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Abstract

Poly(ADP-ribose) polymerase-1 (PARP-1) is a regulatory enzyme involved in many different 

processes of DNA and RNA metabolism, including DNA repair. Previously, PARP-1 was found 

capable of forming a covalent DNA-protein crosslink (DPC) at the apurinic/apyrimidinic (AP) site 

in double-stranded DNA. The C1´ atom of the AP site participates in Schiff base formation with a 

lysine side chain in PARP-1, and a covalent bond is formed upon reduction of the Schiff base. The 

PARP-1 DPC is formed in vivo where DPC formation correlates with AP site induction by a 

monofunctional alkylating agent. Here, we examined repair of PARP-1 DPCs in mouse fibroblasts 

and found that a proteasome inhibitor, MG-132, reduces repair resulting in accumulation of 

PARP-1 DPCs and increased alkylating agent cytotoxicity. Using a model DNA substrate 

mimicking the PARP-1 DPC after proteasomal degradation, we found that repair is completed by a 

sub-pathway of base excision repair (BER). Tyrosyl-DNA phosphodiesterase 1 was proficient in 

removing the ring-open AP site sugar at the phosphodiester linkage, leaving an intermediate for 

processing by other BER enzymes. The results reveal proteasomal degradation of the PARP-1 

DPC is active in mouse fibroblasts and that a model repair intermediate is processed by the BER 

machinery.
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1. Introduction

Cellular DNA is constantly damaged by endogenous DNA-damaging agents and 

environmental physical and chemical agents, including UV light and ionizing radiation [1–

4]. These physical and chemical challenges can alter DNA structure due to base loss, 

chemical modifications, inter/intra-strand crosslinks, single- and double-strand breaks, 

among other lesions. The apurinic/apyrimidinic (AP) site is considered to be one of the most 

predominant lesions in the genome [5]. It is estimated to arise at a frequency of >10,000 per 
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mammalian cell per day [6] and accumulates at a surprisingly high steady-state level in 

mammalian tissues [7, 8]. The AP site lesion is repaired mainly by base excision repair 

(BER). Unrepaired and persistent AP sites can have adverse consequences and may pose a 

formidable challenge to genome stability by interfering with biological processes [3, 6, 9, 

10].

PARP-1 is considered to be a “first responder” and molecular sensor of DNA lesions, 

especially those containing AP sites and strand breaks that are common intermediates in the 

BER pathway [11, 12]. Upon binding to these lesions, PARP-1 becomes activated for 

synthesis of poly(ADP-ribose) (PAR), and PARP-1 can PARylate itself as well as other 

proteins involved in DNA metabolism [13]. During AP site repair, PARP-1 binds the lesion, 

conducts PARylation, and promotes recruitment of the BER scaffold protein X-ray cross-

complementing protein 1 (XRCC1), as well as other BER enzymes [14, 15]. Thus, PARP-1 

plays a critical role in protection of cells against adverse consequences of DNA lesions. 

Under conditions where AP sites persist in the DNA, due either to an overwhelming amount 

of DNA damage or inhibition of PARP-1 activity by an inhibitor (e.g., 4-AN, Olaparib, 

Veliparib, and Talazoparib [16, 17], PARP-1 may form a DNA-protein crosslink (DPC) at 

the AP site that is potentially cytotoxic to the cell if not repaired [18].

DPCs are formed in a multitude of ways, including by exposure to environmental 

genotoxicants, anticancer therapy, reactions of endogenous metabolites and abortive 

enzymatic activity [19–23]. In mammalian cells, there are two major categories of DPC 

formation, termed enzymatic and non-enzymatic covalent crosslinking. In the case of 

enzymatic DPC formation, enzymatic reactions that require a covalent transient intermediate 

between the DNA substrate and the enzyme can stall under certain conditions, and stable 

covalent crosslinking of the enzyme to DNA can occur. Examples of enzymes that become 

cross-linked to DNA in this way include DNA topoisomerases, AP lyases, DNA 

glycosylases, DNA endonucleases, DNA methyltransferases, and DNA polymerases, among 

others [18, 24–28]. A well-studied example of the enzymatic type of DPC formation is seen 

with DNA Topoisomerase 1 (TOP1). This enzyme nicks and religates one strand of DNA 

and, during strand cutting, forms an intermediate by covalently attaching to the 3´-end of 

DNA at the nick, while the DNA on the other side of the nick is now free to rotate relieving 

torsional stress. After DNA relaxation, the single-strand break is religated by TOP1. 

