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Abstract

Base excision repair (BER) is a primary mechanism for repair of base lesions in DNA such as 

those formed by exposure to the DNA methylating agent methyl methanesulfonate (MMS). Both 

DNA polymerase β (pol β)- and XRCC1-deficient mouse fibroblasts are hypersensitive to MMS. 

This is linked to a repair deficiency as measured by accumulation of strand breaks and poly(ADP-

ribose) (PAR). The interaction between pol β and XRCC1 is important for recruitment of pol β to 

sites of DNA damage. Endogenous DNA damage can substitute for MMS-induced damage such 

that BER deficiency as a result of either pol β- or XRCC1-deletion is associated with sensitivity to 

PARP inhibitors. Pol β shRNA was used to knock down pol β in Xrcc1+/+ and Xrcc1−/− mouse 

fibroblasts. We determined whether pol β-mediated cellular resistance to MMS and PARP 

inhibitors resulted entirely from coordination with XRCC1 within the same BER sub-pathway. We 

find evidence for pol β- dependent cell survival independent of XRCC1 expression for both types 

of agents. The results suggest a role for pol β-dependent, XRCC1-independent repair. PAR 

immunofluorescence data are consistent with the hypothesis of a decrease in repair in both pol β 

knock down cell variants.
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1. Introduction

Base excision repair (BER) is a primary mechanism for repair of endogenous and exogenous 

base lesions in DNA. Cellular lesions formed by exposure to the DNA methylating agent 

methyl methanesulfonate (MMS), are removed by a damage specific monofunctional 

glycosylase producing abasic (AP) sites that are cleaved by AP endonuclease 1. DNA 

Corresponding Author: Laboratory of Structural Biology, NIEHS, National Institutes of Health, 111 T.W. Alexander Drive, P.O. 
Box 12233, Research Triangle Park, NC 29909-2233, USA. Tel.; +1 919 541 4701; fax: +1 919 541 4724. wilson5@niehs.nih.gov 
(S.H. Wilson). 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest Statement: The authors declare that there is no conflict of interest.

NIH Public Access
Author Manuscript
DNA Repair (Amst). Author manuscript; available in PMC 2016 February 01.

Published in final edited form as:
DNA Repair (Amst). 2015 February ; 26: 23–29. doi:10.1016/j.dnarep.2014.11.008.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



polymerase β (pol β) lyase activity removes the resulting 5´- deoxyribose (dRP) flap, and the 

polymerase domain performs gap-filling DNA synthesis leaving a DNA nicked substrate for 

DNA ligation.

XRCC1 is a multi-domain protein with no known catalytic activity. XRCC1 interacts with a 

number of repair proteins, e.g., PARP-1, pol β and lig-IIIα, and is thought to modulate and 

coordinate steps of BER [1]. XRCC1-deficient cell extracts are reported to have ligation 

defects [2, 3], but not a general BER deficiency [4]. The interaction between pol β and 

XRCC1 is important for recruitment of pol β to sites of DNA damage [5]. Both pol β- and 

XRCC1-deficient mouse fibroblasts are hypersensitive to MMS (Fig. S1), and this is linked 

to repair deficiency as measured by accumulation of strand breaks [6] and of poly (ADP-

ribose) (PAR) [5, 7]. The greater MMS hypersensitivity phenotype of Xrcc1−/− cells than 

pol β−/− cells (Fig. S1) provides evidence for XRCC1-dependent, pol β-independent 

protection in addition to the pol β/XRCC1 coordinated BER pathway.

PARP-1 protein is critical for DNA damage recognition and binds to strand-breaks in DNA 

[8], including intermediates of BER [9]. Binding to damaged DNA stimulates synthesis of 

PAR polymers onto itself, as well as other repair proteins, and mediates recruitment of 

XRCC1 [10]. In the presence of an inhibitor of PARP catalytic activity, binding of PARP-1 

to DNA is stabilized [11]. DNA-bound and inhibited PARP-1 protein is cytotoxic as a 

function of formation of replication-dependent double-strand breaks [12]. PARP inhibitor-

induced enhancement of alkylating agent cytotoxicity in mouse fibroblasts is observed 

where damage is repaired by a BER sub-pathway involving pol β and XRCC1 [13]. 

