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Clustered DNA lesions are defined as ≥2 damage events 
within 20 bp. Oxidised bases, abasic (AP) sites, single-
strand breaks and double-strand breaks (DSBs) exist in 
radiation-induced clusters, and these lesions are more 
difficult to repair and can be more mutagenic than single 
lesions. Understanding clustered lesion repair is therefore 
important for the design of complementary treatments to 
enhance radiotherapy. Non-DSB-clustered lesions consist-
ing of opposing AP sites can be converted to DSBs by base 
excision repair, and non-homologous end-joining (NHEJ) 
plays a role in repairing these DSBs. Artemis is an endo-
nuclease that removes blocking groups from DSB termini 
during NHEJ. Hence, we hypothesised that Artemis plays a 
role in the processing of DSBs or complex DSBs generated 
from non-DSB-clustered lesions. We examined the repair 
of clusters containing two or three lesions in wild-type 
(WT) or Artemis-deficient (ART−/−) mouse fibroblasts using 
a reporter plasmid. Each cluster contained two opposing 
tetrahydrofurans (an AP site analogue), which AP endonu-
clease can convert to a DSB with blocked 5′ termini. Loss 
of Artemis did not decrease plasmid survival, but did result 
in more mutagenic repair with plasmids containing larger 
deletions. This increase in deletions did not occur with ClaI-
linearised plasmid. Since Mre11 has been implicated in 
deletional NHEJ, we used small interfering RNA to reduce 
Mre11 in WT and ART−/− cells, but decreasing Mre11 did 
not change the size of deletions in the repair products. This 
work implicates Artemis in limiting the deletions intro-
duced during repair of 5′-blocked termini DSBs gener-
ated from non-DSB-clustered lesions. Decreasing repair 
accuracy without decreasing repair capacity could result in 
mutated cells surviving irradiation. Inhibiting Artemis in 
normal cells could promote carcinogenesis, while in tumour 
cells enhanced mutagenic repair following irradiation could 
promote tumour recurrence.

Introduction

Ionising radiation releases large amounts of energy and the 
average energy deposited in the medium per unit length of the 
radiation track is the linear energy transfer (LET) of the radiation. 
X-rays and gamma rays are low LET radiation, whereas alpha 
particles and heavy charged ions such as carbon (12C) and iron 
(56Fe) are high LET radiation and are more densely ionising. 
The critical target in the cell for ionising radiation is the DNA 

(1,2). Damage can result from the direct ionisation of the DNA 
as well as from hydroxyl radicals generated from the ionisation 
of water. Chemical alterations occur at guanine, thymine, 
adenine and cytosine, bases are released resulting in abasic 
(AP) sites, protein and DNA cross-links form and single-strand 
breaks (SSBs) and double-strand breaks (DSBs) are generated 
in the DNA (3,4). The termini of the breaks are frequently 
modified: 30% of 3′ termini contain a 3′ phosphoglycolate and 
70% have a phosphate group attached (5,6). Strand breaks with 
5′-blocked termini can also be generated following oxidation 
of the deoxyribose moiety (7): oxidation can directly generate 
strand breaks with a nucleoside 5′ aldehyde on the 5′ terminus 
or can produce oxidised AP sites that can be converted by a 
class  II AP endonuclease to strand breaks with 5′-blocked 
termini (8,9).

Ionising radiation whether high or low LET can generate 
clusters of damage with ≥2 damages within 1–2 helical turns of 
the DNA (10,11). Since the yields of radiation-induced damage 
are in the order of base damage and AP sites > SSBs ≫ DSBs 
(12–14), clusters consisting of base damage, AP sites and SSBs 
occur more frequently than DSBs (11). These clusters are des-
ignated non-DSB clusters [for review, see ref. (15)]. DSBs can 
also be generated with nearby oxidative base damage and these 
are termed complex DSBs. Complex DSBs are predicted to 
be induced at a greater frequency (16) by high LET radiation. 
These DSBs are therefore a significant type of biological dam-
age as high LET radiation is used to treat cancer (e.g. carbon 
ions) and is the relevant radiation for space exploration.

The base excision repair (BER) pathway is the predominant 
repair mechanism for base damage, AP sites and SSBs [for 
review, see ref. (17)]. Initiation of repair at base damage by 
BER produces a SSB repair intermediate and so non-DSB clus-
ters with the lesions situated in opposing DNA strands can be 
converted to DSBs by BER. Work in vitro [for review, see ref. 
(18)] using pure enzymes and synthetic clustered lesions has 
demonstrated the production of DSBs from non-DSB-clustered 
lesions. However, non-DSB clusters of oxidised base damage 
are not readily converted to DSBs in cells (19,20). In fact in 
bacteria, closely opposed 8-oxo-7,8 dihydroguanine (8oxoG) 
residues enhance the mutation frequency of 8oxoG in the clus-
ter (19,21), and the increase in mutation frequency is likely 
due to repair inhibition at the second 8oxoG after removal and 
introduction of a SSB at the first 8oxoG. This repair inhibi-
tion can be overcome in mammalian cells by over-expressing 
the 8oxoG DNA glycosylase: TK6 cells over-expressing Ogg1 
have increased sensitivity to ionising radiation (22). Unlike 
base damage, opposing AP sites are readily converted to DSBs 
in prokaryotes and eukaryotes (23–26), and in mammalian 
cells, the major class II AP endonuclease has been implicated 
in this process (20,25). Non-DSB-clustered lesions consisting 
of opposing AP sites and nearby oxidative damage can also be 
converted to complex DSBs in mammalian cells (20).

DSBs and complex DSBs are potentially lethal lesions that 
are repaired by either homologous recombination or non-
homologous end-joining [NHEJ; for review, see ref. (27)]. 
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NHEJ is the predominant pathway in mammalian cells and 
is initiated by the binding of the Ku70/80 heterodimer at the 
termini of DSBs, which recruits the DNA-dependent protein 
kinase catalytic subunit (DNA-PKcs) to the damage site. The 
termini then undergo processing to remove blocking groups 
from the termini. In preparation for DNA ligation, nucleotides 
can be added or removed by DNA polymerases and/or 
nucleases, and repair is completed by XRCC4/DNA ligase IV/
XLF.

