as efficiently as was a ∼38 kDa DPC, suggesting that proteolytic degradation of crosslinked 

proteins occurs during DPC repair. These results highlight the utility of this PCR-based assay to 

study DNA repair and indicate that the NER machinery rapidly and efficiently repairs plasmid 

DPC lesions in mammalian cells.
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Introduction

DNA-protein crosslinks (DPCs) are unusually bulky lesions formed upon covalent trapping 

of proteins on DNA strands (1). These helix-distorting complexes are mutagenic, toxic, and 

are able to block essential cell processes such as transcription and replication (2,3). Proteins 

of various sizes and functions are capable of becoming crosslinked to DNA via multiple 

mechanisms (4,5). For example, endogenous DPCs can be formed by the trapping of repair 

proteins recruited to sites of DNA damage or as a byproduct of lipid peroxidation of reactive 

oxygen species in the blood (6-9). Exogenous agents such as ionizing radiation, UV light, 

cigarette smoke, and chemotherapeutics such as cisplatin also create DPCs (5,10-15). 

Despite their common occurrence and cytotoxic effects, the exact mechanism(s) by which 

DPCs are repaired is still not well understood.

In order to gain insight into the repair mechanism of DNA-protein crosslinks, DPC-forming 

agents have been used to assess hypersensitivity in repair mutants (11). Results from these 

experiments have provided evidence for the roles of nucleotide excision repair (NER) and 

homologous recombination (HR) in DPC repair (16). However, there are contradictory 

reports in the literature regarding the relative contributions of the two repair pathways. 

Specifically, genetic studies performed in Escherichia coli revealed that uvrA and recA 
mutants deficient in NER or HR were hypersensitive to the DPC-inducing agent 

formaldehyde (17,18). However, only recA and not uvrA mutants were hypersensitive to 

DPCs induced by azacytidine (19,20). In Saccharomyces cerevisiae, mutants deficient in 

NER, but not HR, were sensitive to formaldehyde (21,22). Similarly, human cells from 

xeroderma pigmentosum patients possessing mutations in the NER pathway were sensitive 

to DPC-inducing agents (23,24).

Since all known DPC-forming agents induce other types of DNA damage, such as DNA 

monoadducts and DNA-DNA cross-links, it is difficult to conclude if sensitivity to these 

drugs is influenced by lesions other than DPCs. In an effort to overcome this potential 

limitation, investigators have directly examined the kinetics of DPC formation and removal 

from wild-type and repair-deficient clones following exposure to DNA damaging agents 

(25). However, these studies have yielded contradictory results. For example, Quievryn et al. 
failed to detect differences in the kinetics of formaldehyde-induced DPC removal between 

NER-deficient human fibroblasts and control (26). Conversely, DPCs induced by 

nornitrogen mustard accumulated at higher rates in human cells deficient in the NER gene 

XPA compared to HR-deficient or wild-type clones (4).

To more directly assess the involvement of NER in DPC repair, Minko et al. incubated DPC-

containing oligonucleotides with UvrABC nucleases from Escherichia coli and saw slower 

incision rates of DNA containing a 16 kDa protein compared to smaller DNA-peptide 

crosslinks (27,28). In vitro studies performed with human nucleases saw similar results 

where 4 and 12 amino acid peptide-crosslinks were recognized by the NER machinery but 

were unable to remove a 16 kDa protein-crosslink (29). Nakano et al. later reported a size 

limit of 8-10 kDa for the excision of crosslinked proteins by NER in mammalian cells while 

Baker et al. saw NER-directed repair of a 38 kDa attached to plasmid DNA (30,31). 

Currently, the role of NER in the repair of DPCs (specifically those consisting of proteins 
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larger than 10 kDa) remains unclear. However, it is hypothesized that the decreased 

efficiency of NER to repair larger protein-crosslinks is caused by steric hindrance of damage 

recognition proteins and suggests that proteolytic degradation is necessary prior to repair. 

While it was originally proposed that the proteasome is responsible for proteolysis of full 

size DPCs, more recent studies have suggested that a different protease (Spartan in humans) 

is involved (32-37).

To clarify the role of NER in the repair of DPCs in mammalian cells, as well as to address 

more specific questions regarding how size and location influence DPC repair, we employed 

a PCR-based assay we term Strand-Specific Primer Extension-Quantitative Polymerase 

Chain Reaction (SSPE-qPCR). This assay is capable of quantifying the repair kinetics of a 

broad range of lesions present on plasmid DNA transfected into repair deficient and 

corrected mammalian cells. This assay provides significant advantages over previously 

utilized approaches in that it is rapid, highly quantitative, and extremely flexible. 

Importantly, this method directly measures repair activity, in contrast to other plasmid-based 

strategies that rely on indirect measures such as host-cell reactivation of gene function. 

Results from our initial analyses provide new insight into the ability of the global genome 

and transcription-coupled NER pathways to repair DPCs in hamster and human cells.

Material and Methods

Materials

Chemicals and enzymes—Oligodeoxynucleotides (ODNs) containing 8-oxo-2′-

deoxyguanosine (8-oxo-dG) or cholesterol modifications were obtained from Midland 

Certified Reagent (Midland, TX). All other ODNs were purchased from the University of 

Minnesota Genomic Center. Human oxoguanine glycosylase 1 (OGG1) was expressed and 

purified from BL21(DE3) bacteria (Thermo Fisher) using a pET-28a expression vector (38). 

Single-stranded M13 vector and all enzymes were obtained from New England Biolabs 

(Beverly, MA) unless specified otherwise. Chemicals were purchased from Sigma Chemical 

(St. Louis, MO) unless indicated.

Cell lines—Chinese hamster lung fibroblast cell lines V79 (GM16136) and V-H1 

(GM16141) were obtained from the Coriell Institute for Medical Research (Camden, NJ). 

V79 are wild-type cells from which the V-H1 clones were derived following an 

ethylnitrosourea-induced mutagenesis screen (39-41). V-H1 cells belong to nucleotide 

excision repair complementation group 2 and lack a functional XPD gene (42). These cells 

are deficient in the ERCC2 gene, which codes for the XPD protein involved in the helicase 

activity that unwinds duplex DNA during nucleotide excision repair (42). Chinese hamster 

lung fibroblast cells were cultured in Ham's F-12 modified essential Eagle's media (Life 

Technologies, Grand Island, NY) supplemented with 9% fetal bovine serum (Atlanta 

Biologics, Atlanta, GA). Chinese hamster ovary CHO-K1 cells were a kind gift from 

Professor Harry Orr (University of Minnesota). Immortalized human dermal fibroblasts from 

xeroderma pigmentosum patients with inactivating mutations in the NER XPD gene 

(GM08207) or XPA gene (GM04312), as well as gene-corrected clones (GM15877 and 

GM15876, respectively) derived from these lines were obtained from the Coriell institute. 
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Human and CHO-K1 cells were cultured in Dulbecco's modified Eagle's media (Life 

Technologies, Grand Island, NY) supplemented with 9% fetal bovine serum. All cells were 

maintained in a humidified atmosphere of 5% carbon dioxide, 95% air, at 37 °C.