Sensitization to MMS is consistent with increased PARP binding sites in DNA in the 

absence of efficient BER. Endogenous DNA damage can substitute for MMS-induced 

damage such that BER deficiency as a result of either pol β- or XRCC1-deletion is 

associated with sensitivity to PARP inhibitors [14] (Fig. S1).

Utilizing reversible covalent binding, topoisomerase 1 (Top1) nicks DNA and relaxes DNA 

supercoiling ahead of transcription and replication. Top1 can become trapped during 

formation of the cleavage complex by an inhibitor such as camptothecin [15]. Repair of the 

trapped complex involves removal of Top1 by tyrosyl DNA phosphodiesterase (Tdp1) and 

end-cleaning by polynucleotide kinase/phosphatase (PNKP) prior to religation. XRCC1 is 

known to bind and enhance the activities of both Tdp1 and PNKP, and to facilitate repair 

[16, 17]. Also, there may be a link between repair of the Top1 complex and XRCC1-

mediated single-strand break repair. Hypersensitivity to camptothecin is observed in 

XRCC1-deficient cells (Fig. S1) [17]. Previously it was proposed that pol β was involved in 

gap-filling during repair [17]. Currently it is believed that camptothecin generates a nick 

rather than a gap in DNA consistent with the absence of significant hypersensitivity in pol β-

deficient mouse fibroblasts (Fig. S1).

In this study, we used shRNA-mediated knock down of pol β in Xrcc1+/+ and Xrcc1−/− 

mouse fibroblasts. We aimed to determine whether pol β-mediated cellular resistance to 

MMS and PARP inhibitors resulted entirely from coordination with XRCC1 within the same 

BER sub-pathway. We find evidence for pol β-dependent cell survival independent of 

XRCC1 expression for both types of agents. The results suggest a role for pol β-dependent, 
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XRCC1-independent repair. PAR immunofluorescence data are consistent with the 

hypothesis of decreased repair in both pol β knock down cell variants. Camptothecin 

sensitivity, not dependent on pol β expression, was studied as a negative control.

2. Materials and methods

2.1. Cell culture - pol β and XRCC1 cell variants

Wild type and pol β null (termed pol β −/−) SV40-transformed mouse embryonic fibroblasts 

(16.3 and 19.4, respectively) have been described previously [18]. Xrcc1+/+ and Xrcc1−/− 

p53-deficient mouse embryonic fibroblasts were obtained from Dr. Robert Tebbs [19]. 

Mycoplasma testing was performed routinely on all cell lines using a MycoAlert® 

Mycoplasma detection kit (Lonza, Rockland, ME).

2.2. Lentiviral knock down of pol β

Lentiviral plasmid constructs for stable depletion of mouse pol β mRNA were obtained from 

Sigma-Aldrich (MISSION shRNA). Two different shRNAs against pol β were used: pol β 

shRNA-468 (TRCN0000348053): 

CCGGTCAACGAATTGGGCTGAAATACTCGAGTATTTCAGCCCAATTCGTTGATTT

TTG pol β shRNA-662 (TRCN0000331721): 

CCGGCCAAAGTTGTTACATCGTGTTCTCGAGAACACGATGTAACAACTTTGGTTT

TTG Lentivirus particles were produced by the NIEHS Viral Vector Core and packaged in 

HEK293T/17 cells (ATCC # CRL-11268) according to published Current Protocols in 

Neuroscience by P. Salmon and D. Trono. Briefly, 293T cells were transiently transfected 

with pMD2G, psPAX2 and transfer vector containing shRNA using Lipofectamine 2000. 

Supernatant was collected 48 h post transfection and concentrated by centrifugation at 

50,000 g for 2 h. Pellets were resuspended in phosphate-buffered saline (PBS) and used for 

infection. All titers were determined by quantitative PCR to measure the number of 

lentiviral particles that integrated into the host genome. In addition, biological titration of 

viruses co-expressing fluorescent moieties was determined by flow cytometry. Xrcc1+/+ and 

Xrcc1−/− cells were transduced with lentiviral particles at multiplicity of infection (MOI) of 

5 and 25 per 50,000 cells, and stable cell lines were recovered after puromycin selection (6 

µg/ml, Life Technologies). After characterization by western blot analysis, single cell clones 

were isolated from those demonstrating significant pol β knock down. Clones were again 

characterized by western blotting and also by RT-PCR. Lentiviral plasmid pLKO.1 

transcribes nonspecific shRNA.