Artemis and Mre11 are nucleases that are involved in the ter-
mini processing step of DSB repair, and there is evidence to sug-
gest that Artemis is involved in modifying termini of complex 
DSBs (28). Artemis has 5′–3′ exonuclease activity specific for 
single-stranded DNA, but in the presence of DNA-PK, Artemis 
has endonuclease activity and is involved in the removal of 3′ 
phosphoglycolate termini and 5′ overhangs, in the shortening 
of 3′ overhangs at DSBs and in the opening of hairpin ends 
(29–31). Artemis-deficient (ART−/−) cells are sensitive to ionis-
ing radiation, bleomycin and neocarzinostatin (32), and these 
defects can be complemented by expression of wild-type (WT) 
Artemis, but not an endonuclease-deficient mutant. ART−/− cells 
and the endonuclease mutant expressing cells are defective in 
repairing ~10–20% of DSBs, implicating the Artemis endo-
nuclease activity in repair of a subset of breaks. These DSBs 
are generally repaired with slower kinetics (2–20 h) and have 
been suggested to be complex DSBs (33), DSBs with modi-
fied termini (32) or DSBs that are situated in heterochromatin 
(34,35). Mre11 has also been implicated in the repair of DSBs 
by NHEJ (36,37). Mre11 has endonuclease activity on single-
stranded DNA, 3′–5′ exonuclease activity on double-stranded 
DNA and in combination with Rad50 and Nbs1 is essential for 
the generation of the long 3′ single-stranded DNA required for 
DSB repair by homologous recombination [for review, see ref. 
(38)]. Mre11 also plays a role in the post-DNA-incision steps 
of BER in yeast (39), and so Mre11 may be involved in termini 
processing in BER.

Previously, we used non-DSB clusters consisting of two 
opposing tetrahydrofuran (furan) lesions to demonstrate 
that this non-DSB cluster can be converted to a DSB in 
mouse cells by the major class II AP endonuclease, Apex1 
(25). Apex1 cleaves at a furan on the 5′ side of the dam-
age, generating a SSB in the DNA with a 3′ hydroxyl ter-
minus that can be used by DNA polymerase β to insert a 
nucleotide, but with a 5′ terminus that is blocked. Repair, 
therefore, has to proceed by long patch BER as has been 
found for oxidised AP sites generated by ionising radiation 
(8,9). Cleavage at two opposing furans, therefore, results 
in a DSB with 5′-blocked termini that have to be removed 

prior to DNA end-joining, and our previous studies impli-
cated both Ku-dependent and Ku-independent end-joining 
in the repair of these DSBs (25). We have also shown that 
two opposing furans with nearby 8oxoG can be converted to 
complex DSBs by Apex1 in mouse cells (20). To determine 
the involvement of Artemis in the completion of repair of the 
DSBs or complex DSBs generated from non-DSB clusters, 
we have now transfected a luciferase reporter plasmid con-
taining either two opposing furans or two opposing furans 
with a nearby 8oxoG into WT or ART−/− mouse cells. We 
have examined cleavage of the non-DSB clusters, plasmid 
survival and the products of repair. We have also used small 
interfering RNA (siRNA) to reduce Mre11 expression in the 
WT and ART−/− cells and determined that Artemis, but not 
Mre11, plays a role in limiting the deletions during repair of 
the DSBs formed from two opposing furans. The situation of 
an 8oxoG near to the DSB generated from the furans did not 
alter the outcome of repair.

Materials and methods

Oligodeoxyribonucleotides
Oligodeoxyribonucleotides (oligonucleotides) were purchased from Operon 
Technologies Inc. (Alameda, CA). The sequences of the double-stranded oligo-
nucleotides containing no damage or closely opposed tetrahydrofurans (furans, 
known as a d-spacer from Operon Technologies) and 8oxoG are shown in Table 
I. These oligonucleotides contained a 5′ phosphate and were purified using 
polyacrylamide gel electrophoresis. The presence of the damage was confirmed 
by labelling each oligonucleotide at the 5′ end with 32P and performing in vitro 
assays as described in ref. (20) with endonuclease IV or Fpg.

Oligonucleotides that were used for polymerase chain reaction 
(PCR) analysis were not purified and did not contain 5′-phosphate ter-
mini. Two primer sets were used to amplify the luciferase region: Luc1 
d(TGGATGGCTACATTCTG) and R d(TCATCGTCTTTCCGTGCT), Luc3 
d(ATGTGGATTTCGAGTCGTCTT) and Luc5 d(GCCTGGTATCTTTATAG).

Plasmids
pCMV3′luc (40) encodes carbenicillin resistance in bacteria and expresses fire-
fly luciferase from the cytomegalovirus promoter in mammalian cells. There 
are unique PacI and ClaI restriction sites in the 3′ end of the firefly luciferase 
coding region. pCMV3′luc inactive was generated by inserting a double-
stranded oligonucleotide at the PacI site (25), which results in the expression of 
inactive firefly luciferase protein. pCMV3′luc inactive is digested with PacI and 
ClaI to generate the linear DNA that is used in the ligations with the double-
stranded oligonucleotides shown in Table I. Insertion of the oligonucleotide 
sequences regenerates the pCMV3′luc sequence and expression of active fire-
fly luciferase. Using pCMV3′luc inactive to generate the linear DNA elimi-
nates potential background luciferase activity from the re-circularisation of 
partially digested plasmid in the ligation products. pACYC184 (New England 
Biolabs, Beverly, MA) is a low copy vector with a p15A origin of replication 
that encodes resistance to chloramphenicol (34 μg/ml). pRL-CMV (Promega, 
Madison, WI) expresses renilla luciferase in mammalian cells and encodes car-
benicillin resistance.