Methods

Taq polymerase extension assay—To confirm that Taq polymerase permanently stalls 

at abasic sites (and by extension, lesions attached to abasic sites) 200 pmol of the 

oligodeoxynucleotide M13-RSV-Zeo-8oxo (template) was annealed to 200 pmol of primer C 

(Table 1) in restriction enzyme buffer 2 (New England Biolabs) and water in a volume of 10 

μL at 95°C for 5 minutes and slowly cooled to room temperature. The creation of a duplex is 

necessary because OGG1 protein will not react with single-stranded DNA. The duplex DNA 

was then incubated in the presence or absence of OGG1 (200 pmol) in buffer containing 100 

mM NaCl, 1mM MgCl2, and 20 mM Tris-HCl pH 7.0 at 37°C (final volume 15 μL) for 30 

minutes. Samples incubated with OGG1 excise the 8-oxo-dG residue leaving an abasic site 

at its position. Each sample was divided in half and incubated in the presence or absence of 

primer Z (100 pmol, Table 1) with 10 mM dNTPs (Thermo Scientific), Taq reaction buffer 

(New England Biolabs), and Taq polymerase (20 units) in a final volume of 10 μL at 95°C 

for 5 minutes. Samples were then slow cooled to 75°C for 15 minutes, resolved on a 

NuPAGE 12% Bis-Tris Gel (Invitrogen) at 18V/cm at 55°C, and stained with ethidium 

bromide.

Construction of plasmid DNA repair substrates—Synthetic oligodeoxynucleotides 

(80 pmol) containing either cholesterol (NER positive control) or 8-oxo-dG modifications 

(M13-cholesterol or M13-8oxo, Table 1) were phosphorylated with T4 PNK (10 units) in 

ligase buffer (New England Biolabs) for 30 minutes at 37°C in a total volume of 50 μL. 

Phosphorylated oligonucleotides were then annealed to single-stranded M13 (8 pmol), 

extended with Taq polymerase (100 units), Taq reaction buffer (New England Biolabs), 100 

mM ATP (Teknova), 10 mM dNTPs (Thermo Scientific), restriction enzyme buffer 2 (New 

England Biolabs), and 8 μg bovine serum albumin for 15 minutes at 75°C in 260 μL. The 

temperature was then lowered to 37°C at which point T4 polymerase (60 units) and T4 

ligase (8000 units) were added and the reaction incubated at 37°C overnight in 375 μL 

(Figure 2). Extension products were resolved on a 0.8% low melting temperature agarose 

gel. Supercoiled DNA was excised with a razor blade, digested with β-agarase (10 units) 

according to manufacturer's protocol, purified by phenol: chloroform extraction and ethanol 

precipitation, and resuspended in water. DNA containing an 8-oxo-dG residue (0.36 pmol) 

was crosslinked to OGG1 (36 pmol) in buffer containing 100 mM NaCl, 1 mM MgCl2, 20 

mM Tris-HCl pH 7.0, and 10 mM sodium cyanoborohydride at 37°C for 30 minutes (43,44). 

During this reaction, the 249K active residue attacks the C1 position of the 8-oxo-dG lesion, 

expelling the base to create an abasic site. Addition of sodium cyanoborohydride reduces the 

intermediate Schiff base formed, trapping the protein to the ribose (Figure 4). To study of the 

effect of protein size on DPC repair efficiency, DPC substrates created as described above 

were exposed to 0.5 μg of trypsin (Promega) at 37°C in 50 mM Tris-HCl pH 8 overnight 

prior to transfection. Molecular weight of the digestion product was confirmed by 

crosslinking 500 pmol (1 μL) of OGG1 protein to 500 pmol of duplex oligo containing an 8-

oxo-dG modification using the same conditions stated above. This material was 
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subsequently treated with 5 μg trypsin (10 μL) in 50 mM Tris-HCl pH 8 buffer (20 μL) 

overnight at 37°C, followed by addition of 10 U DNASE I (5 μL) in DNASE I buffer (15μL) 

at 37°C for 30 minutes. This material was subsequently resolved on a 16% Tris-Tricine Gel 

(Bio-Rad) and stained with simply blue (Invitrogen).

KCl/SDS precipitation of DNA-protein crosslinks—To confirm the presence of the 

OGG1 protein crosslink, lesion-containing M13 plasmids (prepared as described above) 

were digested with BspDI for 1 hour at 37°C to generate two restriction fragments, one 

containing the DPC (4.4 kb) and a second, protein-free fragment (2.8 kb). The digest was 

treated with SDS at a final concentration of 0.5% and incubated at 65°C for 10 minutes to 

facilitate protein binding. The samples were then divided in two, and KCl (final 

concentration 100 mM) was added to one sample and omitted from the other. The reactions 

were incubated on ice for 5 minutes followed by centrifugation at 12K × G for 5 minutes at 

4°C (45). The supernatant from both samples was resolved by agarose gel electrophoresis 

and stained with ethidium bromide. Crosslinking efficiency was determined by scanning 

densitometry using ImageJ to determine the amount of plasmid DNA recovered from 

solution following KCl/SDS precipitation, as depicted in Figure 5.

Cloning of a transcriptional unit into M13mp18—Two pg of plasmid psF-CMV-

RSV-Zeo Asc1 (Sigma) was amplified with RSV-ZEO 1 and 2 primers (1 μM, Table 1) using 

Pfu Master Mix (G-Biosciences). PCR conditions were as follows: pre-treatment at 94°C for 

3 minutes followed by 25 cycles at 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 

1 minute. The 925 bp PCR product containing the RSV promoter and zeocin gene (RSV-

Zeo) was cloned using a Topo 2.1 PCR Kit (Thermo) and transformed into Top 10 F′ 
bacteria (Thermo). Clones harboring the PCR product were isolated and the insert recovered 

by digestion with EcoRI followed by gel purification and ligation into pLC118. (The 

plasmid pLC118 was created by cloning the neomycin phosphotransferase gene from 

pSV2neo (46) into a EcoRI-linearized M13mp18. One microliter of the ligation mixture was 

transformed into NEB Turbo electrocompetent bacteria (New England Biolabs), and 

individual clones harboring recombinant M13 molecules containing the RSV-Zeo insert 

were screened by restriction digestion analysis of double-stranded virion DNA to determine 

orientation. Single-stranded virion DNA was subsequently recovered from cultures 

harboring the insert in the two different orientations (referred to, respectively, as pLC119 

and pLC120) and primer extension reactions performed as described above. M13-RSV-

Zeo-8oxo template or M13-RSV-Zeo-8oxo coding primers (Table 1) were used to generate 

double-stranded plasmid substrates in which the 8-oxo-dG residue is present on, 

respectively, the template or coding strands of the RSV-Zeo transcriptional unit (Figure S1). 

