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Double-stranded DNA breaks (DSBs; BOX 1) are
repaired by two main pathways — homologous recom-
bination and non-homologous DNA end-joining
(NHEJ). By comparing the use of these two pathways,
we can gain an insight into their biological functions in
yeast and multicellular eukaryotes (FIG. 1).

Saccharomyces cerevisiae repairs most of its DSBs
using homologous recombination1, which typically
occurs without the loss of genetic information because
it essentially involves copying the missing information
from one homologous chromosome to the other in a
diploid cell. By contrast, NHEJ, which is the more com-
mon DSB repair pathway in multicellular eukaryotes,
such as mice and humans, involves modifying the two
broken ends to make them compatible, followed by
rejoining (FIG. 2). A few nucleotides at each end of the
DNA break are lost in most instances when NHEJ is
used in multicellular eukaryotes2, and in many
instances when it is used in yeast3. So, NHEJ is an
imperfect process from the standpoint of preserving
genetic information.

As well as being imprecise, NHEJ is not essential in
diploid yeast — yeast cells that are mutated in compo-
nents for NHEJ are reasonably viable, and they do not
have increased sensitivity to ionizing radiation because
they can then rely primarily on homologous recombina-
tion. There is some use for NHEJ in the haploid phases
of the yeast life cycle, but multicellular eukaryotes are

diploid. So, why do multicellular eukaryotes have
NHEJ at all, given that their somatic cells are typically
diploid and given that homologous recombination is
relatively precise?

The biological role of NHEJ
The abundant use of NHEJ in the somatic cells of mul-
ticellular eukaryotes could be intrinsic to their genomic
organization. The genomes of multicellular eukaryotes,
unlike yeast, have a substantial fraction of repetitive
DNA. Therefore, the homology-search process for
repair of DSBs by homologous recombination is insur-
mountable when the break occurs in the portion of
the genome that is repetitive (about 40% of the human
genome). Except during late S, G2 and M phases, when
a sister chromatid is optimally positioned physically,
homology partners for repetitive regions might be cho-
sen from any of the chromosomes inappropriately. A
homologous crossover event arising during DSB repair
could result in a chromosomal translocation. So, homol-
ogous recombination could be too slow and dangerous
in organisms with genomes that have a substantial frac-
tion of repetitive DNA. This might be the primary —
and perhaps the only — reason that controls the ratio
of homologous recombination and NHEJ.

Cells that are defective for homologous recombina-
tion, such as RAD54 and XRCC2 (X-ray cross comple-
mentation 2) mutants, show a relatively unchanging
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ROBERTSONIAN

TRANSLOCATION

A type of chromosomal
translocation in which two
acrocentric chromosomes
become linked at their
centromeres.

HAPLOINSUFFICIENCY

In a diploid organism, if both
alleles are wild type or mutant,
then the phenotype can be
described as wild type or
mutant. If one allele is mutant
and the other is wild type, the
organism typically appears wild
type. However, for some genes, a
phenotype arises even in these
heterozygotes because half of the
amount of the encoded protein
is not sufficient. This is known as
haploinsufficiency.

How do DSBs arise in mammalian cells?
It is well accepted that ionizing radiation (X-rays and
gamma rays) can cause DSBs (as well as nicks) by creat-
ing clusters of reactive oxygen species (ROS; BOX 2).
Two-hundred million gamma rays that derive from the
decay of naturally occurring radionuclides in the earth
pass through each of us every hour7. Other ROS, such as
hydrogen peroxide and superoxide anions, could also
potentially cause DSBs. One percent of the oxygen that
we breathe is converted into oxidative free radicals —
this amounts to more than 3 x 1022 free radicals per per-
son every hour8. However, it is unclear how ROS cause
DSBs. It could be that two independent ROS create nicks
that happen to be close enough (<12 base pairs (bp)) to
result in a DSB. Or a single ROS might cause free-radical
damage on one DNA strand that results in a nick; then,
owing to the chain-reaction nature of free-radical reac-
tions, a secondary free radical at the initial damage site
might react with the antiparallel DNA strand to cause a
DSB (and, perhaps, an interstrand cross link).