Table I. The sequence of the insert between PacI and ClaI in pCMV3′luc 

Name of lesion Position of the F relative to  
the F on the NT strand  
(base pairs apart)

Position of the O  
relative to the F on the  
NT strand

Sequence

Undamaged – – 5′   TAAATACAAAGGATATCAGGTGGCCCCCGCTGAATTGGAAT   3′   (NT) 
3′ TAATTTATGTTTCCTATAGTCCACCGGGGGCGACTTAACCTTAGC 5′   (T)

I 5 – 5′   TAAATACAAAGGATATCAGGFGGCCCCCGCTGAATTGGAAT   3′   (NT) 
3′ TAATTTATGTTTCCTAFAGTCCACCGGGGGCGACTTAACCTTAGC 5′   (T)

II 5 5′ 5′   TAAATACAAAGGATATCAGOFGGCCCCCGCTGAATTGGAAT    3′   (NT) 
3′ TAATTTATGTTTCCTAFAGTCCACCGGGGGCGACTTAACCTTAGC  5′   (T)

F designates the position of a furan and O designates the position of an 8oxoG in a damage-containing oligonucleotide. Two oligonucleotides were annealed to 
form a clustered lesion. The NT strand is the non-transcribed strand and the T strand is the transcribed strand in pCMV3′luc.
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Cell lines
Immortalised mouse fibroblast cell lines (41) that were WT or ‘knocked-out’ 
for the Artemis gene (ART−/−) were kindly provided by Dr P. Jeggo (University 
of Sussex, East Sussex, UK), but they were originally generated in the labora-
tory of Dr Alt (Howard Hughes Medical Institute, Boston, MA, USA). Cells 
were maintained in Dulbecco’s modified Eagle’s medium containing 10% foe-
tal bovine serum in a humidified atmosphere at 37°C in 10% CO2.

Insertion of double-stranded oligonucleotides into pCMV3′luc
This was performed according to Malyarchuk et al. (25). Briefly, pCMV3′luc 
inactive was digested with PacI and ClaI and purified from an agarose gel fol-
lowing gel electrophoresis. Linear DNA was quantified using an Agilent 2100 
Bioanalyzer (Agilent Technologies, Wilmington, DE). To generate double-
stranded oligonucleotides (Table I), complementary oligonucleotides were 
mixed in equimolar amounts in 10 mM Tris–HCl (pH 8) and 50 mM NaCl and 
the reaction placed in water at >85°C. The annealing reactions were cooled to 
room temperature over a period of ~2.5 h.

To generate one sample of ligated product, three ligation reactions were 
performed and de-salted using the Qiaquick Nucleotide Removal kit (Qiagen 
Inc., Valencia, CA) before being pooled (final volume 90 μl). Each ligation 
reaction contained PacI–ClaI-digested pCMV3′luc inactive (~1.4 pmol or 
5.5  μg), double-stranded oligonucleotide (7 pmol), 15 units of T4 DNA 
ligase (Promega Corporation, Madison, WI) and reaction buffer supplied by 
the manufacturer (0.5 mM adenosine triphosphate, 15 mM Tris–HCl pH 7.8, 
5 mM MgCl2, 5 mM dithiothreitol, 2.5% polyethylene glycol). Reactions were 
incubated overnight at 4°C. In order to have three different DNA samples for 
each insert, this procedure was performed in triplicate using different annealing 
reactions. A  similar sample of DNA was also generated as a control from 
ligation reactions that did not contain oligonucleotide (control ligation).

Introduction of DNA into the mouse fibroblasts
To transfect DNA into the cells, we used the Nucleofector™ (AMAXA 
Biosystems, Gaithersburg, MD) and the MEF Nucleofector™ Kit 2, accord-
ing to the manufacturer’s instructions using program T-20. To test the ligated 
product for each insert or the control ligated product, 10 μl of DNA sample 
(~1.8 μg) and 10 ng of pRL-CMV or 100 ng of pACYC184 were co-transfected 
into 2 × 106 to 3 × 106 mouse fibroblast cells. pRL-CMV was used when cell-
free extracts were prepared to measure luciferase activities, while pACYC184 
was used for experiments where the DNA was re-isolated from the cells. At 
least five transfections were performed for each type of ligation to measure 
luciferase activity, and three different reactions for each type of ligation were 
transfected for plasmid survival experiments. ClaI-linearised pCMV3′luc was 
also transfected as a control for DNA with a DSB that did not require removal 
of 5′- or 3′-modified termini. pCMV3′luc was digested with ClaI, subjected to 
gel electrophoresis and purified from the gel. This procedure was repeated and 
the DNA quantified using an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Wilmington, DE). ClaI-linearised pCMV3′luc (400 ng) was co-transfected with 
100 ng pACYC184. The DNA was re-isolated from cells, and the DNA from 
two transfections was pooled to form one sample. Three samples of DNA per 
cell type were generated for plasmid survival experiments.

Measurement of firefly and renilla luciferase activities
Six hours following DNA transfection, cell-free extracts were prepared, and 
firefly and renilla luciferase assays were performed as described in Malyarchuk 
et al. (25). In each experiment, the ratio of firefly/renilla luciferase activity was 
calculated for each transfection, and an average ratio from three transfections 
of the undamaged sequence was determined and set at 100%. The activity ratio 
from each transfection in the experiment was then expressed as a percentage of 
this average ratio for the undamaged sequence. This was also calculated for the 
transfections of the undamaged sequence to allow us to determine the level of 
variation for the undamaged sample. At least six transfections were performed 
for each type of ligation and the results were used to calculate the average per-
centage of the activity ratio compared with the undamaged sequence and the 
standard error for each construct. The InStat3 program and the unpaired t-test 
with Welch correction was used to determine statistical differences between the 
results for the WT and ART−/− cells for the same type of construct. Transfection 
of the control ligation resulted in negligible firefly luciferase activity.

Down-regulation of mouse Mre11 using siRNA
siGENOME SMART pool against mouse Mre11 and siCONTROL RISC-
free siRNA (negative control) were purchased from Dharmacon Inc.
(Chicago, IL, USA). The target sequences for mouse MRE11A siRNA were 
GGAUGGCAAUCUCAACAUU, GCGAAGCAGUUCAAGAGUU, UAGA- 
GUAGAAGACCUCGUA and UCGAGGAAUUAGUGAAGUA. One hundred 

picomoles (1.5 μg) of siRNA were transfected into the cells using the standard 
conditions described above. Three sets of transfections were performed at the 
same time: mock (no siRNA), negative control siRNA and a sample to decrease 
Mre11 expression (siRNA designed against Mre11). After 24 h, a sample of 
the transfected cells was used to prepare cell-free extracts. The remainder of 
the cells were then re-transfected with the pCMV3′luc ligation products as 
described above. The cell-free extracts were probed by western analysis to 
examine expression of Mre11 (mouse anti-Mre11 antibody, BD Biosciences, 
San Diego, CA, USA) and actin (anti-β-actin antibody, BD Biosciences, San 
Jose, CA, USA). Bound primary antibody was visualised using autoradiography 
following incubation with a secondary horseradish peroxidase antibody 
(Amersham, Piscataway, NJ, USA) and chemiluminescent substrate (ECL-plus 
substrate, Amersham, Piscataway, NJ, USA).

