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Abstract

X-ray Repair Cross Complementing protein 1 (XRCC1) plays an important role in base excision 

DNA repair (BER) as a scaffolding protein for BER enzymes. BER is one of the basic DNA repair 

pathways repairing greater than 20,000 endogenous lesions per cell per day. Proper functioning of 

XRCC1, one of the most important players in BER, was suggested to be indispensable for 

effective DNA repair. Despite accumulating evidence of an important role that XRCC1 plays in 

maintaining genomic stability, the relationship between one of its most predominant variants, 

R280H (rs25489), and cancer prevalence remains ambiguous. In the current study we functionally 

characterized the effect of the R280H variant expression on immortal non-transformed mouse 

mammary epithelial C127 and human breast epithelial MCF10A cells. We found that expression 

of R280H results in increased focus formation in mouse C127 cells and induces cellular 

transformation in human MCF10A cells. Cells expressing R280H showed significantly increased 

levels of chromosomal aberrations and accumulate double strand breaks in the G1 cell cycle 

phase. Our results confirm a possible link between R280H and genomic instability and suggest 

that individuals carrying this mutation may be at increased risk of cancer development.

1. Introduction

Endogenous DNA damage, as a result of the presence of reactive oxygen and nitrogen 

species (RONs), induces DNA damage at a rate of 20,000-30,000 lesions per cell per day 

(1). Much of this damage is repaired by base excision repair (BER). BER is initiated by 

lesion-specific DNA glycosylases that recognize and remove damaged bases (for a review 

see (2)). After removal of the damaged base, bifunctional glycosylases catalyze removal of 

the resulting abasic site (AP) by either ß or ßδ elimination. If the base is excised by a 

monofunctional DNA glycosylase, apyrimidinic endonuclease 1 processes the AP site. AP 

site removal is followed by end remodeling, if necessary, and filling in of the single 

nucleotide gap by DNA polymerase beta (Pol ß). The X-Ray Cross Complementing 1 

(XRCC1)-Ligase 3α (Lig3α) complex seals the nick. Due to its repair of 20,000-30,000 

lesions per cell per day, the BER pathway plays a major role in maintaining genomic 

stability.
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XRCC1 interacts with a number of different proteins that function in BER and single-strand 

break repair (SSBR) including UNG2, NEIL2, OGG1, MPG, NTH1 (3-5), Pol ß, PARP1, 

APE1, LIG3a, polynucleotide kinase, and PCNA (6-10). XRCC1 functions during BER and 

(SSBR) by acting as a scaffold to bring proteins into proximity to one another in order to 

catalyze DNA repair and ensure efficient handoff of intermediate substrates (for reviews see 

(11,12)). XRCC1 deficient cells exhibit sensitivity to a number of DNA damaging agents 

including methylmethane sulfonate (MMS), ethylmethane sulfonate (EMS), hydrogen 

peroxide and camptothecin (13-18) as a result of defective or inefficient joining of single-

strand breaks. Cells deficient in XRCC1 also exhibit genomic instability (13,19-23).

The 1000 Genomes Project reports a total of 6,469 variations in the XRCC1 gene, including 

missense mutations, indels -, and variation in 3′ and 5′ UTRs. The rs25489 single nucleotide 

polymorphism (SNP) is present with a minor allele frequency of 6% and is predominantly 

found in individuals of Asian ancestry. This SNP encodes the R280H XRCC1 variant, which 

has been a topic of epidemiological studies focused predominantly on the relationship 

between the presence of this variant to the development of cancer. R280H has been found to 

be associated with a number of cancers including bladder, gastric, hepatocellular, breast, and 

with cancer in general (24-27). The R280H protein was found to exhibit reduced focal 

localization in response to micro-irradiation (28). This variant was also found to dissociate 

more rapidly than WT XRCC1 from sites of DNA damage induced by micro-irradiation 

(29).

The goal of this study was to determine if the R280H germline variant possesses a functional 

phenotype related to cancer. We found that expression of R280H in both mouse and human 

non-transformed cells induces genomic instability and cellular transformation. Taken 

together with epidemiological studies, our results imply that subsets of individuals who 

harbor this variant could be at increased risk for the development of cancer.