However, the ligation step is sensitive to inhibition if there is a structural distortion in the 

DNA. Such distortion may occur due to a nearby DNA lesion, including an AP site or bulky 

DNA adduct. Distortion may also occur with binding of a TOP1 inhibitor, such as those used 

in chemotherapy, where the inhibitor intercalates within the interface of the TOP1-DNA 

complex. Inhibition of the ligation step can result in persistent covalent crosslinking of 

TOP1 to its DNA substrate [24, 29, 30]. Another example of enzymatic DPC formation is 

seen with reactions requiring a transient Schiff base intermediate between the C1′ atom of 

deoxyribose in the AP site of DNA and a primary amine group of an enzyme; examples 

include AP lyases, DNA glycosylases and DNA polymerases [18, 31–33]. In these reactions, 

DPCs are formed when the transient Schiff base intermediate is reduced by a reducing agent 

or the sugar moiety in the AP site is damaged [18, 32]. We have shown that PARP-1 has 

weak AP site lyase activity and forms a Schiff base intermediate. PARP-1 also has intrinsic 

redox (oxidation-reduction) capacity that can reduce the Schiff base, leading to the PARP-1 
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DPC at AP sites in genomic DNA [18]. In a related form of DPC formation, the AP site is 

attacked by a lysine side chain in a physically adjacent protein molecule forming the Schiff 

base, as is the case with histone H4 in the nucleosome core particle [31]. However, in non-

enzymatic DPCs, agents such as ionizing radiation, UV light, transition metals, 

formaldehyde as well as various other aldehydes, reactive oxygen and nitrogen species, and 

DNA helical alterations can induce crosslinking of proteins to DNA. It is noteworthy that 

DPCs are produced also endogenously by normal physiological processes [34]. For example, 

formaldehyde is a byproduct of histone demethylation, amino acid and one-carbon 

metabolism, AlkB-type DNA repair, and lipid peroxidation [34–38]. Formaldehyde is a 

potent crosslinking agent that is widely used in research to trap transient protein-DNA 

interactions in chromatin immunoprecipitation assays [39].

Thus, repair of all forms of DPCs is critical for maintaining genome integrity and it is 

known that DPCs can be resolved by BER, nucleotide excision repair, and by replication 

coupled proteolytic degradation [32, 40–42]. Recently, a specific type of protease-mediated 

DPC repair was reported in yeast and a homologue of this protease was found in higher 

eukaryotes [43–48]. However, there are no reports of PARP-1 DPC repair. Here, we provide 

evidence that the PARP-1 DPC is repaired by a proteasome-mediated BER sub-pathway in 

mammalian cells.

2. Materials and methods

2.1. Cell culture and cytotoxicity measurements

PARP-1+/+ and PARP-1−/− spontaneously immortalized mouse embryonic fibroblasts 

(MEFs) were obtained from Dr. Josianne Ménissier-de Murcia (CNRS, Illikirch-

Graffenstaden, France). These cells were cultured at 37 °C in a 10% CO2 incubator in 

Dulbecco’s modified Eagle’s medium containing L-glutamine and 10% FBS. Cells were 

routinely tested and found to be free of mycoplasma contamination. Cytotoxicity of methyl 

methanesulfonate (MMS) and the effect of MG-132 was determined by growth inhibition 

assays as described previously [49]. PARP-1+/+ and PARP-1−/− cells were seeded in 6-well 

dishes at a density of 4 × 104 cells/well. The following day they were treated for one hour 

with a range of concentrations of MMS in the absence or presence of 300 nM MG-132. 

After washing, cells were further incubated as appropriate with MG-132 for a further 23 h. 

After washing again, cells were incubated until 80% confluence of untreated wells, then 

nuclei were harvested (triplicate wells for each drug concentration) following cell lysis using 

hypotonic solution and detergent [50]. Results were expressed as percentage of control cells 

without any treatment.