Plasmid survival assay and analysis of re-isolated DNA
Ligation reactions for each type of ligation or ClaI-linearised DNA were co-
transfected with pACYC184 into WT and ART−/− cells, or cells that had been 
first transfected to down-regulate Mre11, as described above. The pACYC184 
was added to the transfection to allow for normalisation of the transfection effi-
ciency, the yield of the re-isolated DNA and the transformation efficiency into the 
bacteria. Two hours after transfection, the DNA was re-isolated from the cells as 
described in Malyarchuk et al. (25). A 2-h time point was chosen as in previous 
experiments we examined re-isolated DNA at 2 and 6 h and found that even by 
6 h DNA degradation occurred from plasmid that contained only one DNA lesion 
(20). Each re-isolated DNA sample was transformed in duplicate into Max effi-
ciency DH10B™ chemically competent cells (Invitrogen Corporation, Carlsbad, 
CA) and the culture grown on solid medium containing 100 μg/ml of carbenicil-
lin or 34 μg/ml chloramphenicol. After overnight growth, a ratio of the carben-
icillin-resistant (CarbR) colonies/chloramphenicol-resistant (CmR) colonies was 
calculated for each transformation. The ratios were used to calculate the percent-
age of plasmid survival for each type of ligation compared with the undamaged 
sequence. The InStat3 program and the unpaired t-test with Welch correction or 
the Mann–Whitney test was used to determine statistical differences between the 
plasmid survival results of the same type of ligation in the different types of cells.

To determine the presence of deletions in the repair products in the colonies 
from the plasmid survival experiments, PCR was performed on the bacteria. 
To obtain a good sample size and a representative sample, colonies were ran-
domly selected from the plasmid survival colonies from all three ligations and 
pooled for a type of substrate and cell line. CarbR colonies were re-grown and 
a small amount of the bacteria used in a PCR reaction. PCR was performed as 
previously described (25) using primer sets Luc1 and R, and Luc3 and Luc5. 
A small percentage of colonies examined using the Luc1 and R primer set gen-
erated products at the size of pCMV3′luc inactive (292 bp versus 236 bp for 
pCMV3′luc). These were eliminated from the analysis. Two types of statistical 
analyses were performed using the SAS/STAT Software 9.2 of SAS system for 
Windows (SAS Institute Inc., Cary, NC, USA) comparing the repair products 
for each DNA substrate between the WT and ART−/− cells or between the mock/
siControl-transfected cells and the siMre11-transfected cells. The first statisti-
cal test was Fisher’s exact test, which examined whether there was an increase 
or decrease in the proportion of colonies containing deletions between the cell 
types, or types of transfected cells. For this test, two groups of repair products 
were considered: those without deletions and those with deletions. A two-sided 
P value <0.05 was considered significant. A  second analysis was performed 
with two different tests to consider whether the size of deletions in the colonies 
for a particular sample differed between the cell types, or types of transfected 
cells. From the product sizes of the PCR reactions, the colonies for each repair 
substrate were assigned to groups by size of deletion: 0, <100, 100–1000 and 
>1000 bp. This second analysis considers all the size groups together. For each 
repair substrate, the number of colonies in each group for either WT and ART−/− 
cells, for mock- and siMre11-transfected WT cells, or siControl- and siMre11-
transfected ART−/− cells were compared. The chi-square test was first performed 
to determine whether the proportion of colonies with the different deletion sizes 
differed for a particular substrate between cell types or types of transfected cells. 
The Cochran Armitage Trend Test was then performed as a follow-up test to 
determine whether there was a trend in the proportion of colonies to contain 
greater or smaller deletion sizes for a particular cell type, or type of transfected 
cell. A two-sided P value <0.05 was considered significant in both of these tests.

Results

Loss of Artemis did not alter cleavage at the non-DSB-
clustered lesions
We previously determined that two opposing furans, or a more 
complex lesion with two opposing furans and a nearby 8oxoG 
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(see Table I for the sequences), could be cleaved by Apex1 
in mouse cells to generate DSBs (20,25). To examine the 
importance of Artemis in the repair of these non-DSB clusters, 
plasmid was transfected into ART−/− cells and the corresponding 
WT mouse cell line. Double-stranded oligonucleotides that 
were undamaged or that contained the non-DSB clusters 
were ligated into the coding region of firefly luciferase in 
pCMV3′luc. The ligations were co-transfected with pRL-CMV 
into the cells, and 6 h later, an extract was made and assays 
performed for firefly and renilla luciferase. A decrease in the 
ratio of firefly:renilla activity indicates DSB formation. As can 
be seen from Figure  1A, the two types of non-DSB clusters 
resulted in lower firefly renilla luciferase activity compared 
with the undamaged sequence in the WT and ART−/− cells. This 
indicates the non-DSB clusters were converted to DSBs in these 
cells. However, there was no significant difference between the 
WT and ART−/− cells for the same type of non-DSB-clustered 
lesion. This indicates a similar amount of DSB formation 
occurred at the non-DSB clusters in the two cell types, and 
hence the loss of Artemis did not compromise the conversion 
of the furans to DSBs. Since Apex1 has been implicated in the 
conversion of these clustered lesions to DSBs (20,25), a protein 

sample at the time of transfection was also collected for each 
experiment to determine the Apex1 protein level. No significant 
difference in protein level was seen between the samples for the 
different cell lines (data not shown).

Loss of Artemis did not decrease plasmid survival
The introduction of a DSB at a clustered lesion in plasmid DNA 
can result in destruction of the linear DNA or mis-repaired 
plasmid. Therefore, examining plasmid survival allows us to 
determine whether a particular protein, in this case Artemis, is 
important for DSB repair of the plasmid. The defect in ART−/− 
cells compromises the repair of DSBs that normally take 
between 2 and 20 h to repair (33). In our previous studies using 
this same plasmid system, we examined DNA re-isolated at 2 
and 6 h after transfection and found that by 6 h we could detect 
DNA degradation of plasmid DNA even when there was only a 
single lesion in the DNA (20). We therefore chose the 2-h time 
point to study plasmid survival to prevent the results from being 
altered by plasmid DNA degradation that was not related to the 
DSB introduced at the clustered lesion.