2. Material and Methods

2.1 Plasmids and Cloning

To generate the pRVYTet-hXRCC1 constructs the human XRCC1 sequence was PCR 

amplified using a downstream primer containing the hemagglutinin (HA) tag and then 

cloned into the pRVYTet retroviral vector as described (30,31). The single base mutation 

resulting in the R280H variant was introduced into the human WT XRCC1 cDNA sequence 

using site-directed mutagenesis (Stratagene) following the manufacturer’s protocol.

2.2 Cell Lines and Cell Culture

All cell lines used in the present study were grown at 37°C in a 5% CO2 humidified 

incubator.

C127 cells are a non-transformed epithelial cell line derived from a mammary tumor of an 

RIII mouse (American Type Culture Collection, ATCC). The cells were maintained in 

DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS, Gemini Bio 

Products) and 1% penicillin-streptomycin (Invitrogen).
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MCF10A cells are diploid immortalized, non-transformed mammary epithelial cells derived 

from a female with fibrocystic disease (ATCC). These cells were maintained in DMEM/F12 

medium (Invitrogen) supplemented with 5% horse serum (Invitrogen), 1% penicillin-

streptomycin (Invitrogen), epidermal growth factor (20 ng/ml)(Gemini Bio Products), 

hydrocortisone (0.5 μg/ml)(Sigma-Aldrich), cholera toxin (100 ng/ml) (Sigma-Aldrich), 

insulin (10 μg/ml) (Sigma-Aldrich).

The GP2-293 virus packaging cell line (Clontech) was used for retrovirus preparation. These 

cells were maintained in Dulbecco modified Eagle’s medium (Invitrogen) supplemented 

with 10% fetal bovine serum (Gemini Bio Products), 1% L-glutamine (Invitrogen), 1% 

penicillin-streptomycin (Invitrogen), and 1mM HEPES (Invitrogen).

2.3 Transfection, Infection and Expression Analysis

To generate retrovirus containing the WT or R280H XRCC1 construct, the GP2-293 

packaging cell line was co-transfected with the pRVYTet construct and pVSVG plasmid 

using the method as described in (32) GP2-293 cells were incubated for 72h before virus 

was harvested. MCF10A cells were grown to 30% confluence and infected with retrovirus in 

the presence of 4 μg/ml polybrene (American Bioanalytical) (30). For selection of pools, 

cells were split 1:3 the day of infection and integrants were selected with Hygromycin B (15 

μg/ml). Single cell clones were selected using cloning rings.

Expression of exogenous HA-tagged hXRCC1 in resulting cell lines was confirmed by 

Western blot. WT and R280H expressing cells were passaged in parallel and harvested at 

80-90% confluence by scraping with hot SDS Loading Buffer (50mM Tris pH 6.8, 10 mM 

DTT, 2% SDS, 10% glycerol). Lysates were boiled for 5 min, resolved on a 10% SDS-

polyacrylamide gel, and transferred to the nitrocellulose membrane. Exogenous XRCC1 was 

detected using mouse monoclonal anti-HA antibody (Covance, MMS101P), and mouse 

monoclonal anti-β-actin antibody (Sigma-Aldrich, A54441) was used as a loading control. 

Blots were imaged using BioRad ChemiDoc instrument, and quantified by Image Lab 

software. Cell lines (either pools or single cell clones) expressing equal levels of WT and 

R280H hXRCC1 were selected for subsequent studies.

2.4 Genomic Instability Analysis

MCF10A pools expressing either WT or R280H hXRCC1 were plated at 106 per 10cm dish 

and grown overnight. The next day fresh media with colcemid (0.1 μg/ml)(Invitrogen) was 

added to arrest cells in mitosis. Three hours later cells were trypsinized, collected by 

centrifugation, washed with PBS, and resuspended dropwise in 0.8% sodium citrate. 

