NHEJ, we measured sensitivity to ionizing radiation (IR)
in the G; phase (Figure 3A and Supplementary Figure
S5A). SMARCALI/~ as well as LIG4~/=/= cells showed
a hypersensitivity to IR (Figure 3B). As expected, the
SMARCALI=/~/LIG4~/=/~ cells showed the same hyper-
sensitivity to IR as did the LIG4~/~/~ cells in the G; phase
(Figure 3B). We then monitored DSB repair kinetics in
the G; phase by counting the number of yH2AX and
53BP1 foci over time after exposure to IR. The resolu-
tion of 53BP1 and yH2AX foci was significantly delayed
in SMARCALI=/~ cells compared to wild-type cells (Fig-
ures 3C, D and Supplementary Figure S5B). These results
indicate that SMARCALI™/~ cells are deficient in DSB re-
pair in the G; phase. We therefore conclude that Smarcall
promotes DSB repair by NHEJ in both human and chicken
DT40 cells.

Deletion of Smarcall does not compromise the fidelity of
NHEJ

To address the accuracy of individual DSB-repair events, we
performed two experiments using TK6 cells, (i) the analysis
of V(D)J recombination (Figure 4) and (ii) the repair of I-
Scel induced DSBs by NHEJ (Figure 5).

V(D)J recombination is initiated by the Ragl and Rag2
recombinase proteins, which introduce DSBs at the re-
combination signal (RS) (58,59) and complete recombi-
nation by collaborating with canonical NHEJ. We used
two episomal V(D)J-recombination substrates, pJH200 and
pJH290, where the recombinase generates the RS and
coding-joint products, respectively (50) (Figure 4A). We
transiently transfected expression plasmids encoding RAGI
and RAG2 along with either pJH200 or pJH290 into wild-
type and SMARCALI~/~ and LIG4~/~/~ cells (Figure
4B). We then recovered the transfected substrate plasmids
from the TKG6 cells, introduced the plasmids into bacte-
rial cells, and plated them on LB agar plates containing
either ampicillin or chloramphenicol. Ampicillin-resistant
colonies contained recovered pJH200 or pJH290 plasmids,
while colonies resistant to chloramphenicol contained only
rearranged pJH200 or pJH290 plasmids. Thus, the fre-
quency of rearrangement can be calculated as the gain
of chloramphenicol-resistant (cam®) colonies relative to
the total number of ampicillin-resistant (amp®) colonies.
The signal-joint ends are precisely ligated, whereas the
coding ends are joined in a process that can involve nu-
cleotide loss or gain in addition to simple ligation (60). We
failed to recover any rearranged signal-joint products from
LIG4~/=/~ cells, which agrees with the essential role for
DNA Ligase4 in signal-joint formation (61,62). The effi-
ciency of recombination in the signal-joint and coding-joint
plasmids was decreased 2.3 and 2.4 times, respectively, in
SMARCALI/~ cells, when compared with wild-type cells
(Figure 4C). The nucleotide sequence analysis of signal-
joint products indicated that only a single product among
the 29-analyzed sequences contained one nucleotide dele-
tion in SMARCALI~/~ cells (data not shown). Analysis
of coding joints, on the other hand, showed more frequent
deletion events in SMARCALI~/~ as well as in wild-type
cells, with the extent and frequency of deletion being com-
parable between the two genotypes (Supplemental Table
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S2). Thus, the loss of Smarcall reduces the efficiency of
canonical NHEJ without compromising its fidelity.

We next examined individual DSB-repair events in the
human TK6 cell line, which is heterozygous (+/-) for the
thymidine kinase (7K) gene and contains an I-Scel endonu-
clease recognition site in the fourth intron of the intact
TK allele (51) (Figure 5A). If the repair of I-Scel-induced
DSBs causes the deletion of more than 100 nucleotides
downstream from the I-Scel site, the deletion would in-
activate the fifth exon, leading to the formation of TK~/~
cells, which cells are able to form colonies in the negative-
selection media containing trifluorothymidine (TFT) (Fig-
ure SA). We found that the number of TFT-resistant clones
was reduced by 8 and 5 times in the LIG4~/~/~ and
SMARCALI~/~ cells, respectively, when compared with
wild-type cells (Figure 5B). To analyze deletion range and
pattern, we isolated at least 50 individual TFT-resistant
clones from each genotype. Genomic PCR amplification
over the I-Scel site indicated that deletion was two times
shorter in the SMARCALI~/~ cells and approximately 0.5
times longer in LIG4~/~/~ cells, compared with wild-type
cells (Figure 5C and Supplementary Figure S6). In sum-
mary, we conclude that Smrcall promotes NHEJ without
affecting its accuracy.