Three separate ligations of undamaged DNA and each type 
of clustered lesion were transfected into WT and ART−/− cells. 

Fig. 1. Loss of Artemis does not alter the cleavage of furans within a clustered lesion or reduce plasmid survival. WT or ART−/− mouse fibroblasts were 
transfected with ligation reactions containing pCMV3′luc with no damage, or clustered lesions consisting of two closely opposed furans (F) 5 bp apart, or two 
opposing furans with an 8oxoG (O) situated in tandem 5′ to one of the furans. To determine whether the clustered lesions were converted to DSBs, the ligations 
were co-transfected with pRL-CMV, and firefly and renilla luciferase activities were measured from a cell-free extract after 6 h (A). The firefly/renilla ratio for 
each construct was expressed as a percentage of the average ratio of the undamaged sequence. At least six transfections of each type of ligation were performed. 
The average and the standard error are shown graphically in (A). To determine plasmid survival, the ligations were co-transfected with pACYC184, and DNA was 
re-isolated from the cells after 2 h. Three DNA samples were obtained from three independent ligations and transfections. Each DNA sample was transformed two 
times into bacteria and the culture grown on solid medium containing carbenicillin or chloramphenicol. A ratio of CarbR colonies/CmR colonies was calculated 
and plasmid DNA survival calculated by determining the percentage of CarbR/CmR for the clustered lesion divided by the average ratio for the undamaged 
construct. The average and the standard error are shown graphically in (B). Asterisk represents a statistical difference (P ≤ 0.05) compared with results for the 
same type of clustered damage from the WT cells.
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DNA was re-isolated after 2 h and the percent survival calculated 
from the number of colonies that were obtained for the 
re-isolated damaged plasmid and undamaged plasmid after 
transformation into bacteria. As can be seen from Figure 1B, 
plasmids that contained two opposing furans (Lesion I, Table 
I) survived 26–32% compared with the undamaged plasmid, 
and there was no significant difference between survival in 
the WT and ART−/− cells. However, the plasmid containing 
two furans and an 8oxoG (Lesion II) actually survived better 
in ART−/− cells compared with WT. This was not due to less 
DSB formation at this lesion in the ART−/− cells, as seen by the 
luciferase activity expressed from these plasmids in Figure 1A.

Loss of Artemis reduced accuracy of repair
To determine the accuracy of repair, the bacterial colonies 
carrying the plasmid from the plasmid survival study 
(Figure  1B) were subjected to PCR analysis. Primers were 
positioned across the region of the original site of damage in 
pCMV3′luc. Different pairs of primers situated at increasing 
distances from the PacI–ClaI region were used to determine 
the size of the deletions that had been introduced during the 
repair of the plasmid. A total of 134 colonies were examined 
for Lesion I from WT cells, while 144 colonies were analysed 
for the ART−/− cells. For Lesion II, 73 and 142 colonies were 
analysed for the WT and ART−/− cells, respectively. The sizes 
of the PCR products were used to determine the deletion 
sizes. Fisher’s exact test was performed to determine whether 
there was a significant difference in the proportion of colonies 
containing deletions between the cell types. The DNA that 
was recovered from the ART−/− cells had a significantly higher 
percentage of colonies with plasmids containing deletions at the 
site of the clustered lesion for both Lesions I and II compared 
with the WT cells (Table II).

To determine whether the deletion size had increased due 
to a particular lesion and cell type, the results were catego-
rised into groups of deletion size: 0, <100, 100–1000 and 
>1000 bp. These groups were chosen due to the limits of 
detection in the change of PCR product size. By the chi-
square test, there was a statistically significant alteration in 
the proportion of colonies distributed among the different 
deletion size groups for the repair products from plasmids 
with Lesions I and II for DNA from ART−/− cells compared 
with the WT cells (Figure  2A and B). Using the Cochran 
Armitage Trend Test, it was further determined that there 
was a trend for an increased proportion of colonies to contain 
plasmid with greater deletion sizes for DNA re-isolated from 

the ART−/− cells compared with the WT cells. This was found 
for plasmids containing Lesion I  (P  =  0.0015) and Lesion 
II (P  =  0.0448). Therefore, the DNA re-isolated from the 
ART−/− cells tended to contain larger deletions compared with 
that re-isolated from the WT cells.

It was possible that this increased deletion size in the DNA 
was not related to the type of DSBs generated from the non-
DSB-clustered lesions, but that this was a general defect in 
ART−/− cells. The experiment was, therefore, repeated using 
ClaI-linearised pCMV3′luc DNA, which contained DSB ter-
mini with 3′ hydroxyl and 5′ phosphate groups that can eas-
ily be ligated. The number of colonies analysed by PCR was 
51 and 41 for WT and ART−/− cells, respectively. There was 
no significant difference in the proportion of colonies carry-
ing plasmids with deletions when the WT and ART−/− cells 
were compared by Fisher’s exact test (Table II), and as can 
be seen from Figure 2C, there was no significant difference 
in the proportion of colonies within the different deletion size 
groups. The Cochran Armitage Trend Test also did not detect 
a trend for the DNA re-isolated from ART−/− cells to con-
tain larger or smaller deletions compared with the WT cells 
(P = 0.381).