Following lysis, cells were incubated at 37°C for 30 minutes before fixing in Carnoy’s 

Fixative (75% methanol, 25% acetic acid). Cells were dropped onto microscope slides, 

dried, and stained with 5% KaryoMax Giemsa stain (Invitrogen). Well spread metaphases 

were identified under ×100 objective (Zeiss) and images were taken using Spot Camera 

software (Diagnostic Instruments). Metaphase spreads were scored by eye for chromosomal 

fusions, breaks, and fragments as described (33).
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2.5 Cellular Transformation

The anchorage independent growth assay was conducted as described in (32). Briefly, 

MCF10A cells expressing either WT or R280H hXRCC1 were mixed with media containing 

0.7% noble agar (USB) and poured onto a layer of media containing 1% noble agar in a well 

of a 6-well dish. Cells were fed twice weekly for 4 weeks. The number of colonies present in 

each of five microscope fields per well from a total of 6 wells per experiment were counted 

after 4 weeks of growth.

2.6 Cellular Proliferation Assay

To determine the effect of R280H or WT hXRCC1 expression on cellular proliferation, 

MCF10A single cell clones were plated into 10 cm dishes at a density of 50,000 cells/dish 

and counted using automated cell counter (Nexelcom) every day for 5 consecutive days as 

described (33). Experiments were performed in triplicate and the data were plotted as 

change in cell number per day.

2.7 Flow Cytometry

MCF10A cells expressing either WT or R280H hXRCC1 were plated at a density of 106 

cells per 10 cm dish and allowed to attach overnight. For H2O2 treatment, plates were 

incubated with 30 mM H2O2 in serum free media for 30 minutes on ice, then replaced with 

fresh complete media and allowed to recover for 1, 2, and 6 hours as described (34). For 

MMS treatment, cells were incubated with 2 mM MMS for 2h and then allowed to recover 

for 1, 2, and 4 hours (33). Cells were then trypsinized and rinsed with PBS, pelleted and 

resuspended by adding 70% ice cold ethanol dropwise while vortexing. Cells were fixed 

overnight at −20°C. To detect double strand breaks, cells were first incubated with primary 

phospho-γH2AX antibody (Millipore 05-636) 1:500 overnight at 4°C, washed twice with 

PBS, then incubated with anti-mouse secondary antibody conjugated to FITC 1:500 for 1h at 

room temperature in dark. Finally, cells were washed twice with PBS and resuspended in 

200μl PI/RNase staining buffer (BD Pharmingen). Fluorescence was analyzed by flow 

cytometry using the BD FACSCalibur and analyzed using FlowJo 8.8.6 software.

2.8 Immunofluorescence microscopy

For γH2AX/53BP1 immunofluorescence analysis, cells were plated in 8-well chamber slides 

(BD Falcon) at 105cells/ml and cultured overnight. Then cells were treated with 2mM MMS 

for 1h and allowed to recover for 2 hours. Cells were fixed for 15 minutes at room 

temperature (1% paraformaldehyde/2% sucrose in PBS), permeabilized in pre-chilled 100% 

methanol, and stained with corresponding antibodies. First, cells were incubated with a 

primary mouse anti-phospho-H2AX antibody (Millipore, 05-636) for 2 hours at room 

temperature, then with a primary rabbit anti-53BP1 antibody (Santa Cruz Biotech, sc-22760) 

at 4C overnight. The next day cells were labeled with an Alexa Fluor-488 conjugated goat 

anti-rabbit and Alexa Fluor-546 conjugated goat anti-mouse antibodies for 2 hours at room 

temperature. Resulting slides were mounted using DAPI containing SlowFade Gold anti-

fade mounting solution (Invitrogen, S36938) for cell nuclei visualization. Analysis was 

performed on an inverted fluorescence microscope (Axiovert 200, Carl Zeiss) using the 

Sizova et al. Page 4

DNA Repair (Amst). Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Plan-Apochromat 63× objective with immersion oil. Images were processed using ImageJ 

software (NIH).

2.9 Statistics

All statistics were performed using GraphPad Prism version 5 (GraphPad Software, San 

Diego, CA). Data were presented as mean ± SEM. Two-tailed t test, One-way or Two-way 

analysis of variance (ANOVA) were applied as appropriate and Tukey’s, Sidak’s or 

Bonferroni’s multiple comparison tests were used to determine significant differences 

between the means of each group.