2.2. Isolation and quantification of PARP-1 DPCs by RADAR (rapid approach to DNA 
adduct recovery) assay

To study PARP-1 DPCs, total genomic DNA was isolated using a modification of the 

RADAR assay protocol, as previously described [25]. Briefly, PARP-1+/+ or PARP-1−/− 

MEFs (1 × 106 per well) were treated with MMS (3 mM for 1 h) in the presence or absence 

of 4-AN or MG-132 (10 μM for a total of 2 h). Cells were washed and lysed with 1 ml of a 

mixture of DNAzol (Invitrogen) plus 1% Sarkosyl (Sigma-Aldrich). For each type of cell 
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treatment, genomic DNA was isolated from 3 wells. The lysate (1 ml) from one well was 

transferred to an Eppendorf tube, and the genomic DNA was precipitated by addition of 0.5 

ml 100% ethanol, followed by 30 min incubation at −30 °C and centrifugation at 12,000 rpm 

for 15 min at 4 °C. The DNA pellets were washed three times with ice-cold 75 % ethanol 

and collected by centrifugation. The DNA pellet was immediately resuspended in 150 μl of 

freshly prepared 8 mM NaOH and the liquid from three wells was combined for each 

sample. All DNA samples were gently rocked overnight at 4 °C for complete solubilization. 

The next day, DNA samples were treated with RNase A (10 μg/ml) for 30 min at 37 °C 

followed by sonication (20 s at 7 Watts) (Fisher Scientific Series 60 Sonic Dismembrator 

Model F60). Samples then were centrifuged for 15 min at 12,000 rpm and the supernatant 

was removed. The DNA concentration of each sample was quantified by measuring 

florescence of DNA-bound PicoGreen dye (Life Technology), as recommended by the 

manufacturer’s instructions.

2.3. Analysis of PARP-1 DPC by slot blot

For immunoblotting, samples of genomic DNA were diluted in 200 μl 1X TBE and applied 

to a nitrocellulose membrane (Bio-Rad) using a vacuum slot-blot manifold (Bio-Rad). To 

reduce sample viscosity and to avoid membrane clogging, aliquots of genomic DNA were 

treated with 20 units of benzonase nuclease (Sigma-Aldrich) for 30 min at 37 °C prior to 

loading onto nitrocellulose membrane. The membrane was then blocked with 5% nonfat dry 

milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBS-T) and then probed either 

with anti-PARP-1 (BD Pharmingen), anti-HA antibody (Cell Signaling Technology) or with 

anti-ubiquitin (Abcam) antibody, as indicated in the figure legends. Goat anti-mouse or goat 

anti-rabbit IgG conjugated to horseradish peroxidase (Bio-Rad) was used as secondary 

antibody, and immobilized horseradish peroxidase activity was detected by enhanced 

chemiluminescence (Thermo Fisher Scientific).

2.4. Repair of DPCs in vitro using a model DNA substrate and purified BER enzymes

A 15-mer DNA oligonucleotide containing 5´-FAM and 3´-C7-NH2 was annealed with a 5´-

phosphorylated 18-mer down-stream oligonucleotide and a 34-mer complementary template 

strand. Thus, the model substrate mimics DNA with the 3´-deoxyribose moiety linked to the 

remnant short peptide after proteosome activity on the PARP-1 DPC. The reaction mixture 

(10 μl) containing 50 mM Tris-HCl, pH 7.5, 20 mM KCl, 0.5 mM EDTA, 2 mM DTT, and 

250 nM duplex DNA was assembled on ice, as indicated in the figure legends. As specified, 

reactions were initiated by the addition of enzymes: tyrosyl-DNA phosphodiesterase 1 

(Tdp1) Polynucleotide kinase 3´-phosphatase (PNKP) (100 nM), AP endonuclease 1 (APE1) 

(500 nM), or DNA polymerase β (pol β) (25 nM). In the Tdp1 case as specified in the 

legends, the reaction mixture contained 5.5 mM EDTA; in the cases of PNKP and APE1, the 

reaction mixture was supplemented with 5 mM MgCl2; and in the case of pol β, the reaction 

mixture also contained 5 mM MgCl2 and 25 μM dCTP. Incubation was for 20 min at 37 °C.

In separate experiments, removal of the 3´-C7-NH2 group was examined. The reaction 

conditions were as described above. In this case, the reaction mixture was incubated with 

increasing concentrations of Tdp1 (25, 50, 100, 200 and 500 nM) or APE1 (500 nM) for 20 

min at 37 °C, as indicated in the figure legend. All protein dilutions were made in a dilution 
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buffer containing 50 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 2 mM DTT, 150 mM NaCl, 0.1 

mg/bovine serum albumin and 20% glycerol. The reaction was terminated by addition of an 

equal volume of DNA gel loading buffer (95% formamide, 20 mM EDTA, 0.02% 

bromophenol blue, and 0.02% xylene cyanol). After incubation at 75 °C for 2 min, the 

reaction products were separated by electrophoresis in a 16% polyacrylamide gel containing 

8 M urea in 89 mM Tris-HCl, pH 8.8, 89 mM boric acid, and 2 mM EDTA. A Typhoon 

PhosphorImager was used for gel scanning and imaging, and the data were analyzed by 

ImageQuant software.