Reducing the level of Mre11 protein did not alter plasmid 
survival in WT or ART−/− cells
Mre11 is a nuclease that has been implicated in the processing 
and repair of DSBs by deletional NHEJ (36,37) and has also 
been implicated in the post-DNA-incision steps of BER in 
yeast (39). Since the DSBs under examination in this study 
were generated in the cell by BER (20,25), we postulated that 
Mre11 may be introducing the deletions at the DSB termini in 
the absence of Artemis. WT and ART−/− cells were transfected 
with siRNA to reduce the level of Mre11 protein in the cells. 
After 24 h, Mre11 expression was reduced by ~75% in WT 
cells and ~55% in ART−/− cells (Figure 3A). Experiments were 
performed where the WT and ART−/− cells were first transfected 
with the siRNA and after 24 h re-transfected with ligations that 
contained undamaged DNA or DNA with Lesion II. The DNA 
was re-isolated after 2 h and the experiment was performed three 
independent times. The plasmid survival was then assessed. 
There was no significant difference in plasmid survival in the 
WT or ART−/− cells between the mock-, siControl- or siMre11-
transfected cells (Figure  3B). There was also no significant 
difference in plasmid survival between the WT and ART−/− 
mock-transfected cells. This is different from the plasmid 
survival results for the Lesion II-containing plasmids when 

Table II. Plasmid DNA containing clustered Lesion I or II contained more deletions following repair in ART−/− cells 

Type of DNA substrate Cell type Number of colonies (%)

No deletion With deletion

Lesion I (two furans) WT 32 (24) 102 (76)
ART−/− 12 (8) 132 (92)*

Lesion II (two furans and an 8oxoG) WT 27 (37) 46 (63)
ART−/− 17 (12) 125 (88)*

Linear DNA WT 32 (63) 19 (37)
ART−/− 22 (54) 19 (46)

Bacterial colonies from the plasmid survival were subjected to PCR analysis to determine the number of colonies carrying plasmids with deletions. Fisher’s 
exact test using the SAS/STAT Software 9.2 of SAS system for Windows (SAS Institute Inc., Cary, NC, USA) was performed to determine whether there was a 
significant difference between the number of deletions detected in the DNA re-isolated from WT and ART−/− cells for a particular DNA substrate. A two-sided 
P value was used to determine whether there was an increase or decrease in the number of colonies with deletions. The colony number was converted to a 
percentage of the total colonies and this percentage is shown in parentheses.
*P < 0.05 was considered significant.
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the cells were transfected only once (Figure 1B). Interestingly, 
there was an increase in survival of plasmids with Lesion II 
in the ART−/− siControl-transfected samples compared with the 
WT siControl samples, although this was not quite significant 
by a t-test (P = 0.0584). It is, therefore, possible that the loss 
of Artemis in the cells may alter plasmid survival for Lesion 
II-containing plasmids. Further work that is beyond the scope of 
this study is required to determine the reason for this potential 
increase in survival.

Reducing the level of Mre11 protein did not alter the 
deletion sizes of the repaired plasmid
The colonies obtained from the plasmid survival experiment 
(Figure  3B) were analysed by PCR to determine the size of 
deletions introduced during the repair of DSBs produced 
from Lesion II. We analysed the colonies from the WT mock 
transfection and ART−/− siControl transfection as the control 
samples, since the colonies for the second control group in 
each cell type were lost during the colony processing. However, 
these control WT and ART−/− samples were appropriate control 
samples since they showed no significant trend of an increase/
decrease in deletion size compared with the data obtained for 
the first set of WT and ART−/− samples, respectively. Reducing 
Mre11 in the WT cells did result in a slight increase in the 
percentage of colonies carrying deletions (P = 0.0457, Fisher’s 
exact test): 85% of colonies carried deletions from the siMre11-
transfected cells compared with 75% in the case of the mock-
transfected cells. However, there was no significant increase 
in the percentage of colonies with deletions when the ART−/− 
siControl samples (83% carried deletions) and ART−/− siMre11 
samples (86% carried deletions) were compared. When the 
PCR results were used to categorise the deletions into different 
size groups (0, <100, 100–1000 and >1000 bp), there was no 
significant difference in the distribution of the colonies among 
the different deletion size groups (chi-square test) between the 
WT mock-transfected and the WT siMre11-transfected cells 

Fig. 2. PCR analysis of colonies obtained from DNA re-isolated from 
WT and ART−/− cells. CarbR colonies obtained from the plasmid survival 
experiments (Figure 1B) were analysed by PCR for deletions in pCMV3′luc. 
A total of 134 colonies from the three different ligations were examined for 
Lesion I from WT cells, while 144 colonies were analysed for the ART−/− 
cells. For Lesion II, 73 and 142 colonies were analysed for the WT and ART−/− 
cells, respectively. As a control, DNA with a DSB without damaged termini 
(ClaI-digested pCMV3′luc) was also transfected into WT and ART−/− cells. 
DNA was re-isolated after 2 h and PCR analysis performed using the CarbR 
colonies obtained following transformation of the DNA into bacteria. For 
the linearised plasmid DNA, 51 and 41 colonies were examined for deletions 
from the DNA re-isolated from WT and ART−/− cells, respectively. From 
the PCR analyses, the colonies for each repair substrate were assigned to 
groups by size of deletion: 0, <100, 100–1000 and >1000 bp. For each repair 
substrate and cell type, the number of colonies in each group was converted 
to a percentage of the total analysed colonies. The chi-square statistical test 
was used to compare the results for WT and ART−/− cells for each substrate. 
This test determined whether there was a significant change between the cell 
types in the proportion of colonies that contained the different deletion sizes. 
These results are shown graphically for Lesion I (P = 0.0021) in (A), Lesion 
II (P < 0.0001) in (B) and for ClaI-linearised DNA (P = 0.2796) in (C).

Fig. 3. Decreasing Mre11 in WT or ART−/− cells does not alter plasmid survival. 
Cells were transfected with siRNA designed against Mre11, a scrambled control 
siRNA (siControl) or no siRNA (mock) and incubated for 24 h. A cell-free 
extract was prepared from some of the cell population and analysed by western 
analysis for Mre11 expression (A). The remaining cells were transfected with 
pACYC184 and pCMV3′luc ligations containing no damage or Lesion II (two 
furans and an 8oxoG). DNA was re-isolated after 2 h. Three DNA samples were 
obtained from three independent ligations and transfections. Each DNA sample 
was transformed two times into bacteria and the culture grown on solid medium 
containing carbenicillin or chloramphenicol. A ratio of CarbR colonies/CmR 
colonies was calculated, and plasmid DNA survival calculated by determining 
the percentage of CarbR/CmR for the clustered lesion divided by the average 
ratio for the undamaged construct. The average and the standard error are shown 
graphically in (B).
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(Figure 4A), and between the ART−/− siControl-transfected and 
the ART−/− siMre11-transfected cells (Figure 4B). The Cochran 
Armitage Trend Test also did not detect a trend for a change in 
the deletion size for the DNA re-isolated from the WT mock-
transfected and WT siMre11-transfected cells (P  =  0.4868) 
and between the ART−/− siControl-transfected and the ART−/− 
siMre11-transfected cells (P = 0.4257). Reducing Mre11 in the 
two cell types, therefore, had no effect on the size of deletions 
in the repair products.