3. Results

3.1 Expression of R280H XRCC1 in mouse C127 cells results in increased focus formation

Several studies have suggested that the R280H XRCC1 germline variant is associated with 

human cancer. We recently developed methods to determine if expression of germline 

variants of genes in the BER pathway confer cancer-associated phenotypes to cells in which 

they are expressed (33,34). Our strategy is to express either the germline variant or the WT 

protein using a Tet off system and the pRVY-Tet vector (32) in non-transformed but 

immortalized epithelial cells and to subsequently characterize the levels of genomic 

instability and cellular transformation.

First we infected immortalized but non-transformed C127 mouse mammary epithelial cells 

with retroviruses carrying either WT or the R280H XRCC1 variant in the pRVY-Tet vector. 

In the retroviral vectors, the tetO/CMV promoter drives expression of XRCC1 protein in a 

Tet-repressible manner and an internal SV40 early promoter drives expression of 

Hygromycin (Hyg) resistance gene (32). We selected cell pools resistant to Hyg and then 

selected single colonies of C127 cells expressing either WT or R280H XRCC1 and 

expanded them into stable cell lines. The HA-tagged XRCC1 constructs (either WT or 

R280H) were expressed and cell extracts from early passage clonal cell lines were subjected 

to Western blotting using monoclonal anti-HA antibody to reveal exogenous XRCC1. 

Figure 1A shows that the mouse clones express either the WT or R280H XRCC1 variant at 

levels similar to each other.

We monitored cellular transformation by characterizing the ability of the mouse C127 cells 

expressing either WT or R280H XRCC1 to form foci. Three different clones of C127 cells 

carrying either WT (WT#1) or R280H (clone R280H#1 and clone R280H#2) XRCC1 were 

serially passaged in media with or without Tet, to repress or induce expression, respectively, 

of exogenous XRCC1. The level of focus formation was assessed every four passages. Only 

clones expressing the R280H variant showed significant focus formation whereas expression 

of exogenous WT XRCC1 did not result in a significant increase in the number of foci even 

at late passages (Figure 1B). Focus formation is dependent upon expression of the protein, 

as cells that were not induced to express R280H XRCC1 by growth in medium containing 

Tet exhibited a lower level of focus formation versus cells induced to express R280H.
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3.2 Expression of R280H XRCC1 induces cellular transformation in human MCF10A cells

Next, we assessed cellular transformation in the human immortalized, non-transformed 

mammary epithelial MCF10A cells. Similarly to the C127 mouse cell line, MCF10A cells 

were infected with retrovirus carrying the pRVYTet vector with HA-tagged WT or R280H 

XRCC1. We selected and expanded stable pools expressing either WT or the R280H variant 

at similar levels as shown in Figure 2A. We also selected single colonies of MCF10A cells 

expressing either WT or R280H XRCC1 and expanded them into stable cell lines all 

expressing similar amounts of exogenous XRCC1 as shown in Figure 2B.

The ability of the constructs expressing either WT or R280H XRCC1 to induce cellular 

transformation was assessed by characterizing the formation of colonies in soft agar. First, 

the numbers of colonies formed by WT- or R280H -expressing MCF10A pools were 

assessed every four passages. As shown on Figure 2C, the R280H-expressing pool started to 

form colonies in soft agar as early as passage 8 and reached a value of approximately 1,500 

colonies per 105 cells plated by passage 16. Significantly fewer colonies were observed in 

the WT expressing pool relative to the R280H expressing pool. A similar result was 

obtained with MCF10A clonal cell lines (Figure 2D). At passage 12, both Clones 1 and 2 of 

cells expressing R280H XRCC1 exhibit significantly increased anchorage independent 

growth when compared to Clones 1 and 2 of WT XRCC1, as shown in Figure 2D. We also 

demonstrate that R280H Clones 1 and 2 exhibit significantly increased rates of cellular 

proliferation, another hallmark of transformed cells, as shown in Figure 2E. Taken together, 

these results show that expression of R280H XRCC1 in immortal but non-transformed 

mouse or human epithelial cells confers cancer-associated phenotypes.