Transcription of these plasmids following transfection into wild-type V79 cells was 

confirmed via quantitative reverse transcriptase PCR using SuperScript VILO (Invitrogen) 

according to manufacturer's instructions and primers Zeo F1 and Zeo R1 (Table 1) for 

amplification (47).

Purification of single-stranded DNA—Approximately 10 ng of double-stranded 

pLC119 or pLC120 was electroporated into NEB Turbo bacteria according to manufacturer 

instructions and shaken in 1 mL Luria-Bertani broth (LB) for 1 hour at 37°C. Either 50 or 
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100 μL of culture broth was added to 100 μL of an overnight culture of non-transfected 

bacteria and 3 mL of top agar containing 5 mM MgCl2. This solution was mixed, poured 

onto an LB plate, and incubated at 37°C overnight. Plaques formed were picked using a 

Pasteur pipette and incubated in 1 mL of LB for 3 hours at room temperature followed by 

4°C overnight. The next day, 100 μL of an overnight culture of NEB Turbo bacteria was 

diluted into 5 mL of LB containing 5 mM MgCl2 and shaken for 2 hours at 37°C. The 5 mL 

culture was then diluted into 45 mL of LB containing 5 mM MgCl2 and divided into 1 mL 

aliquots. Next, 100 μL of diluted plaques were added to each aliquot and shaken at 37°C for 

5 hours (48). Cultures were then spun at 12K × G in a table-top centrifuge for 5 minutes at 

room temperature (49). The supernatants were collected and single-stranded DNA purified 

using a QiaPrep Spin M13 kit (Qiagen).

Transfection—Mammalian cells were plated at 0.5 × 106 cells/well in a 6-well plate the 

night prior to transfection. For a one well transfection, 15 μL (1.2 pmol) of purified, DNA 

repair substrates prepared as described above was incubated with 6 μL of lipofectamine 

(Invitrogen) and 300 μL of serum-free culture media for 5 minutes at room temperature. 

(Note that 1 μL of the DNA substrate is reserved as non-transfection (i.e. 0 hour time point) 

controls. This material is diluted in 500 μL of water and subsequently included in the SSPE-

qPCR assay described below.) 250 μL of DNA complexes were added to the well and 

allowed to recover for either 1.5, 3, 5, 7, or 8 hours. For multiple well transfections, the 

above conditions were doubled or tripled as needed. Following incubation, cell culture 

media was removed and 1 mL of 0.6% SDS/0.01 M EDTA was added to each well for 10-15 

minutes at room temperature. Lysed cells were scraped with a rubber policeman and 

transferred to a 1.5 mL centrifuge tube. Sodium chloride was added to a final concentration 

of 1 M, inverted gently 5 times, and incubated at 4°C overnight (50). The next day, samples 

were spun at full speed in a table top centrifuge at 4°C for 30 minutes. The supernatant was 

ethanol precipitated, resuspended in 100 μL water and stored at -20°C until SSPE-qPCR.

Strand-specific primer extension-quantitative polymerase chain reaction 
(SSPE-qPCR) repair assay—Low molecular weight DNA recovered from transfected 

cells (1 μL) as well as non-transfected DNA samples (0 hour controls) were mixed with a 

PCR primer (1μM) complementary to the damaged strand of the plasmid (M13 Primer R, 

Table 1, Figure 1) in SYBR green master mix buffer (Invitrogen). Following a 10-minute 

melting step at 90°C, the DNA was melted at 90°C for 15 seconds and then reduced to 65°C 

for 1 minute to permit primer annealing/extension. This step was repeated an additional 

seven times, at which point a primer complementary to the undamaged strand of the plasmid 

(M13 Primer L, Table 1, Figure 1) was added (1μM). Cycle threshold (Ct) values were then 

measured via quantitative real-time PCR on an Applied Biosystems StepOnePlus Real Time 

PCR System using the reaction conditions described above. In parallel, a qPCR experiment 

analogous to that above was performed in which the eight rounds of primer extension were 

omitted. The Ct values from the latter experiment were subtracted from that of the former to 

calculate the delta Ct value ΔCt = [Ct] – [Ct primer extension]. Because the presence of an 

abasic site, cholesterol, or DPC lesion blocks primer extension, this delta Ct value can be 

used to calculate the percent of lesion repair using the formula: percent DNA repair = 

(2ΔCt/23) × 100 (47,51). The percent repair calculated at each time point using this method is 
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then subtracted from the ‘apparent percent repair value’ calculated using the 0 hour time 

point (i.e. non-transfected DNA repair substrate sample) to correct for PCR background 

noise induced by the strand-specific primer extension.

Measurement of base excision repair (BER) activity in wild-type and NER-
deficient cell lines—A plasmid containing an 8-oxo-dG modification was transfected into 

Chinese hamster V79 and V-H1 cell lines and low molecular weight DNA recovered at 1.5 

and 3 hours post-transfection as described above. This material was then treated with 80 

pmol of OGG1 enzyme for 30 minutes at 37°C. Under these conditions, the OGG1 enzyme 

quantitatively excises any unrepaired 8-oxo-dG residues from the plasmid, thereby creating 

an abasic site that blocks primer extension by Taq polymerase. It is thus possible to use the 

strand-specific primer extension-qPCR assay described above to calculate the respective 

levels of BER activity present in wild-type and NER-deficient cell lines.