The RPA-binding domain and the ATPase domains are both
required for the promotion of NHEJ by Smarcall

The phenotypic analysis of SMARCALI*~ DT40 cells
indicated that the RPA-binding site is essential for Smar-
call to function in NHEJ. To confirm the relevance
of this finding to human cells, we reconstituted the
SMARCALI/~ TK6 cells with the RPA-binding-site-
deficient (SMARCALI*%) transgene as well as the wild-
type (SMARCALI™T) transgene. The expression level of
the Smarcall protein in the reconstituted cells was simi-
lar to that in the wild-type cells (Figure 5D, lower panel).
As expected, reconstitution of SMARCALI™/~ cells with
the SMARCALI"T transgene normalized the NHEJ-
mediated repair of I-Scel-induced DSBs (Figure 5E). The
SMARCALI*% transgene failed to normalize NHE]J, in-
dicating that the RPA-binding site plays a role in pro-
moting NHEJ by Smarcall in human cells. Moreover,
SMARCALI~'~ cells and SMARCALI*¥ transgene ex-
hibited similar sensitivity to DNA-damaging agent (Supple-
mentary Figure S4C), demonstrating that the RPA-binding
site is critical for Smarcall DNA repair function. Next, to
investigate the role of annealing helicase activity, we in-
troduced a point mutation (Arginine 764 to Glutamine,
R764Q) into the ATPase domain of the SMARCALI"T
transgene, which mutation has no detectable annealing he-
licase activity (2) and causes a severe form of Schimke
immuno-osseous dysplasia (SIOD) (4). Reconstitution with
the resulting SMARCALI®%*Q transgene did not restore
the repair of I-Scel-induced DSBs (Figure 5D and E). We
therefore conclude that the annealing helicase activity as
well as the physical association of Smarcall with RPA is re-
quired for the promotion of NHEJ by Smarcall. One possi-
ble scenario is that Smarcall promotes NHEJ by interacting
with unwound DSB ends associated with RPA and facilitate
their annealing.
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experiments.

Annealing of double-strand DNA by purified Smarcall
(2) suggests that Smarcall facilitates NHEJ by stabiliz-
ing the physical interaction between Ku70/Ku80/DNA-
PKcs proteins and DSB ends, thereby activating DNA-
PKcs. To test this hypothesis, we analyzed the phospho-
rylation status of threonine 2609 (63,64) after treatment
with the topoisomerase 2 inhibitors ICRF193 (Supplemen-

tary Figures S7TA and S7B) and etoposide (Supplemen-
tary Figure S7C). Strikingly, the phosphorylated threo-
nine 2609 was detectable only in the wild-type and not
in the SMARCALI~/~ cells (Supplementary Figures S7B
and S7C). The compromised phosphorylation of DNA-
PKcs may account for the decreased efficiency of NHEIJ,
as the substitution of the threonine 2609 site to alanine
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causes radio-sensitivity and reduced V(D)J recombination
efficiency, which sensitivity is less prominent than that of
DNA-PKcs null-mutant cells (64). We propose that Smar-
call promotes NHEJ, presumably at an initial step, by facil-
itating the physical association of Ku70/Ku80/DNA-PKcs
proteins and DSB ends.

Smarcall is required for the recruitment of XRCC4 to DNA-
damage sites

To investigate early and late steps of NHEJ, we moni-
tored the dynamics of Ku70 and XRCC4 proteins, respec-
tively, in the chromatin-bound fraction, following exposure
of cells to ICRF193 for one hour (Figure 6). This expo-
sure did not affect the purification of the chromatin-bound
or the nuclear-soluble fractions (Figure 6A). Exposure to
ICRF193 caused a marked increase in the amounts of both
Ku70 and XRCC4 in the chromatin-bound fraction of wild-
type cells. In marked contrast, accumulations of Ku70 and
XRCC4 in the SMARCALI~/~ as well as DNA-PKes™/~
cells were, significantly smaller compared with wild-type
cells (Figure 6B and C).

