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Abstract

The joining of interruptions in the phosphodiester backbone of DNA is critical to maintain genome
stability. These breaks, which are generated as part of normal DNA transactions, such as DNA
replication, V(D)J recombination and meiotic recombination as well as directly by DNA damage
or due to DNA damage removal, are ultimately sealed by one of three human DNA ligases. DNA
ligases I, lll and IV each function in the nucleus whereas DNA ligase lll is the sole enzyme in
mitochondria. While the identification of specific protein partners and the phenotypes caused
either by genetic or chemical inactivation have provided insights into the cellular functions of the
DNA ligases and evidence for significant functional overlap in nuclear DNA replication and repair,
different results have been obtained with mouse and human cells, indicating species-specific
differences in the relative contributions of the DNA ligases. Inherited mutations in the human
LIG1 and LIG4 genes that result in the generation of polypeptides with partial activity have been
identified as the causative factors in rare DNA ligase deficiency syndromes that share a common
clinical symptom, immunodeficiency. In the case of DNA ligase IV, the immunodeficiency is due
to a defect in V(D)J recombination whereas the cause of the immunodeficiency due to DNA ligase
| deficiency is not known. Overexpression of each of the DNA ligases has been observed in cancers.
For DNA ligase |, this reflects increased proliferation. Elevated levels of DNA ligase lll indicate an
increased dependence on an alternative non-homologous end-joining pathway for the repair of
DNA double-strand breaks whereas elevated level of DNA ligase IV confer radioresistance due to
increased repair of DNA double-strand breaks by the major non-homologous end-joining pathway.
Efforts to determine the potential of DNA ligase inhibitors as cancer therapeutics are on-going in
preclinical cancer models.

Introduction

Interruptions in the phosphodiester backbone pose serious threats
to genome integrity and cell viability. While these can be generated
directly by DNA damaging agents such as ionising radiation, they
are also produced as intermediates during normal DNA metabolism.
This includes single-strand breaks that occur between Okazaki frag-
ments during DNA replication and site-specific DNA double-strand
breaks that are generated during meiosis and V(D)] recombination.
In addition, DNA single-strand breaks are generated during the
correction of replication errors, excision of DNA damage, somatic
hypermutation and removal of DNA methylation during cell differ-
entiation. These breaks are all ultimately sealed by a DNA ligase
encoded by one of the three human LIG genes (Figure 1).

The DNA ligases encoded by the human LIG1, LIG3 and LIG4
genes belong to the nucleotidyl transferase family that also includes
RNA ligases and mRNA capping enzymes (1,2). In the first step of
the ligation reaction (Figure 1), ATP is used as the co-factor by the
human DNA ligases to generate a covalent ligase-AMP intermediate
in which the AMP moiety is covalently linked to a lysine residue (3),
although a recent report provided evidence that DNA ligase IV can
also utilise NAD as the adenylation donor (4). Subsequently, the AMP
moiety is transferred from the active site lysine of the ligase polypep-
tide to the 5" phosphate terminus at a DNA break. In the final step,
the non-adenylated ligase engages with DNA adenylate and, utilising
the hydroxyl at the 3" terminus as a nucleophile, catalyses phospho-
diester bond formation and release of the AMP moiety (3). While
the three steps of the ligation reaction are normally coordinated, it is
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Fig. 1. Three-step ligation reaction. (A) DNA ligases in an extended conformation interact with ATP to generate a covalent AMP-ligase intermediate with the
AMP moiety linked to specific lysine residues in the Adenylation Domain (AdD, green). (B) When the DNA ligase recognises a ligatable nick, the catalytic region
composed of the DNA Binding Domain (DBD, red) and Oligonucleotide/Oligosaccharide Binding-fold Domain (OBD, yellow) in addition to the AdD changes
conformation, encircling the DNA nick with each of the three domains contacting the DNA. Within this structure, the covalently bound AMP is transferred to the
5 termini of the nicked DNA. (C) Lastly, using the OH group at the 3’ termini as a nucleophile, non-adenylated DNA ligase catalyses the phosphodiester bond

formation releasing the bound AMP.

now evident that under some circumstances the potentially cytotoxic
DNA adenylate intermediate is released, contributing to neuronal
cell death in the inherited human neurodegenerative disease, ataxia
oculomotor apraxia-1 (5).