2.3. Western blot analysis

Whole cell extracts were prepared as described previously [14]. Extract samples (60 µg) 

were loaded onto 4–12% Bis-Tris NuPAGE gels (Invitrogen) and electrophoresed in 

NuPAGE MES running buffer at 4°C. Proteins were transferred to nitrocellulose filters for 4 

h at 25 V, in the cold. Filters were blocked overnight at 4°C in 5% nonfat dry milk in Tris-

buffered saline (TBS) with 0.1% Tween 20 (TBST), then incubated for 2 h at room 

temperature or overnight at 4°C with either pol β 18S monoclonal antibody [20] or mouse 

monoclonal anti-XRCC1 primary antibody (Thermo Fisher Scientific, 33-2-5). After 

washing, filters were incubated with anti-mouse IgG-horseradish peroxidase (HRP) 
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conjugated secondary antibody (1:2,000–1:20,000 dilution, Bio-Rad) and visualized using 

Super Signal (Thermo Scientific). Blots were stripped in Restore Western Blot Stripping 

Buffer (Thermo Scientific), washed three times in TBST, and blocked in 5% nonfat dry 

milk/TBST overnight. Anti α-tubulin (Sigma T-9026) was used as a loading control.

2.4. Measurement of cellular pol β gene expression by RT-PCR

Total RNA was isolated from clonal cell lines for Xrcc1+/+ and Xrcc1−/− transfected with 

pol β shRNA using the QIAGEN RNeasy mini kit. RT-PCR was performed using the 

7900HT sequence detection system and predesigned primer/probe sets from Applied 

Biosystems. The signal obtained from each gene was normalized to the housekeeping gene 

cyclophilin B.

2.5. Cytotoxicity studies by growth inhibition assay

Cells were seeded (20,000 per well for XRCC1 and 40,000 per well for pol β) in six-well 

dishes in medium without selection antibiotic. The next day, cells were treated for 1 h with a 

range of concentrations of MMS (Sigma-Aldrich). Alternatively, cells were treated for 24 h 

with the Top1 inhibitor camptothecin (Sigma-Aldrich), or continuously with the PARP 

inhibitors, 4-amino-1,8-naphthalimide (4-AN) (Acros) and olaparib (Selleckchem). After 

washing as needed, growth medium was added and cells further incubated.

When untreated cells were 80% confluent, triplicate wells for each drug concentration were 

counted by a cell lysis procedure as utilized previously [21, 22]. Briefly, the cell culture 

medium was aspirated, and cells washed with 0.9% saline. Hypotonic buffer (10 mM Hepes 

and 1.5 mM MgCl2.6H2O, pH 7.4) was added to each well (1 ml) and the cells incubated at 

room temperature with gentle shaking for 5 min. Lysing solution (200 µl) containing 5 g 

ethylhexadecyldimethylammonium bromide (Sigma-Aldrich) and 3 ml glacial acetic acid 

per 100 ml [21] was then added to each well and the cells incubated with agitation for 7 min. 

Saline + formaldehyde (4 ml) was added to the wells and the counting solutions were mixed 

vigorously. An aliquot (4 ml) of the mix was removed and added to a counting vial 

containing 10 ml 0.9% saline. Cell nuclei were counted using a Multisizer 3 Coulter Counter 

(Beckman Coulter). Results were expressed as % growth of drug-treated cells relative to 

control untreated cells. Fold hypersensitivity was determined at IC90 concentrations, the 

dose required for 90% decrease in cell growth. For experiments with mouse fibroblasts, we 

find this growth inhibition assay to be more reliable and consistent than clongenic or short-

term cytotoxicity assays. Results obtained are in agreement with alternate assay methods 

[14].