3.3 Expression of R280H hXRCC1 in MCF10A cells results in genomic instability

To determine the mechanism of cellular transformation, we characterized the ability of 

either WT or R280H XRCC1 expression in human MCF10A cells to induce chromosomal 

aberrations. Chromosomal aberrations can arise from aberrant BER through the 

accumulation of BER intermediates, including DNA breaks. Therefore we wished to 

determine if expression of the exogenous R280H variant results in any changes in 

chromosomal appearance compared to the WT XRCC1. We counted different types of 

aberrations, including chromosomal breaks, fusions, and fragments in metaphase spreads 

prepared from early passage cells expressing either WT or R280H XRCC1 (examples in 

Figure 3A and B). A total of at least 50 metaphase spreads were scored for each cell line. 

Cells expressing R280H have significantly increased levels of breaks and fragments, as 

shown in Figure 3C. These results demonstrate the R280H XRCC1 induces genomic 

instability when expressed in the human MCF10A cells, providing a possible mechanism 

leading to cellular transformation.

3.4 MCF10A cells expressing R280H hXRCC1 accumulate double strand breaks in the G1 
cell cycle phase

The increased levels of chromosomal aberrations we observe in cells expressing R280H 

XRCC1 indicates that double-strand breaks (DSBs) may be present at increased levels in 

these cells. To determine if this was the case, we treated cells with either H2O2 or 

methylmethane sulfonate (MMS) to initiate BER, and monitored the levels of γH2AX, a 
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marker that is reflective of the presence of DSBs, as a function of cell cycle. The levels of 

γH2AX were assessed just after treatment and as a function of recovery from treatment. 

Strikingly, the levels of γH2AX are significantly increased during G1 in cells expressing 

R280H XRCC1 compared to WT-expressing cells, for both treatments, as shown in as 

shown in Figure 4A (H2O2) and 4B (MMS).. DSB continue to be present in R280H 

expressing cells at significantly higher levels even 2-4 hours after recovery.

To confirm that the increased levels of γH2AX observed by flow cytometry indeed 

correspond to increased levels of double strand breaks, immunofluorescence staining of 

MMS treated MCF10A cells was performed for the two major DSB markers, γH2AX and 

53BP1, as described in the Materials and Methods section. γH2AX/53BP1 co-localizing foci 

(yellow staining in Figure 5) were counted and data were compared between WT and 

R280H hXRCC1 expressing cells. A statistically significant increase in the number of DSBs 

was observed in the case of cells expressing the R280H variant.

These results show that DSBs accumulate during the G1 phase of the cell cycle in the 

MCF10A cells expressing R280H XRCC1 indicating that damage induced by either reactive 

oxygen species or alkylating agents is repaired in an aberrant manner. Accumulation of 

damage could lead to genomic instability and, as a result, to cellular transformation.

4. Discussion

We found that expression of the R280H germline variant of XRCC1 induces genomic 

instability and cellular transformation in mouse and human epithelial cells. Expression of 

WT XRCC1 in the cells did not lead to significantly increased levels of cellular 

transformation and genomic instability. The genomic instability we observe In the R280H 

variant likely arises as a result of the accumulation of DSBs, as there are significantly higher 

levels of DSBs in cells expressing R280H compared to cells expressing WT XRCC1. Our 

results suggest that individuals harboring the R280H germline variant of XRCC1 may be at 

increased risk for cancer.

It is not presently clear how exactly XRCC1 is recruited to the site of DNA damage. XRCC1 

recruitment appears to be mediated by PARylation, either directly through interaction with 

PAR chains (35) or indirectly as a response to chromatin reorganization induced by 

PARylation (36). Recruitment of XRCC1 to near-UVA micro-irradiated sites of the nuclei is 

strongly influenced by the region encompassing amino acids 166-310 (28). Moreover, the 

R280H variant exhibits a decreased retention time, compared to WT XRCC1, at near-UV 

micro-irradiation induced DNA damage sites and decreased affinity for binding to DNA 

gaps (29). Altogether this suggests that the compromised genomic stability that we observed 

is primarily caused by changes in the recruitment of R280H XRCC1 to the site of DNA 

damage.