2.5. Establishment of a stable cell line overexpressing HA-tagged ubiquitin

The HA-tag containing a full-length cDNA of human ubiquitin was amplified from vector 

“HA-ubiquitin” (Addgene plasmid ID: 18712) using primer pairs UBB-F (5´-

AAAATCTAGAGCCACCATGTACCCATACGATG-3´, XbaI site is indicated in italics) and 

UBB-R (5´-CCGTGAATTCCTAATAACCACCTCTCAGACG-3´, EcoRI site is indicated in 

italics). Then, the product was gel-purified and ligated into the XbaI/EcoRI sites of vector 

pCDH-CMV-MCS-EF1-puro (System Biosciences, Mountain View, CA) to obtain the 

lentivirus plasmid pCDH-HA-ubiquitin. The lentivirus particles were prepared and packaged 

as described previously [51]. Briefly, 293T cells were co-transfected with pCDH-HA-

ubiquitin, pMD2.G (Addgene plasmid ID: 12259) and psPAX2 (Addgene plasmid ID: 

12260) using lipofectamine 2000. Two days later, the lentivirus supernatant was collected 

and used for the infection of PARP-1+/+ cells at MOI=1. Twenty-four hours after infection, 

cells were grown in selection medium containing 2 μg/ml puromycin for 7 days to eliminate 

untransformed cells. The puromycin resistant cells were then diluted and separated into a 

96-well plate with only one cell in each well. After selection for an additional 4 weeks, 

western blotting was used for detection of the ubiquitin expression level in the surviving 

clones, as follows: 25 μg extract protein was loaded and separated by a 15% Criterion Tris-

HCl Gel (Bio-Rad), and the samples were then transferred onto a nitrocellulose membrane 

(Life Technologies). The membrane was immunoblotted with mouse monoclonal anti-HA 

antibody (Cell Signaling Technology) at a dilution of 1:1000, and the immunoblot was 

processed as above.

3. RESULTS

3.1. PARP-1 DPC formation in mouse fibroblast genomic DNA

It is known that MEFs exhibit strong cytotoxicity when treated with a monofunctional DNA 

methylating agent in combination with a PARP inhibitor [52–54]. The DNA lesions 

produced by these methylating agents are removed by DNA glycosylases leaving AP sites in 

double stranded DNA that are repaired by BER. The AP site containing repair intermediate 

is recognized by PARP-1 [55], and the PARylation required for efficient BER is induced by 

APE1 strand incision. However, in the presence of a PARP inhibitor, DNA lesion repair is 

blocked and higher levels of PARP-1 DPCs are found in genomic DNA [18, 56]. To further 

examine PARP-1 DPCs in the current work, we adopted an alternate quantification 

procedure termed “rapid approach to DNA adduct recovery” (RADAR) [25] and applied it to 

evaluate PARP-1 DPCs in wild-type and PARP-1 null MEF cells (Fig. 1). Cells were treated 

with MMS or MMS plus the PARP-1 inhibitor 4-AN, and DNA samples containing PARP-1 
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DPCs were isolated; the genomic DNA concentration was assessed as described (Fig. S1). 

Quantification of these PARP-1 DPCs revealed they were more abundant in cells treated 

with the combination of MMS plus 4-AN (Fig. 1A) than with MMS alone. PARP-1 inhibitor 

alone modestly increased PARP-1 DPCs in wild-type MEF cells that were “untreated cells,” 

but the effect was slightly more visible in cells with a BER gene deficiency (i.e., in the 

presence of a PARP-1 inhibitor, Fig. S2). Finally, in control experiments, PARP-1 DPCs 

were not found in PARP-1 null cells, as expected (Fig. 1B).