2.6. Micro-irradiation and immunofluorescence

Cells were seeded (2×105 cells per dish) in 35 mm glass bottomed petri dishes containing an 

etched grid (MatTek, Ashland, MA) and incubated in medium supplemented with 10 µM 

BrdU. After 24 h, DNA single strand breaks and base lesions were introduced by low power 

UV laser micro-irradiation at 364 nm [7]. Cells were imaged using a 40× C-Apochromat 

(numerical aperture 1.2) water immersion objective coupled to a Zeiss LSM510 META 

confocal microscope (Carl Zeiss MicroImaging).
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Cells were fixed in 4% paraformaldehyde 1 min after UV damage, permeabilized with 

0.25% Triton X-100 in PBS for 10 min, washed three times in PBS, then further 

permeabilized and blocked with PBS + 1% BSA for 30 min. Following incubation with anti- 

XRCC1 antibody (1:50; Abcam ab1838) and anti-PADPR antibody (1:100; Abcam 

ab14460) for 1 h, cells were washed three times with PBS, then incubated with Alexa 488 

conjugated anti-mouse and Alexa 647 conjugated anti-chicken secondary antibodies 

(1:2,000; Life Technologies) for 1 h. Cells were then washed three times with PBS, and the 

nucleus was stained with NucBlue® Fixed Cell Stain ReadyProbes™ (Life Technologies) 

for 5 min. Fluorescence images were acquired with the same 40× water immersion objective 

on the LSM510. Recruitment of XRCC1 and accumulation of PAR at the site of DNA 

damage were measured using IMAGEJ as described previously [7].

3. Results

3.1. Characterization of pol β knock down in XRCC1 cell populations

Xrcc1+/+ and Xrcc1−/− cells were transduced with control (pLKO.1) and two different pol β 

shRNA lentiviral particles, and stable cell lines were recovered after puromycin selection. 

Whole cell extracts were prepared and analyzed by western blotting. Control PLKO 

Xrcc1+/+ (Fig. 1A) and Xrcc1−/− cells (Fig. 1B) retained expression of pol β protein, while 

all of the pol β shRNA-transduced (pol β shRNA-468 and pol β shRNA-662) cells had 

undetectable levels of pol β. Cells with plasmid 662 at a MOI of 5 (X+662/5 and X-662/5) 

were chosen for further development (boxed in Fig. 1A and B). Single cell clones were 

isolated and again analyzed by western blotting. X+662/5 clones demonstrated variable 

levels of pol β knock down (Fig. 1C). In clone 7 (cl.7), pol β was undetectable and was 

selected for survival studies (boxed in Fig. 1C). All of the X-662/5 clones had undetectable 

pol β levels (Fig. 1D). Clone 1 (cl.1, boxed in Fig. 1D) was chosen for further study. 

Western blotting was repeated frequently to check for any reversal of pol β knock down.

3.2. Cellular pol β gene expression in shRNA-transduced clones

For comparison with the knock down clones, the level of pol β gene expression was first 

measured in pol β wild type and null cells developed in the lab [18]. As expected, null cells 

had undetectable levels of pol β mRNA (Fig. 2). Expression of mRNA was slightly (1.4- 

fold) higher in Xrcc1−/− compared with Xrcc1+/+ cells (Fig. 2) in contrast to the lower pol β 

protein level observed in Xrcc1−/− cells (see all panels of Fig. 1). Decreased pol β protein 

has been documented in other XRCC1-deficient cells and it has been reported that 

expression of XRCC1 is required to maintain the stability of cellular pol β, as well as ligase 

III protein [23]. An elevation of pol β mRNA in cells in the absence of XRCC1 may be a 

feedback mechanism designed to increase cellular levels of pol β protein. In agreement with 

the results of western blot analysis, pol β mRNA expression was reduced by approximately 

90% in the knock down clones (Fig. 2).

3.3. Effect of pol β knock down on cellular sensitivity to MMS

Cellular sensitivity to MMS was compared in Xrcc1+/+ cells expressing control vector (X+ 

PLKO) and those (Fig. 1C and Fig. 2) selected for significant pol β knockdown (X+/βkd). As 

expected, since MMS hypersensitivity in pol β null variants is well known [18], pol β 
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knockdown cells were 1.5-fold hypersensitive to MMS (Fig. 3A). This hypersensitivity of 

the knock down clone was less than that of pol β null cells (generally 2.5–3-fold; [24]) but it 

should be noted that gene expression remained significantly higher than in cells with the 

deletion mutation (Fig. 2). Surprisingly, the X−/βkd clone (Fig. 1D) was similarly 

hypersensitive to MMS (1.8-fold) compared with the control X- PLKO clone (Fig. 3B). 