The LIG1, LIG3 and LIG4 genes each encode a DNA ligase that
functions in nuclear DNA metabolism (3). In contrast, mitochondria
contain a single species of DNA ligase that is encoded by the LIG3
gene and is essential for mitochondrial DNA replication and repair
(6-9). Insights into the functions of the three nuclear DNA ligases
have been gleaned from a combination of genetic and biochemical
approaches, in particular the identification of partner proteins that
predominantly interact with the regions flanking the conserved cata-
lytic region of the DNA ligases (Figure 2). Both nuclear DNA ligase
Illo. and DNA ligase IV exist in stable complexes with partner pro-
teins, XRCC1 and XRCC4 (Figure 2), respectively, that are required
for the stability and activity of the DNA ligase as well as providing
additional binding interfaces for other protein—protein interactions
(10-13). While a number of interacting proteins have been identified
for DNA ligase I, none of these partners appear to influence the sta-
bility of DNA ligase I (14-16).

It is now evident that there is significant functional overlap be-
tween the three DNA ligases in nuclear DNA transactions. For ex-
ample, while there is substantial evidence indicating that DNA ligase
Lis the predominant enzyme joining Okazaki fragments during DNA
replication (3), the LIG1 gene is not essential in either chicken DT40

or mouse cells (17-20). However, DNA ligase I appears to be essen-
tial in rapidly proliferating human cancer cells and also has unique
functions in post-replicative repair, including the generation of
sister chromatid telomere fusions (21). In the yeast, Saccharomyces
cerevisiae, the LIG1 homolog CDC9 is essential but a notable differ-
ence between S. cerevisiae and vertebrates is that S. cerevisiae lacks a
homolog of the LIG3 gene (22). At least in mouse and chicken DT40
cells, it is evident that DNA ligase Illa joins Okazaki fragments in
the absence of DNA ligase I (20,23). This redundancy also occurs
in base and nucleotide excision repair and probably single-strand
break repair with DNA ligase IIla and DNA ligase I participating
in different sub-pathways of repair synthesis and ligation (3,24-27).
DNA ligase IV-dependent non-homologous end joining is the major
pathway for repairing DNA double-strand breaks (DSB)s, particu-
larly in the G1 phase of the cell cycle and in non-dividing cells (28).
Recombinational repair makes a significant contribution to DSB re-
pair in the S and G2 phases of the cell cycle when sister chromatids
are available as templates to guide the repair. It is likely that DNA
ligase ITla. and DNA ligase I are both involved in the completion of
recombinational repair. These enzymes also participate in alterna-
tive non-homologous end-joining (a-NHE]) pathways that serve as
back-ups for the major DNA ligase IV-dependent NHE] pathway
and recombinational repair (29-31). It is likely that the extent of
functional redundancy between the DNA ligases in DNA replica-
tion and repair varies between cell types and species, giving rise to
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Fig. 2. Domain organisation of the DNA ligases encoded by the human LI/G1, LIG3 and LIG4 genes.The Adenylation Domain (AdD, green) and Oligonucleotide/
Oligosaccharide Binding-fold Domain (OBD, yellow) domains comprise the catalytic core that contains the key active site lysine residue. The less conserved
DNA Binding Domain (DBD, red) is N-terminal to this core.The non-catalytic N-terminal region of DNA ligase | contains PCNA interaction peptide, PIP (blue) and
nuclear localisation signal (beige). The three isoforms of DNA ligase Il have an N-terminal Zinc finger domain (light orange: ZnF). Mitochondrial DNA ligase Illa
has a mitochondrial localisation signal, MLS (dark green) at the N-terminus. DNA ligase Illa. and DNA ligase IV contain one and two C-terminal BRCT domains
(blue), respectively. The DNA ligase Illa BRCT domain is required for interaction with XRCC1 and whereas XRCC4 interacts with the region between the DNA
ligase IV BRCT domains. Amino acid substitutions identified in DNA ligase deficiency syndromes are indicated below the DNA ligase polypeptides.

apparently contradictory conclusions regarding the cellular func-
tions of the DNA ligases.