XRCC1 is a heavily phosphorylated protein and the most well verified phosphorylations 

cluster in two domains, amino acids 183-315 and 403-538, respectively (37). Particularly, 

checkpoint kinase 2 (CHK2) phosphorylates Thr284, which is in close proximity to Arg280. 

Phosphorylation of Thr284 of XRCC1 leads to recruitment of BER proteins (37) and is 
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suggested to promote BER. It is possible that alteration of Arg280 to His results in an 

XRCC1 protein variant that cannot be phosphorylated or that is inappropriately 

phosphorylated, resulting in defective recruitment of BER proteins. However, Berquist et al. 

showed that R280H interacts normally with proteins that function in BER (29).

The unstable recruitment of the R280H variant to DNA damage (28,29) suggests that 

scaffolding of the BER machinery is less than optimum in cells expressing this variant, 

leading to less efficient completion of BER and the accumulation of DSBs. Interestingly, 

cells expressing R280H XRCC1 have higher levels of DSBs during the G1 phase of the cell 

cycle only, although equivalent levels of DSBs are observed in S and G2/M in cells 

expressing either WT or R280H XRCC1. We suggest that the DSBs that are observed in the 

S and G2/M phases of the cell cycle arise during collision of the replication fork with single 

nucleotide gaps, which are a BER intermediate. If this is indeed the case, it would suggest 

that scaffolding of the BER reaction by R280H has an efficiency similar to that of WT 

XRCC1 and that in some cases incomplete BER in cells expressing either WT or R280H 

XRCC1 leads to DSB formation during DNA replication. Alternatively, the DSBs we 

observe during S and G2/M could be frank DSBs induced by MMS and H2O2, although we 

have not observed this to be the case in a previous study (34).

It is possible that the accumulation of DSBs during G1 in cells treated with H2O2 or MMS 

could result from defective scaffolding of canonical BER at oxidized or alkylated bases by 

R280H. Defective scaffolding of canonical BER by R280H could lead to clusters of BER 

intermediates in the form of SSBs or nicks in the DNA eventually resulting in the formation 

of DSBs during the G1 phase of the cell cycle. However, as stated above, BER scaffolding 

appears to be similar for WT and R280H, given the relatively equivalent accumulation of 

DSBs during S and G2/M in cells expressing these proteins. In addition to BER, XRCC1 has 

also been reported to play a role in non-homologous end joining (NHEJ) (38), and 

specifically in the process of alternative end-joining (39,40), although this is controversial 

(41). In this pathway of end joining, MRE11 interacts with XRCC1/Lig3α to promote the 

joining of incompatible ends. Because NHEJ occurs during the G1 phase of the cell cycle, 

we suggest that the DSBs that accumulate during G1 in cells expressing R280H XRCC1 

arise from deficient end joining. Our results indicate that the retention of XRCC1 at sites of 

damage during G1 is more critical for end joining than for scaffolding of the BER reaction 

or that XRCC1 has distinct roles in these different repair processes.

At the present moment the relationship between the R280H variant and increased risk of 

various types of cancer remains ambiguous. This can be partly explained by significant 

differences in XRCC1 genomic single polymorphism (SNP) distribution between 

populations. R280H substitution is most prevalent in Asia (1.0% homozygous, 16.8% 

heterozygous), less common in Europe and America (0.5% and 0.6% homozygous, 11.6% 

and 12.2% heterozygous, respectively) while very rare in Africa (no data for homozygous, 

2.8% heterozygous) (36). Also most of the studies published were performed on relatively 

small populations. Our results suggest that further major epidemiological studies may reveal 

a more substantial connection between R280H (rs25489) carriers and increased risk of 

decreased latency of cancer development or perhaps faster progression of the disease.
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Highlights

- Expression of the R280H variant of XRCC1 results in genomic instability 

and cellular transformation.

- Expression of R280H XRCC1 leads to accumulation of double-strand breaks 

during the G1 phase of the cell cycle.