Thus, the effect of pol β knock down on hypersensitivity to MMS did not depend on XRCC1 

expression. Control vector-transduced Xrcc1−/− cells (X- PLKO) were 8.1-fold 

hypersensitive to MMS compared with control vector-transduced Xrcc1+/+ cells (X+ PLKO) 

(Table 1). Knock down of pol β in Xrcc1−/− cells (X−/βkd), resulted in an increased (14.7-

fold) hypersensitivity phenotype (Table 1). Alternative X+/βkd (X+468/5 cl. 2) and X−/βkd 

(X-662/5 cl. 3) clones with knock down of pol β (Fig. S2A and B) were likewise 

hypersensitive to MMS (Fig. S2C and D). The results from pol β knock down in XRCC1 

wild type and Xrcc1−/− cells are consistent with a mechanism for pol β-dependent cell 

survival after MMS that is independent of XRCC1 expression.

3.4. Effect of pol β knock down on cellular sensitivity to camptothecin

Sensitivity to camptothecin was examined as a negative control since pol β null cells have 

only a minor camptothecin hypersensitivity phenotype [24] and only at the highest doses 

(Fig. S1C). As predicted, pol β knock down only slightly enhanced camptothecin 

cytotoxicity in Xrcc1−/− cells (X−/βkd; Fig 3D) while X+/βkd became slightly more resistant 

than the X+ PLKO clone (Fig. 3C). Comparing clone X−/βkd with control X+ PLKO, there 

was a small (1.1-fold) enhancement of sensitivity relative to X- PLKO control cells (Table 

1).

3.5. Effect of pol β knock down on cellular sensitivity to PARP inhibitors

Recently, it was shown that the absence of either pol β or XRCC1 resulted in cellular 

hypersensitivity to PARP inhibitors as a function of BER deficiency [14]. We further 

determined the PARP inhibitor phenotype for pol β knock down in XRCC1 cells. As 

anticipated, pol β knock down in Xrcc1+/+ cells (X+/βkd) enhanced sensitivity to 4-AN (Fig. 

4A). Similar to MMS, pol β knock down in Xrcc1−/− cells (X−/βkd) also resulted in 

hypersensitivity to 4-AN (Fig. 4B). This resulted in a greater 4-AN hypersensitivity in 

X−/βkd than in control X- PLKO (Fig. 4C), consistent with a pol β-dependent deficiency in 

BER. Interestingly, the 4-AN sensitivity of X+/βkd and X- PLKO was very similar (Fig. 4C). 

Studies with the clinically used PARP inhibitor olaparib produced comparable results to 

those with 4-AN (Fig. S3).

3.6. PAR synthesis after low energy laser-induced damage

Micro-irradiation has been used to demonstrate recruitment of repair proteins to nuclear 

DNA strand breaks [7, 25]. XRCC1 protein was recruited to sites of DNA damage in 

Xrcc1+/+ cells at 1 min after irradiation (Fig. 5A). As expected, recruitment of XRCC1 was 

seen in Xrcc1+/+-derived (Fig. 5B) but not in Xrcc1−/−-derived cells (data not shown). 

Levels of XRCC1 were not significantly different (p=0.292) in X+ PLKO and X+/βkd clones 

(Fig. 5B). Elevated PAR after DNA damage has been associated with a repair deficiency in 

cells [7]. The observed PAR increase reported previously was higher in pol β−/− than in 
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Xrcc1−/− compared with the respective wild type cell lines [5, 7]. PAR was observed in 

Xrcc1+/+ and Xrcc1−/− variants 1 min after irradiation (Fig. 5A). Consistent with earlier 

data in the parental cell lines [5], the level of PAR was significantly greater (p=0.001) in X- 

PLKO compared with X+ PLKO vector control cell lines (Fig. 5C). Similar to the phenotype 

of pol β null cells deficient in pol β-dependent BER, knock down of pol β in Xrcc1+/+ cells 

(X+/βkd) and in Xrcc1−/− cells (X-/βkd) resulted in significant increases in levels of PAR 

(Fig. 5C). These results suggest a decrease in repair efficiency as a result of pol β knock 

down and parallel the increase in MMS (Fig. 3) and PARP inhibitor sensitivity (Fig. 4).