Measurement of cisplatin-induced DNA-protein crosslinks in Chinese hamster 
cell lines—Wild-type V79 and NER-deficient V-H1 Chinese hamster cells were grown to 

confluence on 10 cm dishes (2 per cell line). One dish each per cell line was maintained in 

serum-free media plus or minus 100 μM cisplatin for one hour at 37°C. Cells were then 

washed twice with PBS and re-suspended at a density of 1×107 cells/mL (45). Protein-linked 

DNA was isolated using 100 μL of cells lysed with 0.5 mL 2% SDS, 1mM PMSF, and 20 

mM Tris-HCl pH 7.5 and frozen at -80°C. Cells were then thawed at room temperature, 

vortexed for 10 seconds, and incubated at 65°C for 10 minutes. Next, 0.5 mL of 200 mM 

KCl in 20 mM Tris-HCl pH 7.5 was added and the material passed through a 1 mL pipet tip 

five times. Samples were then put on ice for 5 minutes, spun at 3K × G for 5 minutes at 4°C, 

and the pellet resuspended in 1 mL of 100 mM KCl in 20 mM Tris-HCl pH 7.5 by pipetting 

5 times to evenly disperse recovered material. Samples were heated to 65°C for 10 minutes, 

chilled on ice for 5 minutes, and spun at 4°C for 5 minutes at 3K × G. Resuspension of the 

pellet in 100 mM KCl in 20 mM Tris-HCl, heating, chilling, and spinning were repeated 

twice more before resuspending the final pellet in 1 mL of 100 mM KCl, 10 mM EDTA, 20 

mM Tris-HCl pH 7.5 and proteinase K (final concentration 0.2 mg/mL). Samples were 

incubated at 50°C for 3 hours after which 100 μg of bovine serum albumin was added, 

chilled on ice, and spun at 10K × G for 10 minutes at 4°C. The supernatant was collected 

and mixed with 1 mL of freshly prepared 200 ng/mL Hoechst dye 33258 reagent 

(ChemCruz) in 20 mM Tris-HCl pH 7.5, vortexed, and incubated for 30 minutes in the dark 

at room temperature. Total DNA was isolated by lysing 100 μL of cells in 1 mL of 2M NaCl 

in 20 mM Tris-HCl pH 7.5 and mixed with the fluorescent agent as stated above. 

Fluorometer measurements of total DNA and protein-linked DNA were obtained using a 

Fluoromax 4 Spectrofluorometer (Horiba) at room temperature with 360 excitation and 450 

emission filters. Protein-linked DNA values were divided by total DNA to obtain percent of 

protein-crosslinked DNA.
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3. Results

3.1 Taq polymerase extension is blocked by abasic sites

The SSPE-qPCR assay utilized in this study is dependent on the ability of the lesions 

analyzed to permanently stall Taq polymerase extension. To confirm this, we performed two 

parallel primer extension reactions, one using a 40-mer oligonucleotide (M13-RSV-

Zeo-8oxo (template), see Table 1) containing an 8-oxoguanine residue at position 19, and 

the other harboring an AP site created by OGG1 at this same position (see Methods for 

details). It has been reported that Taq polymerase is able to efficiently read-through an 8-

oxoguanine residue but is blocked by abasic sites (52). We thus anticipated that a primer 

annealed to the 8-oxoguanine-containing strand would be extended by Taq polymerase, 

producing a 40-nucleotide product, while a primer annealed to the AP-containing 

oligonucleotide would not be extended to produce a full-length product. The densitometry 

results presented in Figure 2 (calculated using ImageJ) confirm this prediction, showing the 

presence of a full-length primer extension product when the 8-oxoguanine lesion-containing 

substrate (8oxo) was extended with Taq polymerase in the presence of a complementary 

primer. In contrast, no product was produced when the AP-containing substrate (AP, Figure 

2) was extended with Taq polymerase and a complementary primer. We also observed a ∼ 21 

nucleotide product (data not shown), as would be expected were the Taq polymerase stalled 

at the abasic site. It is noteworthy that creation of an AP site using OGG1 can also generate 

a single-strand break via beta-elimination by OGG1 (43). To confirm that Taq polymerase is 

blocked at abasic sites in the absence of single-strand breaks, the above experiment was 

repeated using an oligonucleotide ordered with an abasic modification (abasic, Table 1) or 

no lesion (abasic corrected, Table 1) in the presence or absence of a complementary primer 

(abasic complement, Table 1). These experiments confirmed an increase in full-length 

product during extension of an unmodified oligonucleotide but not with an abasic-containing 

substrate. Additionally, an 18 nucleotide product corresponding to the site of the abasic 

lesion was observed during extension of the damaged substrate, indicating halting of the Taq 

polymerase at the lesion, but not in the undamaged oligonucleotide extension (S2).

3.2 Repair of 8-oxo-dG in wild-type and NER-deficient cells

While our ultimate objective was to use the SSPE-qPCR assay to compare the relative 

efficiency with which NER proficient and NER-deficient clones repaired a DPC-containing 

plasmid substrate, we first performed two series of experiments to confirm: 1. That NER 

proficient and NER deficient clones would repair plasmids harboring a base excision repair 

substrate with equivalent efficiencies, and 2. That a plasmid harboring a lesion known to be 

selectively repaired by the NER pathway would be significantly more efficiently repaired in 

NER proficient cells than in isogenic clones deficient in NER.

As a first step, we transfected covalently closed circular plasmids harboring a site-specific 8-

oxo-dG modification (see methods for details of construction and purification) into wild-

type (V79) and NER-deficient (V-H1) Chinese hamster cell lines and, following incubation 

periods of 1, 1.5 or 3 hours, purified low molecular weight DNA from the cells. This 

material, as well as non-transfected DNA was treated with OGG1, was analyzed using 

SSPE-qPCR, as described in the Methods section. As illustrated in Figure 3, both wild-type 
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and NER-deficient cells showed rapid and efficient repair of 8-oxo-dG lesions indicating 

that there is no appreciable difference in the relative BER activity in V79 and V-H1 clones. 

(It is critical to note that, as described in the Methods section, the percent repair calculated at 

1, 1.5 and 3 hours post-transfection was corrected to subtract ‘apparent repair’ observed in 

the ‘0 hour’, i.e. no-transfection control.) This result is consistent with the interpretation that 

equivalent amounts of transfected DNA gain access to the cellular DNA repair machinery in 

the two cell lines. We next pursued a second series of experiments to test the hypothesis that 

NER-deficient clones would repair a plasmid substrate harboring a known NER substrate 

with reduced efficiently than would their isogenic wild-type counterparts.

3.3 Repair of cholesterol adducts in wild-type and NER-deficient cells

A plasmid containing a site-specific cholesterol-ribose lesion was prepared and purified as 

described in the methods. It has previously been shown that this lesion is subject to NER 

(53). This substrate was transfected into V79 (NER proficient) and V-H1 (NER deficient) 

cells. Low molecular weight DNA was recovered eight-hours post-transfection and subjected 

to the SSPE-qPCR assay to calculate DNA repair activity as described above. As depicted in 

Figure 4, the efficiency of repair of the cholesterol-containing plasmids in NER-deficient V-

H1 cells was nearly 15-fold lower (4% vs 57%) than that detected in the NER proficient V79 

cells. To confirm that this difference was indeed due to a defect in NER, an identical 

experiment was performed in human cell lines deficient (XPD) or proficient (XPDcorr) in 

NER. Results from this experiment indicated that repair of the cholesterol-containing 

plasmid in wild-type human cells was 6-fold more efficient than that detected in the isogenic 

NER-deficient clone (63% vs 11%, Figure 4). (As in the experiment above, repair efficiency 

values have been corrected by subtracting the background seen in the 0 hour, no transfection 

control sample.) These results confirmed the expectation that NER-deficient clones would 

show significantly decreased repair of a cholesterol moiety crosslinked to plasmid DNA, and 

that our SSPE-qPCR assay is capable of detecting differences in the repair of adducts 

processed by the NER pathway.