In this review, we summarise the links between DNA ligases and
human disease. Inherited mutations in LIG1 and LIG4 have been
identified as the causative factors in human immunodeficiency syn-
dromes whereas altered DNA ligase expression and/or activity have
been observed in cancer, serving as biomarkers of altered repair and
resistance to therapy, and neurodegeneration.

Human DNA ligase |

DNA ligase I polypeptide

The gene encoding DNA ligase I was the first of three human
LIG genes to be identified in 1990. Human c¢cDNAs that comple-
mented the temperature sensitive growth of a S. cerevisiae cdc9
mutant strain were identified and confirmed to encode DNA ligase
I by the presence of regions homologous to the sequence of tryptic
peptides from purified bovine DNA ligase I (32). DNA ligase I is a
919 amino acid polypeptide (Figure 2) with a molecular weight of
102,000 although it has an apparent molecular mass of 125 kDa
determined by SDS-polyacrylamide gel electrophoresis because of
a high proline content that causes anomalous mobility (32). The
C-terminal region (residues 536-919) contains six conserved mo-
tifs within Adenylation (AdD; residues 536-748, Figure 2) and the
Oligonucleotide/Oligosaccharide Binding-fold Domains (OBD; res-
idues 749-919, Figure 2) that are also present in other members of
the nucleotidyl transferase family (2,32,33). The conserved motif
that contains the key active site lysine residue of the nucleotidyl
transferase family was identified by the sequencing of the adenylated
tryptic peptide from bovine DNA ligase I (34). In human DNA ligase
I, the active site lysine is Lys568 (Figure 2). Crystallisation of an
active fragment of human DNA ligase I (residues 233-919) with a

non-ligatable nicked DNA substrate led to the identification of an
additional domain N-terminal to the AdD that is less well conserved
amongst eukaryotic DNA ligases compared with the AdD and OBD
(35,36). This domain, which binds more robustly to DNA than the
AdD and OBD, is referred to as the DNA binding domain (DBD,
Figure 2). In the atomic resolution structure (Figure 3a), the DBD,
AdD and OBD encircle the nicked DNA with each domain con-
tacting the DNA duplex and the AMP moiety attached to the 5
termini of the nick with the AdD (35). While the N terminal region
of DNA ligase I is not involved in catalysis, it contains the nuclear
localisation signal, is post-translationally modified and participates
in protein—protein interactions (37-42). At the very N-terminus,
there is a PCNA Interacting Peptide motif or PIP box that directly
binds to PCNA, an interaction that is critical for recruitment to rep-
lication foci (14,40,43). In addition, the DNA ligase I N-terminal
region is involved in a phosphorylation-regulated interaction with
replication factor C (44), which loads the PCNA ring onto DNA and
a methylation-dependent interaction with UHRF1 (45), a key com-
ponent of the maintenance DNA methylation machinery.