4. Discussion

Cellular deficiency of either pol β or XRCC1 results in hypersensitivity to DNA methylating 

agents such as MMS and to PARP inhibitors such as 4-AN [6, 13]. Hypersensitivity is 

associated with BER deficiency. Here we determined whether pol β coordinates with 

XRCC1 within the same BER sub-pathway to provide cellular resistance or whether pol β 

can function independently. The effects of lentiviral shRNA knock down of pol β were 

examined in XRCC1 wild type and XRCC1-deficient cells.

Knock down of pol β in Xrcc1+/+ cells (Fig. 3A) and in Xrcc1−/− cells (Fig. 3B), resulted in 

sensitization to MMS. The latter results suggest that pol β can act independently of XRCC1 

in the protection of cells against MMS cytotoxicity. An enhanced level of cellular PAR after 

laser irradiation is an indicator of cellular BER deficiency [7]. Both pol β knock down 

variants had significantly elevated PAR after micro-irradiation (Fig. 5). Taken together, the 

results provide evidence that a deficiency in pol β-dependent repair is responsible for the 

MMS hypersensitivity of the knock down clones. For 4-AN, the survival data in Figure 4C 

correlate well with the PAR synthesis data shown in Figure 5C. X+ PLKO repair-proficient 

cells are most resistant to 4-AN, and have the least PAR synthesis following damage by 

micro-irradiation. At the opposite end of the spectrum, X-/βkd cells are most hypersensitive 

to 4-AN and have the highest PAR accumulation. X+/βkd and XPLKO cells have similar 

intermediate levels of PAR synthesis (Fig. 5C) and similar sensitivities to 4-AN (Fig. 4C).

In previous experiments, it was determined that XRCC1 was required for pol β accumulation 

at sites of micro-irradiation-induced single-strand breaks and DNA base lesions [5, 25]. In 

contrast, the current results indicate that pol β can function in repair of MMS-induced 

damage in the absence of the XRCC1. A proposed direct interaction with PARP-1 [26] 

could enhance pol β accumulation in the absence of XRCC1. Alternatively, pol β might 

interact directly with the 5´-dRP intermediate of BER. It is the 8-kDa-associated dRP lyase 

activity of pol β and the removal of the dRP group that is essential for repair of DNA 

methylation damage [27]. Interestingly, recruitment of the 8-kDa domain can occur in an 

XRCC1-independent manner [25]. A point mutation in mouse XRCC1 (V88R) prevents 

binding to pol β [5, 28]. This mutant protein stably expressed in Xrcc1−/− cells only partially 

complemented the MMS hypersensitivity phenotype [5]. This result indicates the importance 

of the pol β/XRCC1 interaction, but also the ability of non-interacting XRCC1 to partially 

rescue cells from MMS-induced cytotoxicity. The greater MMS hypersensitivity phenotype 

of Xrcc1−/− cells than pol β−/− cells (Fig. S1) also suggests a role for XRCC1- dependent, 

pol β-independent cellular protection.
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Experiments with camptothecin failed to show sensitization following knock down of pol β 

in either of the XRCC1 cell lines (Fig. 3C and D). These results are consistent with 

cytotoxicity studies implicating XRCC1, but not pol β, in repair of camptothecin-Top1 

cleavage complexes (Fig. S1). Data obtained for the PARP inhibitors 4-AN and olaparib in 

the pol β knock down clones were similar to those obtained with MMS. These results are 

consistent with the previously published hypothesis that PARP inhibitor hypersensitivity is a 

function of inefficient BER of endogenous DNA damage involving the AP-site intermediate 

[14]. Repair of camptothecin-blocked Top1 cleavage complexes does not involve BER or 

production of this intermediate.