To validate the significant reduction in the accumulation
of XRCC4 near DSB sites, we conducted chromatin im-
munoprecipitation (ChIP) following transient transfection
of empty vector and expression vectors encoding the I-Scel
restriction enzyme and a TALEN towards the p53 locus
(Figure 6D). XRCC4 is supposed to accumulate at the TK-I
or p53-I sites, which are adjacent to the DSB sites, but not
at the TK-11 or p53-II sites, which are distant from the DSB
sites (Figure 6D). Transient expression of I-Scel or TALEN
caused the accumulation of XRCC4 near the DSB sites in
wild-type cells, whereas the extent of the accumulation was
significantly reduced in SMARCALI~/~ cells (Figure 6E
and Supplementary Figure S7D). We checked the overall
expression levels of XRCC4 (Supplementary Figure S7B)
to confirm that the deletion of Smarcall did not alter the
level of protein expression. Thus, Smarcall is required for
recruitment of XRCC4 to DSB sites.

Like reduced accumulation of Ku70 in the chromatin
fraction (Figures 6B and C), the amounts of Ku70 and
DNA-PKcs near the I-Scel site were approximately 30%
smaller in SMARCALI/~ cells in comparison with wild-
type cells (Figures 6F and G). In summary, Smarcall may
promote annealing of DSB ends, which stabilizes complex
formation of Ku/DNA-PKcs at DSB sites and fully ac-
tivates DNA-PKcs. The activation may enhance the re-
cruitment of XRCC4 for the completion of DSB repair by
canonical NHEJ.

DISCUSSION

We herein show that Smarcall significantly contributes to
canonical NHEJ. Although the role of Smarcall during
DNA replication has been well established (1,3,8-10,65), it
has remained unclear whether Smarcall plays a role outside
the S phase. We here reveal that Smarcall contributes to
DSB repair by NHEJ during the G; phase. The role played
by Smarcall in NHEJ is demonstrated by six points, as fol-
lows. First, the loss of Smarcall increases cellular sensitiv-
ity to ICRF193, which induces DSBs repair only by NHEJ

and not by HR (17) (Figures 1B and 2B). Second, null-
mutation of KU70 is epistatic to SMARCALI43% mutation
in DT40 cells (Figure 1D) and null-mutation of LIG4 is
epistatic to SMARCALI null-mutation in TK6 cells (Fig-
ure 2D), in terms of cellular tolerance to ICRF193. Third,
the loss of Smarcall significantly reduces the efficiency of
DSB repair in the Gy phase in TK6 cells (Figure 3). Fourth,
SMARCALI null-mutation in TK6 cells significantly com-
promises V(D)J recombination (Figure 4) as well as I-Scel-
induced DSB repair by NHEJ (Figure 5). Fifth, SMAR-
CALI null-mutation impairs the phosphorylation of DNA-
PKcs at threonine 2609 (Supplementary Figures S7B and
S7C). Lastly, SMARCA LI null-mutation diminishes the ac-
cumulation of Ku70, DNA-PKcs and XRCC4 at DNA-
damage-induced DSB sites (Figure 6). We therefore con-
clude that Smarcall plays a role in NHEJ.

The molecular mechanisms underlying the severe lym-
phocytopenia of SIOD patients remain unclear (4,40,41).
The lymphocytopenia might result primarily from a severe
defect in V(D)J recombination due to the reduced efficiency
of NHEJ, according to the following studies. The analysis of
V(D)J recombination in peripheral T lymphocytes indicates
that the size of the T-cell-antigenic receptor (TCR) reper-
toire is extremely small in SIOD patients (40). Moreover, the
peripheral T lymphocytes of SIOD patients have severely
low copy number of episomal circular DNA generated as
a consequence of V(D)J recombination and contain signal
joints of the T cell receptor genes (40,41). These observa-
tions support the following scenario. A moderate defect in
NHEJ can cause a very strong decrease in the efficiency
of T-cell development in patients, since it requires produc-
tive D-J- and V-D-recombination events in both TCRa and
TCRP chain genes in individual thymocytes. The reduced
T-cell production by the thymus may be compensated by en-
hanced proliferation of newly generated peripheral T lym-
phocytes (66) in SIOD patients, leading to the quick di-
lution of episomal circular DNA in individual peripheral
T lymphocytes. This enhanced proliferation could cause
a strong replication stress in SIOD patients, due to their
attenuated stabilization of replication forks. In summary,
we propose that the severe lymphocytopenia of SIOD pa-
tients (4,40,41) is attributable to the significantly reduced
efficiency of V(D)J recombination, together with attenuated
stabilization of replication forks.