DNA ligase I and human disease

The first known case of inherited DNA ligase I deficiency in hu-
mans was described in 1992. This female individual was under-
weight and anaemic at birth and continued to exhibit growth
retardation and developmental delays as well as sensitivity to
sunlight. In addition, the individual had recurrent ear and chest
infections, indicating immunodeficiency, and died at age 19 from
pneumonia (46,47). More recently, another five individuals with
inherited DNA ligase I deficiency have been identified. Novel
LIG1 mutations as well as one of the mutations identified in the
first case were found in these individuals who exhibited a range
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Fig. 3. Amino acid substitutions identified in individuals with DNA ligase | deficiency syndrome. (a) Ribbon diagram showing the Adenylation domain (AdD,
green), OB-fold domain (OBD, yellow) and DNA binding domain (DBD, red) of DNA ligase | encircling a nicked DNA duplex (grey). The AMP group (gold) linked
to the 5-phosphate terminus of the DNA nick held within the AdD is indicated. Substitution of Arg771 (purple) in the OBD alters interaction with DNA, resulting
in reduced enzymatic activity. withTrp and Pro529 depicted in purple. Substitution of Pro529 (purple) in the DBD with Leu has no effect on enzymatic activity. (b)
Glu566 residue (purple) forms a hydrogen bond with N6 of the AMP moiety (gold). Replacement of Glu566 Lys inactivates enzyme activity. (c) Arg641 (purple)
forms a salt bridge with Asp600 within the AdD domain. Replacement of R641 with Leu disrupts the salt bridge, resulting in reduced enzymatic activity that

appears to be due to defective DNA binding.

of clinical symptoms, including immunodeficiency (48). The first
individual inherited a mutant allele resulting in the substitution
of Arg771 within the DBD with Trp and had a second mutant
allele of unknown origin resulting in the replacement of Glu566
with Lys (46) (Figure 2). Notably, in the second group, three of
the individuals were homozygous for a mutant allele in which
Arg771 was replaced with Trp and Pro529 was replaced with
Leu (Figures 2 and 3a). The other two individuals inherited two
mutant alleles, one of which results in a truncated polypeptide
terminating at Thr415 with the other encoding a full length poly-
peptide in which Arg641 is replaced with Leu (48). The truncated
polypeptide is inactive as it lacks the catalytic region. Similarly,
the E566K polypeptide is also inactive as Glu566 forms a key
hydrogen bond with the N6 of adenine in the ATP co-factor
and so, the mutant polypeptide is unable to form the ligase-
AMP intermediate (35,48) (Figure 3b). While the replacement
of Pro529 with Leu does not impact catalytic activity, both the
R771W and the R641L polypeptides have significantly reduced
activity, resulting in accumulation of the DNA-adenylate inter-
mediate (46,48,49). Arg771 within the DBD directly interacts
with the template strand of the nicked DNA (Figure 3a) and so
is important for DNA binding, whereas Arg641 in the AdD is in-
volved in a salt bridge linking two alpha helices (Figure 3c) that
presumably stabilises a conformation that binds to DNA (35).

A primary fibroblast cell line, 46BR, and a SV-40 transformed
subline (46BR.1G1) were established from the first individual with
inherited DNA ligase-I deficiency with 46BR.1G1 only expressing
the R771W version of DNA ligase I (46). Compared to SV40-
transformed-fibroblasts with wild-type DNA ligase I, 46BR.1G1
cells showed increased sensitivity to a range of DNA damaging
agents, in particular DNA alkylating agents (50,51). In addition,
they also had an increased incidence of sister chromatid exchange,
delayed rejoining of strand breaks, elevated levels of phosphor-
ylated H2AX and defects in Okazaki fragment ligation but were
reported to be hypomutable by DNA damaging agents (50-54).
Similarly, lymphoblastoid B cells and peripheral blood T cells ex-
pressing the R641L version isolated from DNA ligase I-deficient
individuals also exhibited increased sensitivity to DNA alkylating
agents and elevated levels of phosphorylated H2AX following
ionising radiation (48).