Previous results have suggested XRCC1 is necessary for recruitment of pol β and that the 

interaction of pol β and XRCC1 is required for BER [5]. MMS sensitivity experiments in pol 

β knock down Xrcc1−/− cells demonstrated a role for pol β in the absence of XRCC1 

expression. Elevated PAR in knock down cells after micro-irradiation implicates BER 

deficiency as the cause of the sensitization to MMS. Here, we demonstrate repair by pol β in 

the absence of XRCC1, just as XRCC1 can protect cells from MMS damage in the absence 

of interaction with pol β [5].
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Highlights

• Pol β- and XRCC1-deficient mouse fibroblasts are hypersensitive to MMS

• Pol β and XRCC1 interaction is important for recruitment of pol β to DNA 

damage

• Pol β shRNA was used to knock down pol β in Xrcc1+/+ and Xrcc1−/− mouse 

fibroblasts

• Studies provide evidence for pol β-dependent survival independent of XRCC1

• PAR imaging data are consistent with decreased repair in pol β knock down 

variants
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Figure 1. 
Western blotting of control and pol β shRNA transduced cells lines. (A) Xrcc1+/+ (X+) and 

(B) Xrcc1−/− (X-) cells were transduced with contol plasmid (PLKO) or pol β shRNA 

vectors (468 or 622) at a MOI of 5 or 25. After selection in puromycin, cell lines were 

compared with the original Xrcc1+/+ and Xrcc1−/− and analyzed by western blotting for pol 

β knock down. All pol β constructs produced significant knock down. Single cell clones 

were isolated from X+662/5 and X-662/5 cell populations and further subjected to western 

blotting. (C) X+662/5 cl.7 and (D) X-662/5 cl.1 were chosen for further study. Isolation of 

cell lines and western blotting were performed as described in Section 2.
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Figure 2. 
Measurement of cellular pol β gene expression by RT-PCR. Xrcc1+/+ and Xrcc1−/− control 

and clonal knock down (pol βkd) cell lines transfected with pol β shRNA were cultured until 

confluent, and total RNA was isolated using the QIAGEN RNeasy mini kit. RT-PCR was 

performed and the signal obtained was normalized to the housekeeping gene cyclophilin B 

as outlined in Section 2. As a reference, pol β−/− cells were compared with pol β+/+ mouse 

fibroblast cell lines. Pol βkd clones were compared with the original Xrcc1+/+ and Xrcc1−/− 

cell lines.
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Figure 3. 
MMS and camptothecin hypersensitivity of pol βkd clones. Clones selected as shown in 

Figure 1 were treated for 1 h with a range of concentrations of MMS or for 24 h with a range 

of concentrations of camptothecin as described in Section 2. (A) Hypersensitivity (1.5-fold) 

of X+/βkd compared with control X+ PLKO. (B) Hypersensitivity (1.8-fold) of X/-βkd 

compared with control X- PLKO. Plotted are mean ± SEM values obtained from at least 5–7 

independent experiments. (C) Minimal resistance of X+/βkd compared with control X+ 

PLKO. (B) Minimal hypersensitivity of X-/βkd compared with control X- PLKO. Plotted are 

mean ± SEM values obtained from 3 independent experiments.
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Figure 4. 
4-AN hypersensitivity of pol βkd clones. Clones selected as shown in Figure 1 were treated 

continuously with a range of concentrations of 4-AN as described in Section 2. (A) 

Hypersensitivity of X+/βkd compared with control X+ PLKO. (B) Hypersensitivity of X-/βkd 

compared with control X- PLKO. (C) 4-AN hypersensitivity of X+/βkd and X-/βkd compared 

with X+ PLKO and X- PLKO. Plotted are mean ± SEM values obtained from 4 independent 

experiments.
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Figure 5. 
Immunofluorescence imaging of XRCC1 and PAR in XRCC1 cell variants. (A) 

Representative images of XRCC1 recruitment and PAR accumulation in PLKO and pol βkd 

cell variants are shown after irradiation and 1 min repair as described in Section 2. DAPI 

was used as a nuclear stain. Bar represents 10 µm. Quantification of (B) XRCC1 recruitment 

and (C) PAR synthesis at 1 min. Results represent mean ± SEM from analysis of 20–30 
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individual cells. Statistical significance was determined using the Student t test. The 

significance level of PAR synthesis comparing X+ PLKO and X-PLKO is 0.001.
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Table 1

Sensitization by pol β knock down in Xrcc1−/− cells

Hypersensitivity (fold) relative to X+ PLKO*

DNA damaging agent X- PLKO X-/βkd

MMS 8.1 ± 0.28 (7) 14.7 ± 0.70 (5)

Camptothecin 3.6 ± 0.43 (3) 4.0 ± 0.44 (3)

*
Measured at IC90
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