- Individuals with the R280H XRCC1 variant may be at increased risk for 

various types of cancer.
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Figure 1. Expression of R280H hXRCC1 results in increased focus formation in mouse C127 
epithelial cells
A. Western blotting of XRCC1 expression in C127 clones #1 and #2 of R280H and clone #1 

of WT XRCC1 was performed on cellular extracts and antibodies raised against monoclonal 

XRCC1 were used to reveal expression of exogenous XRCC1. Lanes 1, 3, and 5 show 

expression of XRCC1 in the presence of Tet (not detected) while lanes 2, 4, and 6 show 

expression in absence of Tet. Quantification of the bands showed similar levels of XRCC1 

expression in all clones. B. Focus formation assay with two clonal C127 cell lines either 

inducing (Tet−, filled symbols, solid line) or not inducing (Tet+, open symbols, dashed line) 

expression of exogenous WT or R280H XRCC1. Both individual clones carrying R280H 

show a significant increase in focus formation under inducing (Tet−) conditions while 

expression of exogenous WT XRCC1 resulted in very low levels of focus formation.
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Figure 2. Expression of R280H hXRCC1 induces cellular transformation in human MCF10A 
cells
Western blotting was performed on cellular extracts and antibodies raised against the HA-

tag or/and monoclonal anti-XRCC1 were used to reveal expression of exogenous XRCC1. 

A. WT and R280H pools. Lanes 1 and 3 show WT and R280H pools, respectively, grown in 

the presence of Tet. Lanes 2 and 4 are WT and R280H pools, respectively, grown in the 

absence of Tet. Quantification of the bands showed that the corresponding pools expressed 

similar levels of WT and R280H exogenous XRCC1. B. WT and R280H clones. Expression 

of WT and R280H XRCC1 is shown in the presence (lanes 1, 3, 5, 7) or absence (lanes 2, 4, 

6, 8) of Tet. Quantification of the bands revealed similar levels of XRCC1 expression in all 

clones. C. Anchorage independent growth assay with MCF10A pools with either induced 

(WT Tet−, R280H Tet−) or not induced (WT Tet+, R280H Tet+) exogenous XRCC1 

expression. D. Anchorage independent growth assay with four MCF10A clonal cell lines 

expressing either WT (Clones 1 and 2, white columns) or R280H (Clones 1 and 2, black 

columns) at passage 12. The mean number of colonies per field ± S.E is plotted on the Y-

axis. E. Proliferation rate assay with four MCF10A clonal cell lines expressing either WT or 

R280H grown in the absence of tet. ** and **** denote p < 0.01 and 0.0001, respectively.
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Figure 3. Expression of R280H hXRCC1 in MCF10A cells results in an increased level of 
chromosomal aberrations
Representative metaphase spreads of MCF10A expressing WT (A.) or R280H hXRCC1 

(B.). Chromosomal breaks are shown with the solid black arrow and fragments are shown 

with the dotted arrow. C. Numbers of aberrations per metaphase. A total of at least 50 

metaphases were scored for each cell line. Data are plotted as mean ± S.E. * and **** 

denote p < 0.05 and 0.0001, respectively.
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Figure 4. MCF10A cells expressing R280H hXRCC1 accumulate double strand breaks in the G1 
cell cycle phase
MCF10A pools expressing either WT or R280H hXRCC1 were treated with (A) 30 mM 

H2O2 for 30 min on ice and allowed to recover for 1, 2, and 6 hours or (B) 2mM MMS for 2 

hours at 37°C and allowed to recover for 1, 2, and 4 hours. Cells were stained with FITC-

conjugated γH2AX antibody and propidium iodide to assess the levels of double-strand 

breaks and the cell cycle phase, respectively, and analyzed by flow cytometry. Data are 

plotted as mean ± S.E. ** denotes p < 0.01.
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Figure 5. Expression of R280H hXRCC1 in MCF10A cells results in an increased level of double 
strand breaks
Representative γH2AX/53BP1 immunostaining images of MCF10A expressing WT (A.) or 

R280H hXRCC1 (B.). Left upper panel represents γH2AX staining (red), right upper - 

53BP1 staining (green), right bottom - DAPI staining (blue), and left bottom is a composite 

picture of all three panels (yellow for co-localizing foci). C. Only co-localizing foci (yellow 

on composite picture) were counted in WT or R280H hXRCC1 expressing cells. A total of 

at least 30 cells were scored for each cell line. Data are plotted as mean ± S.E. ** denotes p 

< 0.01.
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