3.2. Stabilization of PARP-1 DPCs by the proteasome inhibitor MG-132 is associated with 
increased MMS sensitivity in MEF cells

As illustrated in studies of TOP1 DPCs, repair occurs by a proteasome-dependent pathway 

in which the covalently crosslinked enzyme is ubiquitinated and then degraded by the 

proteasome [40, 57, 58]. To address whether proteasome-dependent degradation of PARP-1 

DPCs is involved in their repair and also in MMS-induced cytotoxicity, the sensitivity to 

MMS was examined in combination with a proteasome inhibitor (MG-132) in PARP-1+/+ 

and PARP-1−/− MEF cells. The results shown in Figure 2A reveal that PARP-1+/+ cells 

treated with MMS in combination with MG-132 are more sensitive than cells treated with 

MMS alone (Fig. 2A). In contrast, MG-132 treatment failed to exert an effect on MMS 

sensitivity in PARP-1−/− cells. These results were consistent with the hypothesis that 

PARP-1 DPCs induce cytotoxicity. Thus, an increased cell-killing effect is observed in 

PARP-1+/+ cells when the proteasome-mediated DPC repair pathway is inhibited by 

MG-132; while a similar effect of MG-132 is not observed in the absence of PARP-1 

expression. Next, we confirmed the presence of a higher level of PARP-1 DPCs in cells 

treated with MMS plus MG-132 (Figs. 2B and S3), but not in cells treated with MMS alone. 

Repair of PARP-1 DPCs in MMS treated MEF cells was evident, whereas the DPCs 

remained stable in the presence of the proteasome inhibitor (Fig. S3).

3.3. The PARP-1 DPC is ubiquitinated

Proteasome-mediated repair requires that DPCs become ubiquitinated prior to initiation of 

proteasome proteolysis [40, 57]. To address the question of whether or not PARP-1 DPCs 

are subject to ubiquitination, stable cell lines were established with HA-ubiquitin expression 

in the wild-type (PARP-1+/+) MEF cell background. Expression of PARP-1 was lower in 

these cells than in control cells (Fig. S4A). The same immunoblot was stripped and then 

probed with anti-ubiquitin antibody. The antibody detected monoubiquitinated PARP-1 and 

higher molecular mass proteins representing polyubiquitinated PARP-1 in the extract from 

cells expressing HA-ubiquitin, but not in the extract from control cells (Fig. S4B). 

Therefore, MEF cells expressing HA-ubiquitin were employed to enhance the sensitivity of 

measurement of ubiquitinated PARP-1 DPCs. Cells with or without HA-ubiquitin were 

treated with MMS and followed by genomic DNA isolation. PARP-1 DPCs were detected by 

immunoblotting with anti-PARP-1, anti-HA or anti-ubiquitin antibody. As expected, a higher 

level of PARP-1 DPCs was observed in the MMS treated wild-type (PARP-1+/+) cells than 

in the untreated wild-type cells, and a relatively lower level of ubiquitinated DPCs was 

observed in both MMS treated and untreated cells. Interestingly, a much lower level of 

PARP-1 DPCs was observed in the HA-ubiquitin expressing cells (Fig. 3A), suggesting that 

expression of HA-ubiquitin promoted repair of the PARP-1 DPCs. Ubiquitination of the 

Prasad et al. Page 6

DNA Repair (Amst). Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



residual PARP-1 DPCs was confirmed by immunoblotting the same membrane with anti-HA 

antibody (Fig. 3B), and reactivity of the anti-HA antibody was not observed in the control 

cells, i.e., PARP-1+/+ cells (Fig. 3B). Ubiquitination of the residual DPCs also was 

confirmed by probing with anti-ubiquitin antibody (Fig. 3C). These results provide evidence 

for PARP-1 DPC ubiquitination in vivo. Repair of PARP-1 DPCs was more evident in cells 

expressing HA-ubiquitin than in MMS treated cells alone (Fig. S5).

3.4. Repair of the PARP-1 DPC in vitro

To examine repair of PARP-1 DPCs in vitro, we used a model DNA substrate that has 

features similar to the proteasomal proteolytic product of the PARP-1 DPC (Figs. 4, S7 and 

S8A). The double-stranded DNA model substrate had a one nucleotide gap; the O3´ atom in 

the gap contained a phosphate group linked to ring-opened deoxyribose and a short carbon 

chain attached to the reduced Schiff base NH2 group (i.e., termed C7-NH2). Potential 

incision sites for APE1 and Tdp1 in the model substrate are illustrated (Figs. 4A, and S8C). 