3.4 Crosslinking OGG1 to 8-oxo-dG-containing plasmid DNA substrates

As was outlined in the Introduction, proteins become crosslinked to DNA via multiple 

mechanisms. To address specific questions regarding DPC repair on plasmid DNA, an 

enzymatic reaction was chosen to crosslink the repair protein OGG1 to a deoxyribosyl 

residue. This biologically relevant lesion represents the main source of endogenous DPCs of 

apurinic/apyrimidinic (AP) site within nucleosome core particles (54). To quantify the 

crosslinking efficiency of these substrates, plasmids containing a site-specific OGG1-DNA 

crosslink were subjected to KCl/SDS precipitation as described in the Methods section. As 

the results in Figure 5 illustrate, the 4.4 kb fragment was quantitatively removed from the 

sample in which KCl was added while there is no evident reduction in the amount of the 2.8 

kb fragment in this sample, compared to the untreated control. This result confirms that the 

crosslinking reaction is highly efficient, with nearly 100% of the plasmid molecules 

containing a site-specific DNA-protein crosslink.
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3.5 Repair of OGG1 crosslinked to plasmid DNA in Chinese hamster and human clones

To determine whether the M13 plasmid containing a covalent OGG1 crosslink is subject to 

repair, DPC-containing plasmids were transfected into wild-type V79 Chinese hamster cells. 

Low molecular weight DNA was recovered 3, 5, 7 and 8-hours post-transfection as 

described in Methods. SSPE-qPCR assays on this material as well as on a 0 hour, no 

transfection control, sample was used to calculate percent DNA repair as outlined in the 

Methods section. These results revealed essentially linear repair kinetics reaching 28% 

repair at the final time point (Figure 6, left panel), indicating that V79 cells are capable of 

repairing OGG1 crosslinked to a non-replicating plasmid DNA molecule. We performed 

similar experiments in a second Chinese hamster-derived cell line (CHO-K1), as well as in 

two human wild-type cell lines. In each instance, these clones were capable of repairing the 

plasmid DPC lesion (Figure 6, right panel). Interestingly, DPC repair efficiency in each of 

the hamster clones was in the range of ∼20-25%, whereas the corresponding repair 

efficiency in two human cell lines derived from unrelated donors was significantly greater 

(>70%). While there was no significant difference in the repair levels between species, the 

level of DPC repair detected in human cells was significantly greater than that detected in 

the Chinese hamster-derived clones. Interestingly, despite this species-specific difference in 

DPC repair activity there was no significant difference in the efficiency with which human 

and hamster cells repaired the cholesterol lesion (63% vs 57%, Figure 4).

3.6 Reduced DPC repair in Chinese hamster and human clones deficient in NER

To test the hypothesis that DPCs are repaired by the NER machinery, we transfected the 

DPC-containing plasmid into isogenic NER-deficient and NER-proficient Chinese hamster 

and human clones, and used the methodology outlined above to quantitatively measure 

cellular repair activity. Consistent with our prediction, DPC repair efficiency was 

dramatically lower in NER-deficient cells compared to their isogenic NER-proficient 

counterparts (Table 2). Chinese hamster V-H1 cells (XPD deficient) repaired the DPC 9-fold 

less efficiently than did their isogenic, wild-type counterpart V79 (3% vs 27%). Similarly, 

XPD deficient human cells repaired the DPC nearly four-fold less efficiently than did their 

gene-corrected counterpart (20% vs 73%). We extended this analysis to look at the effect of 

inactivation of another NER gene. As Table 2 illustrates, inactivation of the human XPA 

gene was associated with a five-fold reduction in DPC repair efficiency (16% vs 78%). In all 

instances the differences in DPC repair activity observed between NER-deficient and NER-

proficient clones were statistically significant. These results indicate that in mammalian 

cells, the NER pathway is capable of rapidly and efficiently repairing plasmid DPC 

substrates.

3.7 Transcription-coupled repair of OGG1 crosslinked to a plasmid in Chinese hamster 
cells

The NER pathway is comprised of two distinct sub-pathways, respectively referred to as the 

transcription-coupled (TC) and global genome (GG) pathways (55). The DPC substrate 

studied in the experiments presented above was localized within a portion of the plasmid 

that was transcriptionally silent. Consequently, we conclude that the repair events we 

detected were catalyzed by the global genome NER pathway. To determine whether TC-
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NER is also capable of repairing DPCs, molecular cloning was employed to generate 

plasmids harboring an 8-oxo-dG-residue localized within a minigene encoding the bacterial 

zeocin-resistance gene driven by the RSV promoter. Because of the way these clones 

(pLC119/pLC120) were generated, the 8-oxo-dG residues were present, respectively, on the 

coding, or template strands of the DNA (Details of the creation of these clones, as well as 

how the activity of the RSV/zeocin transcription unit in Chinese hamster cells is described in 

the Methods section). We subsequently crosslinked recombinant OGG1 protein to the 8-oxo-

dG residues in the pLC119 and pLC120 plasmids via the cyanoborohydride-trapping 

technique outlined above to generate plasmid substrates harboring a DPC with either the 

template or coding strand of the RSV/zeocin transcriptional unit. To confirm that the 

crosslinking efficiency of OGG1 was similar in both plasmids, KCl/SDS precipitation was 

performed on DPCs crosslinked to the template or coding strand. The soluble material 

remaining was resolved by agarose gel electrophoresis (see Methods for details), and 

scanning densitometry performed using ImageJ software. This analysis revealed that the 

crosslinking efficiency on the two clones was 94% and 95%, respectively (data not shown). 

The two plasmid DPC substrates were subsequently transfected into wild-type (V79) and 

NER-deficient (V-H1) Chinese hamster cell lines and their respective repair efficiencies 

determined using the strategy outlined above. Based on results from experiments 

investigating the repair of actively transcribing loci within mammalian cells exposed to UV 

radiation, we predicted that DPC lesions present on the template strand would be repaired 

more efficiently that would lesions present on the coding strand (56). The results depicted in 

Figure 7 are consistent with this expectation, showing that a DPC present on the template 

strand was repaired approximately 2.5-fold more efficiently than was an identical DPC 

lesion present on the coding strand. The data further illustrate that for both lesions, repair 

occurs significantly less efficiently in the NER-deficient V-H1 background than in its wild-

type counterpart.