Discussion

Both high and low LET radiation produce non-DSB-clustered 
lesions, DSBs and complex DSBs in DNA (42), and the non-
DSB-clustered lesions have been detected following irradiation 
of cells at doses commonly used for radiotherapy (42,43). High 
LET radiation has a higher relative biological effectiveness 
(RBE) for cell killing than low LET radiation, and one 
explanation of this increase in RBE could be the increase in the 

complexity of the damage and the inability of the cell to repair 
the complex damage. The predominant form of radiation used 
in the clinic for cancer treatment is low LET X-rays or gamma 
rays. However, there are 40 particle radiation therapy centres in 
the world and a number of these treat patients with high LET 
carbon ions. By March 2012, 96,537 patients had been treated 
with particle radiation therapy, and there are 25 new centres 
that plan to open before 2016 (44). To improve radiotherapy or 
to design complementary treatments that enhance the efficacy 
of high and low LET radiotherapy, it is necessary to understand 
how tumour cells try to repair the non-DSB-clustered lesions 
and the resulting DSBs or complex DSBs produced by repair 
of non-DSB-clustered damage. It was originally hypothesised 
that the defect in ART−/− cells was the repair of complex DSBs 
(33), and Artemis has been shown to be involved in the repair 
of DSBs with an AP site situated near the break (28). More 
recent studies implicate Artemis in the repair of DSBs in 
heterochromatin (34,35), and so this work was performed to 
determine whether Artemis plays a role in processing complex 
DSB termini generated from the initiation of BER at defined 
non-DSB-clustered lesions in cells.

The clustered lesions examined (Lesions I  and II, Table I) 
each contained two opposing furans, and Lesion II also had an 
8oxoG situated 5′ to one of the furans. These lesions have been 
well characterised in our previous studies (20,25): Lesions 
I and II are converted to DSBs by the major class II AP endonu-
clease in the cell (Apex1 in mouse cells) and NHEJ is involved 
in the repair of these DSBs. The DSB introduced at Lesion II is 
likely to be a complex DSB since it was clearly demonstrated 
that Apex1 in a nuclear extract cleaves at the furans in Lesion 
II prior to removal of the 8oxoG by Ogg1 (20). The only other 
possible scenario where 8oxoG could be removed prior to DSB 
formation is if the furan on the non-transcribed strand (Table 
I) was removed first to generate a 3′ terminal 8oxoG near a 
SSB. This terminal 8oxoG is still difficult to repair as it is not a 
substrate for the DNA glycosylases Neil1, Neil2 or Ogg1 (45). 
There is in vitro evidence showing that human Ape1, and hence 
Apex1 in mouse cells, has limited ability to remove a 3′ termi-
nal 8oxoG at a SSB: 600 fmol of Ape1 was required to remove 
only ~50% of the 8oxoG in 250 fmol of substrate in 20 min at 
37°C (45). However, in cells, it is unlikely that a 3′ terminal 
8oxoG at a SSB would be generated at Lesion II as the 8oxoG 
situated 5′ and in tandem to the furan reduces the activity of 
Apex1 at the furan (20). The order of damage removal would 
likely be the furan from the transcribed strand, followed by the 
furan from the non-transcribed strand. Therefore, according to 
substrate specificity, Apex1 in cells will convert Lesion II to a 
complex DSB with 8oxoG situated on a 3′ overhang at one of 
the 3′ termini of the DSB.

Whenever Apex1 cleaves at a furan, the SSB that is gener-
ated has a 5′-blocked terminus due to the structure of the furan 
lesion, and 8oxoG situated near a DSB has been found to 
reduce the efficiency of ligation of the DNA termini (45,46). 
Therefore, the DSB termini generated from Lesions I and II by 
Apex1 in mouse cells need to be processed by other enzymes to 
remove the 5′-blocked termini and to remove the 8oxoG from 
the complex DSB prior to repair. These substrates were, there-
fore, appropriate to test the involvement of Artemis in the repair 
of complex DSBs generated from non-DSB clusters.

Lesions I and II were efficiently converted to DSBs in WT 
and ART−/− cells, and there was no reduction in plasmid survival. 
A  consistent difference that was found between the WT and 
ART−/− cells was an increase in the size of deletions detected in 

Fig. 4. PCR analysis of colonies obtained from DNA re-isolated from WT 
and ART−/− cells after knock-down of Mre11 by siRNA. CarbR colonies 
obtained from the plasmid survival experiments following the treatment 
of WT or ART−/− cells with siMre11 (Figure 3B) were analysed by PCR 
for deletions in pCMV3′luc. Colonies from the mock-transfected (no 
siRNA treatment) or the siControl-transfected cells were analysed for 
comparison. Twenty-six to 51 colonies were analysed per independent DNA 
sample re-isolated from the cells. Hence, a total of 102 and 129 colonies 
were examined for the presence of deletions in the plasmid for Lesion II 
(two furans and an 8oxoG) for WT mock- and siMre11-transfected cells, 
respectively, while 112 and 119 colonies were studied for siControl- and 
siMre11-transfected ART−/− cells, respectively. From the PCR analyses, the 
colonies for each test condition were assigned to groups by size of deletion: 
0, <100, 100–1000 and >1000 bp. For each test condition, the number of 
colonies in each group was converted to a percentage of the total analysed 
colonies. The chi-square test was used to compare the results for WT and 
ART−/− cells for each substrate. This test determined whether there was a 
significant change between the transfected cell types in the proportion of 
colonies that contained the different deletion sizes. These results are shown 
graphically for mock- and siMre11-transfected WT cells (P = 0.0845) in (A) 
and for siControl- and siMre11-transfected ART−/− cells (P = 0.1106) in (B).
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the repair products from the DNA re-isolated from ART−/− cells. 
This increase in deletion size was not related to the presence 
of 8oxoG, and hence the complexity of the DSB, as a similar 
trend for deletion size was found for Lesions I and II. This was 
also not a general ART−/− cell DSB repair defect as there was no 
difference in the repair products from WT and ART−/− cells for 
linear plasmids with 3′-hydroxyl and 5′-phosphate termini. The 
barrier to repair that is absent from restriction-digested linear 
DNA but common to the DSBs generated from Lesions I and 
II is the 5′-blocked termini created by Apex1 at the furans. This 
study, therefore, implicates Artemis not necessarily in the repair 
of complex DSBs but in the processing of DSBs with 5′-blocked 
termini. This is in agreement with previous studies that linked 
the Artemis endonuclease to the sensitivity of cells to damaging 
agents generating 5′- and 3′-blocked termini (32). Therefore, 
our study suggests Artemis will also be required for NHEJ to 
process DSBs generated from ionising radiation-induced non-
DSB-clustered lesions containing oxidised AP sites and/or 
SSBs with a nucleoside 5′ aldehyde (7). Oxidised AP sites are 
substrates for human Ape1 and so opposing oxidised AP sites 
would result in DSBs with 5′-blocked termini.