A mouse model expressing a version of murine DNA ligase
I equivalent to human R771W DNA ligase I exhibited delayed
growth, reduced erythropoiesis leading to enlargement of the spleen,
increased genomic instability and increased incidence of spontan-
eous epithelial tumours (55). In contrast to human DNA ligase
I-deficient cells, embryonic fibroblasts established from the mouse
model did not exhibit increased DNA damage sensitivity (50,51,55),
suggesting that the increased genomic instability and cancer
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predisposition in the mouse may be due to genomic rearrangements
arising from DNA replication defects. At the present time, there is
no convincing evidence that DNA ligase I deficiency in humans re-
sults in increased cancer predisposition but it is clear that it causes
immunodeficiency (46,48). Interestingly, DNA ligase I-deficient indi-
viduals have a wide range of abnormalities in blood cells including
hypogammaglobulinemia, increased levels of circulating immature
T cells, lymphopenia and erythrocyte macrocytosis, suggesting that
defects in replicative DNA synthesis may selectively impact rapidly
dividing cell populations, such B and T cells, in humans (46,48).

Steady-state levels of DNA ligase I protein were significantly
higher in 29 different malignant tumour samples compared to the
benign tissue samples obtained from human patients (56), suggesting
that overexpression of DNA ligase I is a common feature of cancer
cells. This is not surprising, since studies in cell culture models have
shown that expression of the LIG1 gene correlates with prolifer-
ation and cancer cells tend to be highly proliferative (56,57). Thus,
the expression levels of DNA ligase I are likely to be indicative of
the proliferative status of the cancer cell. Since knockdown of DNA
ligase I with antisense oligonucleotides inhibited the growth of
MCEF-7 cancer cells (56) and DNA ligase I appears to have essential
functions in a human cancer cell line (21), DNA ligase I may be a
good target for the development of cancer therapeutics. It is, how-
ever, likely that DNA ligase I inhibitors will impact immune func-
tion and highly proliferating normal tissues and cells in addition to
cancer cells.

Human DNA ligase llI

DNA ligase III polypeptides

Two groups using different approaches reported the identification
of the LIG3 gene in 1995 (58,59). While these groups described
mRNAs with different 3" ends, they both showed that an internal
ATG within the open reading frame was the preferred translation
initiation site resulting in the synthesis of 862 and 922 amino acid
polypeptides referred to as DNA ligase III and DNA ligase Illa,
respectively (Figure 2). A subsequent study revealed that the shorter
mRNA encoding DNA ligase IIIf is generated by an alternative
splicing event that thus far has only been detected in male germ
cells (60). The Campbell laboratory noticed that the open reading
frame following the first ATG in DNA ligase Illa. mRNA encodes
an amphipathic helix that serves as a mitochondrial targeting se-
quence and showed that mitochondrial and nuclear versions of DNA
ligase Illo are generated by alternative translation initiation in som-
atic cells (6,61). Although mitochondrial DNA ligase Illa is larger
than the nuclear form (1009 amino acids versus 922 amino acids),
these polypeptides are ultimately very similar in size following the
proteolytic removal of the mitochondrial targeting sequence by the
mitochondrial protein import machinery. In the absence of a nu-
clear localisation signal, it appears likely that nuclear DNA ligase
o forms a complex with XRCC1 in the cytoplasm and utilises the
nuclear localisation signal of XRCC1 to enter the nucleus. This inter-
action, which occurs between the BRCT domains at their C-termini
(Figure 2), results in the formation of a stable nuclear DNA ligase
MIo/XRCC1 heterodimer (12,13,60,62). Since XRCC1 interacts
with several other DNA repair enzymes, it has been suggested that it
serves as scaffold for the assembly of functional multiprotein DNA
repair complexes containing DNA ligase Illa (13). Interactions
of DNA ligase Illa and, in particular, XRCC1 with poly (ADP-
ribosylated) PARP1 are critical for the recruitment of DNA ligase
Ma/XRCC1 and XRCCl-interacting proteins to single-strand
breaks (26,63). TDP1, which is involved in the removal of trapped

topoisomerase 1 complexes, is the only protein that interacts with
nuclear DNA ligase Illa. but not XRCC1 identified so far (64). In
the mitochondria, DNA ligase Illa functions in the replication and
repair of mitochondrial DNA independently from XRCC1, which is
absent from this organelle (61).