3.8 A 4 kDa DNA-peptide crosslink is repaired more efficiency than a 38 kDa DPC

Results from our lab and others confirm that several agents are able to crosslink proteins of 

dramatically different sizes to DNA, both in vitro as well as in intact cells (57-59). It has 

been suggested that the size of the protein crosslink may influence the pathway through 

which a DPC lesion is repaired (16). We thus sought to examine whether a substantially 

smaller DPC substrate would also be subject to NER-mediated removal. To achieve this 

objective, OGG1-crosslinked plasmid DNA substrates were exhaustively digested with 

trypsin (see Methods) to generate a substrate in which a 39-amino acid residual (∼4.9 kDa) 

peptide fragment remained attached to the DNA (S3). This peptide-DNA crosslink substrate 

was transfected into Chinese hamster V79 and V-H1 cells and repair efficiency analyzed at 

three and eight hours post-transfection using the SSPE-qPCR assay, as outlined above. The 

results in Figure 8 indicate that repair of this DNA peptide substrate was significantly more 

efficient in the NER-proficient V79 cells than in their isogenic NER-deficient V-H1 

counterparts. Interestingly, the DNA peptide (39 amino acid residue) crosslink was repaired 

approximately twice as efficiently as was the full length OGG1 DNA-protein (345 amino 

acid residue) crosslink (43% Figure 8 vs 27% Figure 6).
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3.9 Repair of cisplatin-induced chromosomal DPCs in wild-type and NER-deficient Chinese 
hamster cells

The results presented above convincingly demonstrate that both the global genome and 

transcription-coupled NER pathways are able to efficiently repair a DPC comprised of the 

OGG1 protein (or a proteolytic fragment derived therefrom) covalently trapped onto a 

deoxyribosyl residue of a plasmid DNA molecule. However, it is conceivable that similar 

substrates crosslinked to genomic DNA may be subject to different DNA repair pathways, or 

that the nature of the chemical bond linking protein to DNA can influence the mechanism(s) 

through which DPCs are repaired. To confirm that results obtained using the SSPE-qPCR 

assay generally reflect the ability of the NER machinery to repair DPCs present on 

chromosomal DNA, we quantitated the level of accumulated DNA-protein crosslinks present 

in wild-type and NER-deficient cells following exposure to cisplatin. We hypothesized that 

if NER plays a significant role in repair of chromosomal cisplatin-induced lesions, levels of 

DPCs present following a one-hour exposure to 100 μM cisplatin would be elevated in V-H1 

cells, compared to V79 cells. The results in Figure 9 illustrate an approximate 3.6-fold 

higher level of DPCs in cisplatin-treated V-H1 cells compared to their wild-type, isogenic 

counterpart, consistent with the interpretation that the NER pathway plays a significant role 

in the repair of drug-induced chromosomal DPCs.

4. Discussion

In this report, we describe the development of a DNA repair assay we named strand-specific 

primer extension-quantitative PCR (SSPE-qPCR) and illustrate its utility in studying the 

repair of lesioned plasmids transfected into wild-type and NER-deficient human and 

Chinese hamster-derived cell lines. The versatility of this assay permits one to generate 

multiple distinct DNA repair substrates and subsequently measure the respective efficiencies 

with which they are repaired in different genetic backgrounds. In this way, we were able to 

show that both human and Chinese hamster-derived clones are able to efficiently repair 

episomal plasmids harboring a DPC, and that in both species this process was primarily 

dependent on the NER machinery. We presented evidence that both the GG and TC sub-

pathways of NER can contribute to mammalian DPC repair. Our results also indicated that a 

DNA-crosslinked 39 amino acid polypeptide was repaired significantly more efficiently than 

was a 345 amino acid protein crosslink. While in this instance, our primary focus was on 

DNA protein crosslink repair, our results illustrate that with appropriate modifications this 

assay would be useful in the study of any number of DNA lesions.

This study was undertaken in an attempt to resolve a controversy in the literature regarding 

the role of nucleotide excision repair in the removal of DNA-protein crosslinks. Baker et al. 
(31) detected higher levels of host cell reactivation activity of a DPC containing plasmid 

transfected into NER-proficient cells compared to that detected in a NER-deficient clone. 

This group presented additional information leading them to conclude that larger protein 

crosslinks were proteolytically degraded to smaller peptide crosslink lesions that were 

subsequently repaired in an NER-dependent manner. In contrast, Nakano et al. (30) 

published results supporting a model in which the mammalian NER pathway was only 

capable of repairing DPCs smaller than approximately 10 kDa. In an effort to resolve this 
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apparent paradox, we developed the SSPE-qPCR assay and used it to compare the relative 

efficiency with which NER-deficient and NER-proficient isogenic cell line pairs repaired a 

synthetic DPC substrate. Critically, as part of our experimental design, we also compared the 

relative efficiency with which these same cell line pairs repaired plasmid substrate harboring 

an 8-oxo-dG residue or a site-specific cholesterol moiety. While the former lesion is repaired 

by the base excision repair machinery, the latter lesion is known to be subject to NER repair. 

We were thus able to use these latter repair substrates as, in effect, negative and positive 

controls for the SSPE-qPCR assay. Were the assay faithfully monitoring cellular DNA repair 

function, there should be no difference in 8-oxo-dG repair activity between the NER-

deficient and NER-proficient clones, however, these latter cells should display significantly 

greater repair efficiency directed towards the cholesterol substrate. Results presented above 

confirmed these predictions. Thus, our subsequent finding that repair of a DPC substrate was 

significantly reduced in the NER-deficient V-H1 cells, compared to their wild-type isogenic 

counterpart V79 is most consistent with the interpretation that the primary mechanism of 

repair of this substrate is NER. While our assay cannot definitively rule out the possibility 

that differential kinetics of plasmid nuclear uptake or transfection efficiency influence DPC 

repair efficiency, these potential explanations are inconsistent with our finding that there was 

no statistically significant difference in the cycle threshold values obtained from experiments 

in which plasmid DNA harboring 8oxoG or DPC lesions were transfected into WT and 

NER-deficient cell lines. Additional support for the interpretation that plasmid DPC repair 

activity in mammalian cells is primarily due to NER was obtained when we showed that 

human clones deficient in the XPA or XPD genes also showed greatly diminished efficiency 

of repair of the DPC substrate, compared to their isogenic wild-type counterparts.