A prominent question is, how does Smarcall facilitate
the promotion of NHEJ? We have shown that both the
loss of the RPA-binding site and the inactivation of AT-
Pase activity in Smarcall completely abolished the promo-
tion of NHEJ by Smarcall (Figure 5E). Thus, Smarcall
plays a role in NHEJ by physically interacting with RPA
on unwound DSB ends and then facilitating their anneal-
ing. The existence of unwound single-stranded sequences
at the DSB sites is supported by the presence of RPA foci
in the y-ray irradiated G; phase cells (67). The anneal-
ing by Smarcall may stabilize the interaction of DSB sites
with DNA-PKcs/Ku70/Ku80, since Ku70/Ku80 associates
with duplex DSB ends more stably than with DSBs carry-
ing single-strand tails (21-24). The stabilization of DNA-
PKcs/Ku70/Ku80 at DSB sites by Smarcall is verified by
data shown in Figure 6. The following data suggest the
important role of Smarcall in the functioning of DNA-
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Figure 6. The loss of Smarcall results in compromised accumulation of Ku70, DNA-PKcs and XRCC4 at DSB sites. (A) Western blot data showing
the validation of fractionation of the cytoplasmic (Cyto), nuclear soluble (NS) and chromatin-bound (CB) fractions isolated from the whole-cell extract
(WCE). (B) Western blot data show the accumulation of XRCC4 (upper panel) and Ku70 (lower panel) in the chromatin-bound fraction after one-hour
exposure of cells to ICRF193. (C) Histogram showing the quantification of XRCC4 and Ku70 in (B). The y-axis represents the amount of the chromatin-
bound fraction relative to the total amount of the chromatin-bound fraction plus the nuclear soluble fraction. (D) Downward arrows represent the I-Scel-
(upper) and the TALEN- (lower) cutting sites in the 7K and p53 genes, respectively. Pairs of horizontal opposing arrows indicate the sets of primers for
quantitative real-time PCR. (E) Histograms represent the accumulation of XRCC4 near the I-Scel-induced DSB in the 7K locus (upper panel) and near

the TALEN-induced DSB at the p53 locus (lower panel). (F) Histogram represents the accumulation of Ku70 near the I-Scel-induced DSB in the 7K

locus. (G) Histogram represents the accumulation of DNA-PKcs near the I-Scel-induced DSB in the 7K locus.
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PKcs. DNA-PKcs/Ku70/Ku80 also interacts with Smar-
call in vivo (68,69). We here show that DNA-PKcs~/~ and
SMARCALI~/~ have an epistatic relationship in cellular
tolerance to IR (Figure 2E). We also show that the loss
of Smarcall inhibits the phosphorylation of DNA-PKcs
at threonine 2609 following exposure of cells to the topoi-
somerase 2 inhibitors (Supplementary Figure S7). These
observations suggest that Smarcall may be required for
DNA-PKcs/Ku70/Ku80 to function appropriately. We also
show that the loss of Smarcall reduces the recruitment of
XRCC4 to DSB sites by several times (Figure 6). Previ-
ous studies indicate that DNA-PKcs is necessary for the
stabilization of recruited XRCC4 (70,71), which is consis-
tent with our data (Figure 6B). Thus, the effect of Smar-
call on the recruitment of XRCC4 might be mediated by
DNA-PKcs/Ku70/Ku80. We therefore propose that Smar-
call maintains duplex DNA status at DSB ends by inter-
acting with unwound single-strand DNA associated with
RPA and facilitating their annealing. This annealing then
stabilizes DNA-PKcs/Ku70/Ku80 at duplex DNA termini,
which is essential for the proper accumulation and stabiliza-
tion of XRCC4 at DNA damage sites. Future studies should
clarify the molecular mechanism.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Abstract

Clustered DNA damage is defined as multiple sites of DNA damage within one or two helical
turns of the duplex DNA. This complex damage is often formed by exposure of the genome
to ionizing radiation and is difficult to repair. The mutagenic potential and repair mechanisms
of clustered DNA damage in human cells remain to be elucidated. In this study, we investi-
gated the involvement of nucleotide excision repair (NER) in clustered oxidative DNA
adducts. To identify the in vivo protective roles of NER, we established a human cell line lack-
ing the NER gene xeroderma pigmentosum group A (XPA). XPA knockout (KO) cells were
generated from TSCER122 cells derived from the human lymphoblastoid TK6 cell line. To
analyze the mutagenic events in DNA adducts in vivo, we previously employed a system of
tracing DNA adducts in the targeted mutagenesis (TATAM), in which DNA adducts were site-
specifically introduced into intron 4 of thymidine kinase genes. Using the TATAM system, one
or two tandem 7,8-dihydro-8-oxoguanine (8-oxoG) adducts were introduced into the genomes
of TSCER122 or XPA KO cells. In XPA KO cells, the proportion of mutants induced by a single
8-0x0G (7.6%) was comparable with that in TSCER122 cells (8.1%). In contrast, the lack of
XPA significantly enhanced the mutant proportion of tandem 8-0xoG in the transcribed strand
(12%) compared with that in TSCER122 cells (7.4%) but not in the non-transcribed strand
(12% and 11% in XPA KO and TSCER122 cells, respectively). By sequencing the tandem 8-
oxoG-integrated loci in the transcribed strand, we found that the proportion of tandem muta-
tions was markedly increased in XPA KO cells. These results indicate that NER is involved in
repairing clustered DNA adducts in the transcribed strand in vivo.