This model substrate was first used in a comparative assessment of purified Tdp1 and APE1 

(Fig. 4). The reaction mixtures contained either increasing concentrations of Tdp1 or a large 

excess of APE1 (500 nM). The results revealed that Tdp1 cleaved the substrate in an enzyme 

concentration-dependent fashion (Fig. 4B, lanes 2 to 6); in contrast, APE1 showed negligible 

activity (Fig. 4B, lanes 7–8), in spite of the presence of a potential APE1 incision site.

Next, we examined activities on the model substrate with two additional purified BER 

enzymes, PNKP and pol β (Fig. 5). Tdp1, as expected, did not require Mg+2 for activity and 

produced the O3´-PO4-containing 15-mer DNA product upon incision releasing C7-NH2 

(Fig. 5, lanes 2 and 3). Addition of PNKP to the reaction mixture, along with MgCl2, 

resulted in removal of the O3´-PO4 group, generating the 15-mer DNA with O3´, the 

substrate for gap filling DNA synthesis (Fig. 5, lane 4). Finally, with addition of pol β and 

dCTP, incorporation of dCMP occurred producing the 16-mer product (Fig. 5, lane 5).

In light of the results described in Figures 4 and 5, we examined whether the PARP-1 DPC 

could be repaired by Tdp1 or APE1 without prior protease action and whether the DPC after 

partial digestion with trypsin could be repaired by Tdp1 or APE1. To this end, we isolated 

PARP-1 DPCs formed in vitro using 5´−32P-labeled 34 bp DNA containing an AP site along 

with purified PARP-1 (Fig. S6A); formation of the PARP-1 DPC and its expected sensitivity 

to proteinase K digestion were confirmed by SDS-PAGE analysis (Fig. S6B, lanes 1 and 2). 

The PARP-1 DPC was subjected to incubation with Tdp1 or APE1, but both enzymes failed 

to act on the intact PARP-1 DPC (not shown). Next, we digested the PARP-1 DPC with 

trypsin and then added Tdp1 or APE1 to the reaction mixture before extending the 

incubation. Under these conditions, the PARP-1 DPC was partially digested by trypsin (Fig 

S6B, lanes 3–5) generating mainly a 27 kDa XL-tryptic peptide. However, the incubation 

with both Tdp1 and APE1 failed to produce any change in the gel profile (Fig. S6B, lanes 4–

5). From these results, we concluded that the tryptic peptide attached to the DNA was large 

enough to cause hinderance for Tdp1 or APE1 incision of the phosphodiester bond at the 3´-

end of DNA (Figs. 4A, and S8). Therefore, we chose a model DNA substrate to investigate 

repair of DPCs, as described in Figures 4 and 5.
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4. Discussion

In this study, we found that the bulky PARP-1 DNA-protein crosslink, arising by reduction 

of the Schiff base lyase reaction intermediate, can be repaired by proteasomal degradation 

coupled with Tdp1-mediated BER. This repair pathway appears similar to that established 

for the TOP1 DNA-protein crosslink, except for the important difference that the DNA 3´-

end linkage is to the AP site sugar phosphate and lysine primary amine in the case of 

PARP-1, instead of a tyrosine hydroxyl in the case of TOP1. Interestingly, inhibition of 

proteasomal degradation and accumulation of the PARP-1 DPC correlates with increased 

cell death after MMS treatment. DNA-protein crosslinks are bulky lesions that occur 

naturally and upon exposure to various stressors including environmental toxicants, 

endogenous metabolites such as formaldehyde, and chemotherapeutic agents such as 

camptothecin. DPCs can impose steric hindrance to DNA transactions such as replication, 

transcription, and repair, and DPC removal is important in preserving genome stability. 

Production and repair of DPCs may be robust events in cells, and work is underway to 

appreciate their biological significance. PARP-1 is considered to be a “first responder” for 

several types of DNA lesions, especially the single strand break and AP site [12, 14, 15, 55, 

59, 60]. Endogenously formed AP sites are common in mammalian cells. Therefore, it is not 

surprising that AP sites are a source of a fraction of the DPCs in the cell, and this includes 

histone H4 DPCs formed in nucleosomes [61]. Upon binding to the AP site, PARP-1 

becomes activated for PAR synthesis after APE1 strand incision [55]. During this process, 

PARP-1 can become covalently adducted to the AP site forming a DPC in vitro as well as in 
vivo [18]. The level of PARP-1 DPCs increases when the BER process is interrupted, either 

due to a deficiency in a repair gene product or when cells are challenged with an alkylating 

agent, either alone or in combination with a PARP-1 inhibitor [18, 56].