In contrast to DNA ligase I, DNA ligase III polypeptides con-
tain robust DNA binding activities (65). An N-terminal zinc finger,
which is similar to the two N-terminal zinc fingers of PARP1, forms
a DNA binding module with the DBD that binds to strand breaks
irrespective of the structure of the termini (65-67). In addition, the
AdD and OBD also act together to bind to ligatable DNA nicks
(65,67). Based on these observations, it has been proposed that the
N-terminal zinc finger-DBD module act as an initial strand break
sensor that is displaced by the AdD and OBD if the break has
ligatable termini (65,67). In addition, the zinc finger enhances the
intermolecular joining of duplex DNA ends (68). The atomic reso-
lution structure of the catalytic region of DNA ligase III (DBD, AdD
and OBD) determined in complex with non-ligatable nicked DNA
is very similar to that determined for DNA ligase I, indicating that,
despite the differences in DNA binding, the mechanism of nick en-
gagement immediately prior to ligation is conserved (35,67).

DNA ligase IIT and human disease

Unlike LIG1 and LIG4, no inherited human syndrome has been
linked with the LIG3 gene. Interestingly, mutations in the XRCC1
gene and in genes encoding the XRCCl-interacting proteins
aprataxin and PNKP, and the DNA ligase Illa-interacting protein,
TDP1, have been identified as the causative factor in inherited
neurodegenerative syndromes (69). This suggests that DNA ligase
Illa-dependent repair of DNA breaks in the nucleus is critical for
neuronal cell viability. The absence of a syndrome associated with
LIG3 mutations is likely due to the essential role of DNA ligase
IIo in mitochondria (8,9). By targeting a heterologous DNA ligase
to mitochondria, it has been possible to generate cell lines that lack
nuclear DNA ligase Illa.. With the possible exception of UV light,
these lines do not exhibit significant sensitivity to DNA damaging
agents, likely due to functional redundancy with DNA ligase I (8,9).
Notably, DNA ligase Illa catalyses the limiting step in mitochon-
drial base excision repair and mitochondrial extracts prepared from
the brains of Alzheimer's patients have lower levels of mitochon-
drial DNA ligase Ila, suggesting that a deficiency in DNA ligase
IIlo. may underlie the abnormal mitochondrial function observed in
Alzheimer's disease and related dementias (70,71).

In cancer, elevated steady-state levels of DNA ligase Illo. as well
as PARP1 have been identified as biomarkers of altered DNA double-
strand break repair, in which DNA double-strand breaks are chan-
nelled away from the major DNA ligase IV-dependent NHE] and
into the a-NHE] pathway in breast cancer, leukaemias and neuro-
blastoma, both in cell lines and patient samples (72-74). The changes
in gene expression appear to be driven by the c-Myc oncogene (75).
Intriguingly, the alteration in DNA double-strand break repair is ex-
acerbated in therapy-resistant disease, suggesting that the change in
DNA repair pathway utilisation is part of the response of the cancer
cell to acquire resistance to chemotherapy (72,73). The alteration
in DNA repair does, however, constitute an opportunity to develop
cancer cell-specific therapeutic strategies as cells with the DNA repair
alteration are hypersensitive to a combination of PARP and DNA
ligase III inhibitors (72,73). While the inhibitor combination does in-
hibit the repair of DNA double-strand breaks by a-NHE], the effect
of the DNA ligase Illa inhibitor appears to be predominantly medi-
ated via inhibition of mitochondrial DNA ligase Il in cancer cell
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mitochondria, suggesting that the inhibitor combination targets both
nuclear and mitochondrial DNA metabolism (76).