Introduction

Genomic DNA is constantly exposed to both exogenous and endogenous genotoxic agents.
Among them, ionizing radiation (IR) induces various DNA adducts in the genome because of
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its ability to produce reactive oxygen species in cells. Moreover, IR induces clustered DNA
damage, which is defined as multiple DNA damage sites [oxidized DNA adducts, apurinic/
apyrimidinic (AP) sites, or strand breaks] within one or two helical turns of the duplex DNA.
Non-double-strand break (DSB) clustered DNA damage comprises 70%-80% of the complex
DNA damage induced by IR, whereas DSB accounts for 20%-30% [1, 2]. Clustered DNA dam-
age is considered to be more difficult to repair than a single DNA damage site. Unrepaired
damage contributes to mutagenesis, cancer development, and disease [3].

7,8-Dihydro-8-oxoguanine (8-0x0G) is one of the major oxidative DNA adducts induced by
IR. Because of the altered hydrogen-bonding potential, 8-0x0G can pair with an adenine during
replication [4] and cause G-C to T-A transversion mutations. 8-OxoG is primarily repaired by
the base excision repair (BER) pathway [5]. In mammalian cells, 8-0xoG paired with cytosine
is readily repaired by 8-oxoguanine DNA glycosylase (OGG1)-initiated BER [6]. Furthermore,
repair can occur via another BER pathway in which the human MutY homolog (MYH)
removes an adenine from the 8-0x0GA mispair [7]. However, it is more challenging to repair
8-0x0G in clustered DNA damage sites via BER.

Numerous studies have investigated BER retardation at clustered DNA damage sites that
results in enhanced genomic instability. Different types of damage (a thymine glycol, an AP
site, a single-strand break, or a mismatched base-pair) adjacent to 8-0x0G strongly inhibits
8-0x0G excision by OGG1 [8-10]. When two 8-0x0G are located in tandem nucleotides on the
same strand, the repair of these adducts is also delayed [11]. DNA damage in close opposition
to an 8-0x0G also inhibits 8-0x0G repair [12-14]. The biological relevance of these clustered
damages in DNA has been extensively investigated in both Escherichia coli and yeast [15-24].
However, although several studies have examined the mutagenic events of clustered oxidative
damage to episomal DNA in mammalian cells [25, 26], these repair mechanisms in the human
genome are still not well understood.

A few previous reports have indicated that nucleotide excision repair (NER), which repairs
bulky DNA adducts (such as cyclobutane pyrimidine dimers), is involved in the removal of oxi-
dative DNA adducts. An in vitro study demonstrated that NER recognizes 8-0xoG in oligonu-
cleotides [27]. A high-sensitivity method that combined single-cell gel electrophoresis with
fluorescence in situ hybridization also revealed 8-0x0G removal from the transcribed strand
(TS) of DNA by transcription-coupled NER [28]. On the basis of these studies, we posed the
following question: what role does NER play in the suppression of mutagenesis induced by a
single and/or clustered 8-0xoG formed in the genome?

Here we established a human cell line lacking xeroderma pigmentosum complementation
group A (XPA), a gene essential for NER on both TS and the non-transcribed strand (NTS)
[29]. We previously developed a unique system for tracing DNA adducts in targeting mutagen-
esis (TATAM) by introducing a DNA adduct site specifically into intron 4 of the thymidine
kinase (TK) gene in human lymphoblastoid cells [30]. Using the TATAM system, either one or
two tandemly located 8-0x0G were introduced into the genome of the wild-type or XPA knock-
out (KO) cells for analysis of the mutagenic potential of adducts. Our findings indicate that
NER is a possible repair mechanism of clustered oxidative DNA adducts particularly in TS of
the human genome.

Materials and Methods
Cell culture

Human lymphoblastoid TSCER122 cells, which were derived from TK6 cells [31], have been
previously described [30]. Cells were cultured in RPMI 1640 (Nacalai Tesque) with 10% heat-
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