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Abstract

Genetic and biochemical studies of mammalian DNA ligase I indicate that this multifunctional enzyme plays a key role in the completion
of DNA replication and certain DNA excision repair pathways. However, the involvement of DNA ligase I in DNA double-strand break
repair has not been examined. Here we have determined the effect of DNA ligase I-deficiency on the frequency of homologous recombination
initiated by a site-specific DNA double-strand break. We found that expression of wild-type DNA ligase I in a human DNA ligase I mutant cell
line significantly increased the frequency of homologous recombination. Notably, the ability of DNA ligase I to promote the recombinational
repair of DNA double-strand breaks was dependent upon its interaction with proliferating cell nuclear antigen. Thus, our results demonstrate
that DNA ligase I-deficiency reduces recombinational repair of DNA double-strand breaks.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

DNA double-strand breaks (DSBs) are a particularly dan-
gerous lesion because there is no undamaged strand in the
duplex to act as the template to guide repair. Although eu-
karyotes possess several mechanistically distinct pathways
to repair DSBs, these repair pathways share a common last
step, DNA ligation. In the yeastSaccharomyces cerevisiae
there are two genes encoding DNA ligases,CDC9andDNL4
[1,2]. Based on genetic analysis, it appears that the product of
theDNL4gene functions only in the repair of DSBs by non-
homologous end-joining (NHEJ)[2,3], a pathway in which
broken DNA ends are simply brought together, processed and
then joined. In contrast, theCDC9gene product is multifunc-
tional, participating in DNA replication and DNA excision
repair[1,4,5]. Moreover, it appears likely that Cdc9 also par-
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ticipates in homology-dependent recombinational repair[4].
Analysis of the role of Cdc9 in homologous recombination
is difficult for a couple of reasons. Firstly,CDC9 is an es-
sential gene. Secondly, reduced levels of Cdc9 DNA ligase
activity give rise to increased strand breaks, such as unligated
Okazaki fragments and incomplete DNA repair events, that
in turn stimulate recombination[4,5].

In mammals, theLIG1 andLIG4 genes are homologs of
the yeastCDC9andDNL4genes, respectively[1,2]. Similar
to the homologous yeast enzymes, mammalian DNA ligase
I participates in DNA replication[6–9] and excision repair
[10] whereas DNA ligase IV completes DSB repair by the
NHEJ pathway[3,11]. However, mammals also possess an
additionalLIG gene,LIG3, that encodes three distinct gene
products involved in nuclear DNA repair, mitochondrial DNA
metabolism and germ cell differentiation. There is accumu-
lating evidence that, in mammals, the products of theLIG3
gene have taken over from or can partially substitute for func-
tions carried out by Cdc9 DNA ligase in yeast. For example,
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DNA ligase: II� completes the short patch subpathway of
base excision repair (BER) in mammals[12] whereas yeast
BER is completed by Cdc9 DNA ligase[5]. In addition, the
viability of mouseligl null cells suggests that one of the other
DNA ligases, presumably DNA ligase LII�, may be able to
substitute, at least partially, for DNA ligase I in DNA repli-
cation[13].

At the present time, very little is known about the roles of
theLIG1andLIG3gene products in homology-dependent re-
combinational repair. Interestingly, mutant mammalian cells
with reduced DNA ligase III activity have dramatically el-
evated levels of spontaneous sister chromatid exchanges
(SCE)s[14]. By contrast, a human DNA ligase I-deficient
cell line has a defect in the joining of Okazaki fragments but
only slightly elevated levels of spontaneous SCE[15]. The
human DNA ligase I-deficient cell line 46BR.1G1 was estab-
lished from an immunodeficient individual with growth and
developmental abnormalities[10,16]. In this cell line, the mu-
tatedligl allele encodes a version of DNA ligase I with about

10-fold less activity than the wild-type enzyme[17]. As noted
above, these cells have a defect in Okazaki fragment joining
but near normal levels of spontaneous SCE. Notably, the re-
iteration of the mutation found in the 46BR.1G1ligl allele
in a mouse model resulted in an increased incidence of can-
cer[18]. In this study, we have integrated an SCneo reporter
construct containing a single I-SceI site[19] into the genome
of 46BR.1G1 cells and used this cell system to examine the
role of DNA ligase I in the repair of a site-specific DSB.

2. Materials and methods

2.1. Establishment of derivatives 46BR.1G1 with a
single integrated copy of the SCneo reporter construct

46BR.1G1 cells were transfected with the SCneo plasmid
(Fig. 1A [19]). Colonies were selected in culture medium
(Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal

Fig. 1. Generation of derivatives of 46BR.1G1 containing an integrated copy of the SCneo reporter construct. (A) Diagram of the SCneo reporter construct and
the structure of neo+ versions of SCneo generated by I-SceI induced homology-dependent repair pathways. SCneo consists of a 3′ fragment of theneogene
upstream of the S2neo gene. S2neo is mutated at anNcolsite by deletion of 4 bp (� 4 bp) of neo coding sequence and insertion of the 18 bpI-Scelsite. Repair
of the DSB by either sister chromatid exchange (SCE) or long tract gene conversion (LTGC) and by short tract gene conversion (STGC) generates a functional
neogene (neo+) with the indicated structures, neo, neomycin; hygR, hygromycin. (B) Southern blotting of genomic DNA from the 46BR.1G1 derivatives S9,
S13 and S31. DNA was digested with the indicated enzymes and then probed with SCneo to demonstrate that the integrated construct is intact. (C) Southern
blotting of genomic DNA from the 46BR.1G1 derivatives S9, S13 and S31 and DRA10, a control cell line derived from DRneo[23]. DNA was digested with
the indicated enzymes and then probed with SCneo. The presence of only one junction band (chrom. junction band) indicates single copy integration.BamIII,
B; HindIII, H; N, NcoI; X, XhoI.
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