Another advantage to using the SSPE-qPCR assay to study the repair of DNA substrates, is 

that parameters such as sequence context can be easily manipulated to assess their influence 

on repair. We demonstrated this by crosslinking a DPC to either the template or coding 

region of a transcriptional unit and measuring differences in repair efficiency using the 

SSPE-qPCR assay. Results from this experiment revealed that DPCs crosslinked to the 

template strand were repaired significantly higher than those attached to the coding strand 

and that in both cases, repair was significantly decreased in NER-deficient clones. Based on 

these observations we conclude that the TC-NER pathway is able to repair DPCs. It is 

notable that the repair efficiency of the template strand-containing DPC in this sequence 

context (32%) was not appreciably different from the ∼28% repair efficiency observed for a 

substrate present in a locus that does not support transcription (see Figures 6 and 7). Thus, it 

appears that additional factors besides transcription can influence DPC repair efficiency. For 

example, it is conceivable that additional factors, such as sequence context, %GC 

composition, etc., could potentially influence the efficiency of DPC repair. In addition to 

investigating these possibilities, it will be of interest to examine the effect on DPC repair of 

replication by generating a DPC on a plasmid containing an origin of replication.

Although our repair data refute the hypothesis that NER is incapable of repairing lesions 

larger than 10 kDa, we wanted to further investigate whether a DNA-peptide crosslink (∼4 

kDa) would be more efficiently repaired than a DPC (38 kDa) using the SSPE-qPCR assay. 

Results presented above confirmed that the smaller, DNA-peptide crosslink was repaired 

twice as efficiently as the OGG1 crosslink in wild-type cells and that repair of either of these 

Chesner and Campbell Page 13

DNA Repair (Amst). Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lesions was also dependent on the NER pathway. This data is consistent with the hypothesis 

that repair of DPC lesions requires one or more processing steps, and that a larger protein 

substrate requires more processing than does a smaller, peptide-crosslink substrate. Several 

publications have shown that the yeast WSS1 and its human homolog Spartan are DNA-

dependent proteases that play critical roles in DPC repair (33,35,37). Currently Spartan's 

role in DNA damage tolerance and DPC repair is not fully understood but its thought to be 

replication-coupled (60-62). It has been shown that Spartan-deficient worms are 

hypersensitive to DPC-inducing agents, and that patients with Ruijs-Aalfs syndrome 

possessing germline mutations in the Spartan gene develop early onset hepatocellular 

carcinoma, as do mice hemizygous for the Spartan gene (34,62,63). It is conceivable that 

this cancer predisposition phenotype reflects a defect in repair of endogenously produced 

DPCs. Although our data are consistent with the hypothesis that non-replicating plasmids 

are also subject to proteolytic processing, additional experiments using the SSPE-qPCR 

assay will be required to rigorously test this. It will also be important to determine whether, 

as others have proposed (Baker et al.), the proteasome is capable of processing proteins 

crosslinked to DNA.

It is notable that results generated using the SSPE-qPCR assay uncovered a species-specific 

difference in DPC repair efficiency. While the overall repair efficiency of crosslinked OGG1 

in two human cell lines obtained from unrelated donors exceeded 70%, repair efficiency of 

this substrate in two different Chinese hamster-derived clones was significantly lower 

(∼20%). As the data in Figure 4 illustrates, there is essentially no difference in the efficiency 

with which the cholesterol lesion is repaired in human versus Chinese hamster-derived cells. 

Thus, the species-specific difference in DPC repair efficiency is not due, per se, to reduced 

levels of NER activity in hamster cells. Based on data implicating the involvement of 

proteolysis in DPC repair, it is tempting to speculate that human cells possess a more active 

protease to generate smaller adducts that can be more easily excised by the NER machinery. 

Currently, experiments are underway to employ the SSPE-qPCR assay to determine the 

precise cause of this DPC repair deficit in Chinese hamster clones and determine whether it 

reflects a trend of reduced DPC repair activity in the cells of other short-lived mammals.

Finally, we tested the hypothesis that chromosomal DPC lesions formed following cisplatin 

treatment are subject to repair via the NER machinery. We determined that NER-deficient 

cells harbored significantly higher levels of cisplatin-induced DPCs than did isogenic wild-

type cells immediately following a one hour incubation with 100μM cisplatin. We are 

currently using the SSPE-qPCR assay to assess the role of additional repair pathways, such 

as homologous recombination as a potential mechanism through which mammalian cells 

repair DPCs.

5. Conclusions

The SSPE-qPCR assay detailed above demonstrates a new way to quantitatively assess the 

repair mechanisms involved in DPC repair on plasmid substrates. This method is easy, 

sensitive, and capable of directly quantifying DPC repair at time points as early as 2 hours 

post-transfection. Using this assay, parameters such as DPC size, chemical crosslink, and 

DNA sequence context can be independently assessed to gain insight into the efficiency with 
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which the plasmid DPC is repaired. Initial studies in our lab using the SSPE-qPCR assay 

have demonstrated that DPC lesions on transcribing and non-transcribing plasmids are 

repaired by a mechanism that is dependent on the nucleotide excision repair pathway and 

that DNA-peptide crosslinks are repaired at a higher efficiency than larger, DNA-protein 

crosslinks.
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Highlights

• This SSPE-qPCR assay is a new method to study mechanisms of DPC repair 

in cells.

• This plasmid-based assay is rapid, highly quantitative, and extremely flexible.

• SSPE-qPCR provides significant advantages over previously utilized 

approaches.

• This method can also evaluate repair of other types of DNA lesions in cells.

• This approach definitively established a role for NER in repair of DPCs.
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Figure 1. Quantification of damaged plasmid via strand-specific primer extension/qPCR (SSPE-
qPCR)
Repair of damaged plasmids is quantified using SSPE-qPCR: (1) Plasmid DNA is denatured, 

(2) a primer extension reaction is performed using primer R, (3) the denaturation/primer 

extension step is repeated and additional 7 cycles. After 8 cycles, primer L is added and Ct 

values determined using qPCR. The presence of an abasic site, cholesterol, or DPC (A) will 

cause Taq polymerase to stall, resulting in no full-length product strands. In contrast, when 

repair has occurred (B), Taq polymerase will produce full-length product strands containing 

the binding site for primer L.

Chesner and Campbell Page 20

DNA Repair (Amst). Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. An AP site blocks Taq-mediated primer extension
Taq polymerase extension reactions were performed as described in the text on 40-mer 

oligonucleotides containing either an 8-oxo dG residue (8oxo) or an AP site (AP), see 

methods section for details, in the absence (-) or presence (+) of complementary primer Z 

(15-mer, see methods). The products were resolved by electrophoresis, stained with 

ethidium bromide and subject to scanning densitometry. The relative amount of full-length 

product (40 nt) was quantitated using image J and plotted on the y axis (arbitrary units).
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Figure 3. 8-oxo-dG repair efficiency is similar in wild-type and NER-deficient Chinese hamster 
clones
An oligonucleotide containing an 8-oxo-dG modification (O, in red) is annealed to single-

stranded M13 and a primer extension reaction performed as described in the Methods. 