Human DNA ligase IV
DNA ligase IV polypeptide
The gene encoding DNA ligase IV was identified at the same time as
the gene encoding DNA ligase III in a screen for cDNAs encoding
sequences homologous to the most C-terminal of the conserved mo-
tifs in the nucleotidyl transferase family (59). A unique feature of
DNA ligase IV is the tandem array of two C-terminal BRCT do-
mains (Figure 2). The first insights into the function of DNA ligase
IV came from an elegant study by the Lieber laboratory showing
that DNA ligase IV stably associated with XRCC4, a protein known
to be involved in the repair of DNA double-strand breaks (DSB)s
by NHE]J and V(D)J recombination in B cells (10,28,77). XRCC4
interacts with the region between the BRCT motifs (Figure 2) and is
required for the stability and activity of DNA ligase IV (10,77,78).
The repair of DSBs is initiated by the binding of ring-shaped Ku
heterodimer to the DNA end with the Ku-DNA complex serving
as a platform for the recruitment of other NHE] proteins including
DNA PKcs and DNA ligase IV/XRCC4. While these three core
components are sufficient to join duplex DNA ends with cohesive
ligatable termini in vitro, PAXX and XLF, which are both XRCC4
homologs, stimulate ligation by DNA ligase IV/XRCC4, presumably
via interactions with XRCC4 (79). It has been suggested that XLF
and PAXX, which are functionally redundant, act to stabilise juxta-
posed DNA ends with damaged and/or incompatible termini (79).
These ends require processing by DNA polymerases, such as the Pol
X family polymerases p and A and nucleases, such as Artemis, prior
to ligation (79). During V(D)] recombination, the core components,
Ku, DNA PKcs and DNA ligase IV/ XRCC4, are required for the gen-
eration of coding joints from RAG-initiated DSBs with contributions
from some, if not all, of the other NHE] proteins (79). During NHE]
and V(D)] recombination, the DNA ends are juxtaposed by protein—
protein interactions between DNA PKcs molecules on the two ends
(80). Given the size of DNA PKcs and its position when assembled
with Ku on a DNA end, it appears likely that DNA PKcs must be dis-
placed to allow processing and joining of the ends. The participation
of DNA ligase IV/XRCC4 during the initial assembly of the NHE]
proteins at a DNA end and its required role in the last step, suggests
that DNA ligase [IV/XRCC4 may play a role in the transition be-
tween different NHE] complexes during the repair of DSBs (81-83).
Compared with the other DNA ligases, the re-adenylation of
DNA ligase IV molecules after one cycle of catalysis is very slow
(84,85). The ability of XLF to modestly increase the turnover of
DNA ligase 1V in vitro (85), suggests that XLF and possibly other
NHE] factors, such as PAXX, may have a specific role in enhancing
re-adenylation of DNA ligase IV. In addition, a recent intriguing
study reported that DNA ligase IV is capable of utilising NAD and
degradation products of poly (ADP-ribose) as AMP donors in mul-
tiple turnover reactions with these novel co-factors binding to the
BRCT1 domain of DNA ligase IV (4). Since the joining of DSBs re-
quires two ligation events, a key question is whether one or two
DNA ligase IV/ XRCC4 complexes are involved. The recent structure
of DNA ligase IV complexed with nicked DNA (86) indicates that
the catalytic mechanism is similar to DNA ligases I and III (35,67)
and so ligation of two closely opposed nicks on opposite strands by
one DNA ligase IV/XRCC4 complex would likely require release of
the complex after one ligation and re-engagement in the opposite
orientation. Alternatively, in a model supported by small angle X-ray
scattering analysis of NHE] complexes, there may be two DNA

ligase IV/ XRCC4 complexes, one on each end, with their flexible
catalytic regions able to engage the nicks on opposite strands (83).