The aim of the present study was to investigate how PARP-1 DPCs are repaired. First, we 

confirmed PARP-1 DPC formation in vivo using an enhanced method for their isolation 

termed RADAR. The results revealed PARP-1 DPCs are generated as a function of BER 

intermediate accumulation in genomic DNA, and in control experiments this was found to 

be dependent on PARP-1 expression, as expected (Fig. 1). In order to identify a repair 

pathway for PARP-1 DPC removal, we assessed involvement of proteasome-mediated 

degradation of DPCs, since this pathway had been implicated in TOP1 DPC repair and is 

well known for repair of other types of DPCs [57, 58, 62–64]. After proteasome-mediated 

degradation of a DPC, a small peptide may remain covalently adducted to DNA. For repair 

of the TOP1 DPC, this intermediate is processed by Tdp1 that hydrolyzes the phosphodiester 

bond between the remnant TOP1 peptide and DNA [65]. Our results strongly imply that a 

proteasome-mediated degradation pathway is involved in PARP-1 DCP removal, since cells 

treated with the proteasome inhibitor MG-132 accumulated more DPCs, compared with 

untreated cells (Fig. 2).

The proteasome inhibitor MG-132 has been widely used to reveal a proteasome-mediated 

repair pathway for the DPC lesion [57, 58]. In fact, the results with proteasome inhibitor 

MG-132 are in line with our experimental observations. Involvement of a proteasome-

mediated pathway for PARP-1 DPC repair was further corroborated in experiments where 

HA-tagged-ubiquitin was expressed in PARP-1+/+ cells; ubiquitination is required when 
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DPCs are processed by the proteasome-mediated degradation pathway. In HA-tagged-

ubiquitin expressing cells, the level of PARP-1 DPCs was diminished compared with that in 

control cells (Fig. 3). This suggested that highly ubiquitinated PARP-1 DPCs are repaired at 

a faster rate than in control cells. In addition, wild-type MEFs were more sensitive to MMS 

in the presence of MG-132, whereas cells lacking PARP-1 showed no effect of the 

proteasome inhibitor. A likely trigger for this MG-132 mediated potentiation of cytotoxicity 

appears to be the inhibition of PARP-1 DPC repair, and this interpretation is consistent the 

higher level of DPCs detection in cells incubated with MG-132 [62].

In assessing PARP-1 DPC repair in vitro, we were unable to isolate sufficient PARP-1 DPCs 

from MEFs to test the hypothesis that DPCs are repaired by BER, in partnership with 

proteasomal degradation. To overcome this limitation, we chose to use a model DNA 

substrate that has features similar to the proteasomal proteolytic product of the PARP-1 DPC 

(Fig. S7). The model oligonucleotide substrate has potential incision sites for APE1 and 

Tdp1; the substrate contains a 3´-end ring-opened deoxyribose and three extra carbon groups 

linked to an NH2 group at the end (Fig. S8). APE1 failed to incise this substrate, whereas 

Tdp1 was active on the substrate leaving a phosphate group at the O3´ atom. The phosphate 

group was then removed by PNKP (Fig. 5). Based on these results, the active site of Tdp1 

can accommodate a ring-opened sugar phosphate group, and this was not surprising since 

Tdp1 is known to handle a broad range of DNA substrates [66]. Taken together, our results 

shed new light on MG-132 proteasome inhibition and stabilization of the PARP-1 DPC in 

cells, showing that a proteasome-mediated BER pathway operates to eliminate PARP-1 

DPCs.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PARP-1 DPCs are formed as a results of AP sites accumulation in genomic 

DNA.

• Inhibition of proteasome-mediated DPC repair pathway by MG-132 results in 

cell cytotoxicity.

• PARP-1 DPCs are repaired primarily by APE1-independent BER pathway.
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Fig. 1. 
Detection of PARP-1 DPCs in genomic DNA by the RADAR method. (A) PARP-1 DPCs 

are formed as a function of AP sites in the genomic DNA. PARP-1+/+ MEFs were treated 

with MMS (lane 1) or MMS plus 4-AN (lane 2), as described under “Materials and 

Methods”. An equal amount of the genomic DNA (5 μg) isolated from PARP-1+/+ cells 

treated with MMS or with MMS plus 4-AN was applied into slot blot wells, as indicated. 