Covalently closed circular double-stranded DNA is gel-purified, and transfected into wild-

type V79 (blue) and NER-deficient V-H1 (red) Chinese hamster cells via lipofection. Low 

molecular weight DNA was recovered 1, 1.5 and 3-hours post-transfection and treated with 

OGG1 to convert unrepaired 8-oxo-dG residues to abasic sites. DNA repair assays were then 

performed as described in the legend to Figure 1. Values depict mean percent repair, ± SEM, 

N=3.
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Figure 4. Cholesterol-DNA adducts are repaired with reduced efficiency in NER-deficient cells
Plasmid DNA containing a cholesterol adduct was transfected into Chinese hamster (blue) 

and human (orange) cells lines proficient (dark bars) or deficient (light bars) in NER via 
lipofection and low molecular weight DNA recovered after 8 hours. DNA repair assays were 

performed as described above. Values depict mean percent repair, ± SEM, N=4, *P < 0.05.
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Figure 5. Creation of an OGG1-plasmid DNA crosslink substrate
(A) Plasmid DNA containing an 8-oxo-dG residue (O, in red) was reacted with OGG1 in the 

presence of sodium cyanoborohydride to create a covalent bond between lysine residue 249 

and a deoxyribosyl moiety on the plasmid (see Methods for details, chemical structure 

depicted in inset). (B) This product was cut with restriction enzymes to generate two 

fragments: a 2800 bp protein-free DNA fragment and a 4400bp fragment crosslinked to 

OGG1. (C) The restriction digested material was resolved by agarose gel electrophoresis 

prior to (lane 2) or following (lane 3) precipitation in the presence of K-SDS (see Methods), 

and stained with ethidium bromide. The arrow illustrates the selective loss of the OGG1-

crosslinked DNA fragment following K-SDS precipitation. Lane 1; molecular weight marker 

in kilobase pairs.
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Figure 6. OGG1-DNA crosslink repair in wild-type cells
Left: Plasmid crosslinked to OGG1 was transfected into V79 cells via lipofection, low 

molecular weight DNA recovered 3, 5, 7, and 8 hours post-transfection, and repair assays 

performed as described above. The graph depicts mean percent repair, ± SEM, N=3. Right: 
Plasmid DNA containing an OGG1 crosslink was transfected into: Chinese hamster ovary 

(CHO-K1, green), Chinese hamster lung fibroblast (V79, blue), and human (XPDcorr, 

orange and XPAcorr, purple) cells, low molecular weight DNA recovered 8 hours post-

transfection and repair assays performed as described above. Values depict mean percent 

repair, ± SEM, N=4.
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Figure 7. OGG1-DNA crosslinks are repaired more efficiently when present on a template strand 
than when present on a coding strand
Plasmid pLC119/pLC120 DNA substrates containing an OGG1 crosslink present on the 

template strand (left), or coding strand (right) of a transcriptional unit (construction 

described in Methods) were transfected into wild-type (V79, dark bars) and NER-deficient 

(V-H1, light bars) cells, and repair assays performed as described above. The graph depicts 

mean percent repair, ± SEM, N=3, *P < 0.05.
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Figure 8. A DNA-peptide crosslink is repaired with reduced efficiency in NER-deficient Chinese 
hamster cells
Plasmid DNA containing a DNA-peptide crosslink (prepared as described in the Methods) 

was transfected into wild-type (V79, dark bars) or NER deficient (V-H1, light bars) Chinese 

hamster cells via lipofection, low molecular weight DNA recovered at 3 and 8 hours post-

transfection, and repair assays performed as described above. The graph depicts mean 

percent repair, ± SEM, N=4, *P < 0.05.
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Figure 9. Cisplatin-induced DNA-protein crosslinks accumulate at elevated levels in NER-
deficient Chinese hamster cells
Wild type (V79, dark bar) and NER-deficient (V-H1, light bar) Chinese hamster cells were 

exposed to 100 μM cisplatin for one hour in serum-free media, and levels of chromosomal 

DPCs determined. The graph depicts mean percent of protein-crosslinked DNA (calculated 

as described in the Methods), ± SEM, N=3, *P < 0.05.
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Table 1

Oligodeoxynucleotides (ODNs) used is this study (5′➔3′).

ODN Sequence Use

M13-8oxo AGGGTTTTCCA(8-oxo-dG)TCACGACGTT Primer Extension

M13-cholesterol CCGGGTACCGAGCTCGAATTC(cholesterol)GTAATC TTGGTCATAGCTG Primer Extension

M13-RSV-Zeo-8oxo (template) ACTGGTCAACTTGGCCAT(8-oxo-dG)TTGGCC TTGGAGGTCGACACC Primer Extension

M13-RSV-Zeo-8oxo (coding) CACCTCCAAGGCCAACAT(8-oxo-dG)GCCAAG TTGACCAGTGCCGTT Primer Extension

M13 Primer R CGGCTCGTATGTTGTGTG qPCR of M13 plasmid

M13 Primer L GCTGCAAGGCGATTAAGT qPCR of M13 plasmid

RSV-Zeo 1 TATCCGAGATCCGAGGAA Topo 2.1 PCR Cloning 
Kit

RSV-Zeo 2 TATGGATCGTCGAGACTC Topo 2.1 PCR Cloning 
Kit

M13-Zeo R Primer ACGCCATTTGACCATTCAAA qPCR of M13-Zeo 
plasmid

M13-Zeo L Primer CCGGTCGGTCCAGAACTC qPCR of M13-Zeo 
plasmid

Primer C GGCCAACATGGCCAA Taq extension assay

Primer Z GGTGTGCACCTCCAA Taq extension assay

Zeo F1 CAAGTTGACCAGTGCCGTTC RT PCR

Zeo R1 TGATGAACAGGGTCACGTCG RT PCR

Abasic complement GTCGACCTCCAA Taq extension assay

Abasic ACTGGTCAACTTGGCCAT(abasic)TTGGCCTTGGA GGTCGAC Taq extension assay

Abasic correct ACTGGTCAACTTGGCCATGTTGGCCTTGGAGGTC GAC Taq extension assay
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Table 2

OGG1-DNA crosslink repair in NER-deficient cells.

Percent Repair* (mutated) Percent Repair* (control) Fold Reduction (vs control)

V-H1 (3 ± 1) V79 (27 ± 2) 9

XPD (20 ± 7) XPD Corr (73 ± 5) 3.7

XPA (16 ± 5) XPA Corr (78 ± 10) 4.9

*
Values depict mean percent repair, ± SEM, N=3.
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