DNA ligase IV and human disease

Deletion of the murine LIG4 gene causes embryonic lethality in mice
that appears to be due to neuronal cell death via a p53-dependent
apoptotic pathway (87-89). While genetic inactivation of p53 re-
sults in viable LIG4 null embryos, the resulting mice have defects in
growth and lymphocyte development (87). As expected based on the
embryonic lethality observed in mice, humans lacking DNA ligase IV
activity have not been identified. There have, however, been a larger
number of individuals identified with inherited mutant alleles of
LIG4 that encode polypeptides with partial activity compared with
the other LIG genes. Although these individuals are all considered
to have DNA ligase IV syndrome, there is significant variation in the
degree of the growth defects, microcephaly, radiosensitivity, chromo-
somal instability, immunodeficiency and predisposition to malignancy
exhibited by these individuals (90) that presumably reflects differ-
ences in the DNA ligase IV defect conferred by the inherited muta-
tion. For example, the first identified case of DNA ligase IV syndrome
was an individual with a homozygous mutation resulting in replace-
ment of Arg278 with His (Figure 4a) that leads to radiosensitivity
but not immunodeficiency (91). Thus, while this amino acid change
resulted in a defect in formation of the enzyme-adenylate, it appears
that it has sufficient residual activity for V(D)J recombination in
lymphocytes, but not enough to repair the larger number of DSBs
caused by ionising radiation (91). Additional amino acid changes
that cluster near the ATP binding site have been identified in other
individuals with DNA ligase IV deficiency syndrome (Figure 4a).
Two siblings with severe combined immunodeficiency and micro-
cephaly inherited two compound heterozygous mutations (Q280R
and a frameshift at Lys424). The amino acid change at GIn280 is
near the conserved active site and likely affects ATP binding pocket
(Figure 4a), whereas truncation at Lys424 terminates the polypeptide
before the XRCC4 interacting domain required for stable complex
formation (92). Another individual presented with radiosensitivity,
immunodeficiency and microcephaly along with Epstein bar virus-
associated large B-cell lymphoma. Compound heterozygous alleles
encoding an amino acid substitution M249V near the ATP binding
site (Figure 4a) as well as a frameshift at Lys424 were identified (93).
Additional LIG4 mutations that result in truncated polypeptides that
are likely to have altered binding with XRCC4 and a mutant version
G469E (Figure 4b), that may have a DNA binding defect, have been
found in individuals with abnormal facial features, developmental
and/or growth delays, microcephaly, pancytopenia and skin aberra-
tions (94). Because of the range and diversity of symptoms caused by
mutations in the LIG4 gene, it is difficult to distinguish individuals
with DNA ligase IV syndrome from individuals with other chromo-
somal instability syndromes such as Nijmegen Breakage Syndrome,
Seckel syndrome and Fanconi anaemia (94,95).

Given the contribution of DNA ligase IV to cell survival fol-
lowing ionising radiation and the frequency that this modality is
used to treat cancer, there has and continues to be interest in the
development of DNA ligase IV inhibitors as radiosensitizers, par-
ticularly for radioresistant disease that is common in head and
neck cancer and colorectal cancer. There is emerging evidence that
Wt signalling contributes to radioresistance in colorectal cancer
by increasing expression of DNA ligase IV via -catenin (96-98).
While these studies indicate that a DNA ligase IV inhibitor will
reduce the radioresistance of tumours driven by Wnt signalling, it
is not clear that this will result in clinical benefit as the inhibitor
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Fig. 4. Amino acid substitutions identified in individuals with DNA ligase IV deficiency syndrome. (a) Ribbon diagram showing the Adenylation domain (AdD,
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are indicated. (b) Replacement of Gly469 (purple) with Glu likely destabilises the OBD by disrupting hydrophobic interactions between 3 sheets within the OBD.

is also likely to increase radiation sensitivity of adjacent normal
tissue.

Conclusion

While there is evidence for significant functional overlap between
the three human DNA ligases in proliferating cells, the identification
of inherited DNA ligase IV deficiency syndrome and, more recently,
DNA ligase I deficiency syndrome demonstrates that these enzymes
have unique functions at the organismal level. More work is needed
to elucidate the roles and relative contributions of the DNA ligases
in different cell types, in particular in stem cells and terminally dif-
ferentiated cells. The altered expression of DNA ligases in different
cancers, together with promising initial results with DNA ligase in-
hibitors in preclinical cancer models, supports the continued evalu-
ation of DNA ligases as therapeutic targets.
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