The blot was probed with anti-PARP-1 antibody. Lane 3, represents a sample of purified 

PARP-1 used as a positive control (M). (B) Requirement of PARP-1 expression for detection 

of PARP-1 DPC formation in cells. Genomic DNA (5 μg) from MMS treated PARP-1+/+ 

(lane 1) or PARP-1−/− (lane 2) MEFs was used for slot blot analysis as in (A). PARP-1−/− 

cells failed to show PARP-1 DPCs (lane 2), indicating PARP-1 DPC is specific to expression 

of PARP-1. The results shown are representative of at least three independent experiments.
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Fig. 2. 
Stabilization of PARP-1 DPCs by the proteasome inhibitor MG-132. (A) Effect of the 

proteasome inhibitor MG-132 on cellular sensitivity to MMS. PARP-1+/+ and PARP-1−/− 

MEFs were treated with MMS for 1 h in the presence or absence of MG-132 for 24 h. 

Cytotoxicity was determined by growth inhibition assays as outlined under “Materials and 

Methods”. The MG-132-mediated sensitization in PARP-1+/+ MEFs is indicated by the 

arrow. (B, I.) Stabilization of PARP-1-DPCs by the proteasome inhibitor MG-132. 

PARP-1+/+ MEFs were treated with MMS or MMS plus MG-132, as described under 

“Materials and Methods”. Genomic DNA was prepared and analyzed, as described. Two-

fold dilutions (high to low) of genomic DNA were applied into slot blot wells and probed 

with anti-PARP-1 antibody. (B, II.) Quantification of PARP-1 DPC formation as a function 

of the proteasome inhibitor MG-132. Fold-increase in PARP-1 DPCs in the presence of 

MG-132 is plotted; PARP-1 DPCs in MMS treated cells were set to a value of 1.0. The data 

are the average from four independent experiments, the error bar represents mean ± SD.
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Fig. 3. 
Evidence of ubiquitination of PARP-1 DPCs. Genomic DNA was isolated from PARP-1+/+ 

cells or a stable PARP-1+/+ cell line expressing HA-ubiquitin. Both cell lines were treated 

with MMS, as described in “Materials and Methods,” and genomic DNA was isolated after 2 

h. Representative results from two independent experiments are shown. For each sample, 5 

μg genomic DNA was applied into slot blot wells. Control represents cells without MMS. 

The immunoblot was probed either with anti-PARP-1 (A), anti-HA (B), or anti-ubiquitin (C) 

antibody. Strong reactivity to HA-tag (B) or ubiquitin (C) was observed in the cells 

expressing HA-ubiquitin, whereas no reactivity to the anti-HA antibody was observed in 

cells that were not transfected with HA-ubiquitin. A relatively low level of PARP-1 DPCs 

was found in the cell line expressing HA-ubiquitin (A). In panel C, a relatively low level of 

ubiquitination of the PARP-1 DPCs was found in the PARP-1+/+ cell line.
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Fig. 4. 
Comparison of Tdp1 and APE1 activities on the model DNA substrate. (A) Schematic of the 

model DNA substrate. This substrate mimics post-proteasomal treatment of a PARP-1 DPC. 

The 15-mer strand DNA has FAM at the 5´-end. (B) Representative phosphorimage of 

incision activities of Tdp1 (lanes, 1–6) and APE1 (lanes, 7–8). The incision reactions were 

performed as described under “Materials and Methods.” Reactions were initiated by the 

addition of different concentrations of Tdp1 (25 to 500 nM, lanes 2–6) or APE1 (500 nM, 

lane 8). Incubation was 20 min at 37 °C. Representative results from three independent 

experiments are shown. The migration positions of the substrate and the products with 3´-

PO4 (15-P) and 3´-OH (15-OH), respectively, are indicated.
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Fig. 5. 
Repair of PARP-1 DPC by purified BER enzymes. (A) The repair scheme of a model DNA 

substrate that mimics the remnant of post-proteasomal degradation of the PARP-1 DPC at 

the 3´-end in a one-nucleotide gap opposite template G. For clarity, only the top strand of the 

DNA is shown. The O3´-end trimming and gap filling reactions are illustrated. (B) 

Representative phosphorimage of repair of the model substrate by BER enzymes. The repair 

reactions were performed as described under “Materials and Methods.” Incubation was 20 

min at 37 °C. The migration positions of the substrate and the products with 3´-PO4 (14-P), 

3´-PO4 (15-P), or 3´-OH (14, 15, and 16-OH) are indicated. The reaction products as 

illustrated are shown in lanes 1–5. Typical results from three independent experiments are 

shown.
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