Previous studies examining situations that inhibit/reduce 
NHEJ have found increased end resection at the DSB (47,48). In 
fact, reducing expression of DNA-PKcs using siRNA increased 
the resection at DSBs (48). This is relevant to Artemis, as 
DNA-PK is required to activate the Artemis endonuclease (29). 
In NHEJ protein-deficient cells, homologous recombination is 
increased (49), and cells with reduced DNA-PKcs and Ku80 
have an increase in RPA foci after X-rays, which indicates an 
increase in end resection (48). These published studies, therefore, 
suggest that the increase in the size of deletions detected in repair 
products in our work was due to the impairment of NHEJ when 
Artemis was not available to remove the 5′-blocked termini. If 
repair cannot occur by the classical NHEJ pathway, then either 
homologous recombination or the alternative backup NHEJ 
pathway can be used [for review, see ref. (38)], and an increase 
in end resection is an indicator of repair by these pathways. We 
detected Ku-independent repair of the DSB generated from 
Lesion I in our previous study in Ku-deficient cells (25).

Mre11 forms a complex with Rad50 and Nbs1 (MRN) and 
is known to be involved in end resection during homologous 
recombination [for review, see ref. (38)]. More recently, the 
Mre11 nuclease activity has been implicated in the alterna-
tive NHEJ pathway. The alternative NHEJ pathway does not 
require the Ku70/80 complex, but involves the MRN complex 
binding the ends of the DNA. MRN in combination with CtIP 
resects the DNA, pausing when microhomology sequences 
are found at the two termini (50–52). Ligation occurs at 
the microhomology sequences to complete DSB repair [for 
review, see refs (38,53)]. This alternative NHEJ pathway is 
characterised by large deletions, and reducing Mre11 protein 
expression in human cells has been found to substantially 
decrease alternative NHEJ repair but not alter classical NHEJ 
(54). In Schizosaccharomyces pombe, the Mre11 nuclease 
is important for initiation of end resection as it is needed to 
remove the Ku70/80 complex and the MRN complex from 
DSBs (55). Since in our situation classical NHEJ was likely 
impaired by the inability to remove 5′-blocked termini in 
the absence of Artemis, we postulated that Mre11 might be 
required to remove the Ku heterodimer to allow access to the 
DSB and/or be involved in end resection to generate the dele-
tions by either alternative NHEJ or homologous recombina-
tion. However, when Mre11 protein expression was reduced 

to below 50% the normal level in WT and ART−/− cells, there 
was no alteration in the deletion sizes detected in the repair 
products. It is possible that Mre11 needed to be reduced to an 
even lower expression level to see an effect on deletion size. 
However, in support of the conclusion that Mre11 is not the 
nuclease promoting end resection in the absence of Artemis 
in this study, DNA degradation by Mre11 has been found to 
be inhibited by cohesive ends and stimulated by mismatched 
DNA ends (56). The DSB created by Apex1 at the opposing 
furans has overhangs with sequence homology and so should 
not be a good substrate for Mre11. It is possible, therefore, 
that other nucleases introduce the deletions at the DSBs gen-
erated from Lesions I  and II when Artemis is absent. Two 
potential candidates are CtIP and ExoI (57), both of which are 
involved in DNA end resection in homologous recombination 
(38). CtIP has also been implicated in end processing during 
alternative NHEJ (52).

In summary, this study implicates Artemis in the processing 
of the 5′-blocked termini at simple or complex DSBs that can 
be generated from non-DSB-clustered lesions during radio-
therapy. The lack of Artemis did not compromise the amount 
of repair, but altered the size of the deletion introduced at the 
break site during DSB repair. The presence of oxidative DNA 
damage at the DSB did not influence the type of repair prod-
uct in ART−/− cells. The 5′-blocked termini and not the added 
8oxoG influenced the need for processing by Artemis. It is 
possible that the lack of ability to process the 5′ termini of the 
DSB impaired classical NHEJ enough to result in a change 
in the type of DSB repair. A  requirement for Artemis to 
remove the 8oxoG at the DSB would then have been masked 
by the dominating effect of the 5′-blocked termini generated 
by Apex1 at the furans. The increase in deletion size in the 
absence of Artemis suggests that repair switched to the alter-
native NHEJ repair pathway or single-strand annealing. It is 
unlikely that homologous recombination completed repair 
due to the inaccuracy of repair. Future studies are needed to 
determine which nuclease/nucleases are involved in process-
ing the blocked termini in the absence of Artemis.

This work indicates that inhibition of Artemis alone at the 
time of radiotherapy would not improve therapeutic outcome. 
The inhibition of one repair pathway seems to promote the 
use of an alternative mechanism to complete repair of DSBs 
generated by the radiation or from the initiation of BER at 
a non-DSB-clustered lesion. In fact, promoting mutagenic 
repair could result in tumour recurrence. This work needs to 
be extended in the future to reveal which proteins are involved 
in processing complex DSBs or DSBs with blocked termini 
during NHEJ and the backup repair pathways. Since high LET 
therapies are now being used to treat cancer, it is even more 
important to dissect the repair mechanisms of these clustered 
lesions and complex DSBs. Understanding the processing and 
outcome of these lesions could lead to therapeutic strategies 
that manipulate the tumour cell’s DNA repair capacity and to 
the design of complementary treatments that enhance the effi-
cacy of radiotherapy.
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