Other causes of DSBs are DNA replication across a
nick — the nicks might occur in the DNA due to exoge-
nous sources or endogenous ones, such as ROS — and
the malfunctioning of, or mis-recognition by, normal
DNA-metabolic enzymes. The most clearly documented
example of enzyme mis-recognition is the cleavage by
the recombination-activating gene (RAG) COMPLEX at sites
other than its normal variable (V), diversity (D) or join-
ing (J) sites during V(D)J RECOMBINATION in lymphocytes9–11

(BOX 3). This example is specific to vertebrate lympho-
cytes. How often more general enzymes, such as TYPE II

TOPOISOMERASES, cause DSBs under normal physiological
conditions is not clear. But when topoisomerase
inhibitors are present, as in chemotherapy, for example,
then interruption of the normal type II topoisomerase
action can cause DSBs12.

Basic biochemical features of NHEJ
When DSBs occur in DNA, the biochemical configura-
tion of the broken ends can be very diverse, and they are
typically incompatible. So, putting the two ends back
together cannot usually be achieved by a simple ligation
step.

Single-stranded DNA damage is less problematic
because the other anti-parallel strand provides physical
integrity and information to direct the accurate repair of
the defective strand (by, for example, any of the exci-
sion-repair pathways). However, with DSBs, the DNA
loses physical integrity and information content on both
strands. For the two DNA ends to be processed so that
they can be joined, they must be maintained in physi-
cal proximity (FIG. 2) — a step known as synapsis.
When the two broken DNA ends are brought into
proximity, the exact point of joining can occur at any
base pair. There is a propensity for the joining to occur
at sites that have 1–4 nucleotides that are complemen-
tary between the two ends13. Therefore, if the DNA
sequence at one end is ---TTGGT* (where the dashes
represent the rest of the chromosome and the asterisk
represents the break terminus), and the other end
begins as *cggcc---, then the sequence at the point of

level of sensitivity to ionizing radiation during the cell
cycle4,5. This indicates that NHEJ is relatively stable, and
that NHEJ enzyme activities might not change signifi-
cantly during the cell cycle. Interestingly, repair of
DSBs by homologous recombination is downregulated
during G0, G1 and early S phases in the somatic cells
of multicellular eukaryotes5. This means that NHEJ is
the predominant — if not exclusive — mechanism for
the repair of DSBs during G0, G1 and early S phases,
and NHEJ continues to repair a minority of breaks dur-
ing late S and G2 phases. The cell-cycle regulation of
homologous recombination in multicellular eukaryotes
is ideal in light of the problem of repetitive DNA. The
only time that homologous recombination is used in
mitotic cells is when the donor (which is the sister chro-
matid) is directly adjacent. Otherwise, NHEJ is used for
repair of DSBs.

In light of the discovery of an important new nucle-
ase for NHEJ6, this is an ideal time to take a fresh look at
how the various components of the NHEJ pathway
function together. This review focuses on the actual pro-
teins that are involved in NHEJ repair and on some fea-
tures of the DNA that is repaired by this process.

Box 1 | How often do double-stranded DNA breaks occur?

The question of the frequency of spontaneous double-standed DNA breaks (DSBs) is
not an easy one to answer experimentally. Recently, several laboratories95–98 used
cytogenetically detectable chromosome breaks as a reflection of the frequency of DSBs.
(Chromatid breaks and ROBERTSONIAN TRANSLOCATIONS are also reflections of DSBs, and all
of these events are included in the phrase ‘chromosomal aberrations’.) The use of this
assay as a reflection of DSBs is supported by the fact that mutations in most NHEJ
components result in a marked increase in the frequency of chromosome aberrations.
With this assay, 5–10% of first-passage primary fibroblasts from mice or humans have a
chromosome aberration (mostly chromatid or chromosome breaks)95,99. These data are
the best estimates of the frequency of DSBs in mammalian cells.

If the results from primary somatic cells apply to dividing cells in vivo, the frequency
with which mutations in individual cells would arise from DSBs can be estimated.
If each DSB takes 24 hours to repair (a high upper limit), then at the end of 70 years of
human life, each cell would have about 2,300 imprecise repair sites distributed
throughout the genome. This estimate is based on a rolling 9% chromosomal breaks
(the most common breakage frequency determined for primary mouse fibroblasts)95.
Assuming that 5% of the genome is crucial for information content (3% coding, plus 2%
extra for local regulatory sequences), then in each diploid cell such a damage incidence
would mean that 115 genes in each cell would be mutant. This would be a different 115
genes in each cell. In a genome with an estimated 30,000 genes, 115 mutant genes would
correspond to one in every 260 genes being destroyed. Of course, each cell is diploid, so
the loss of a given gene is mitigated by the remaining allele. However, the 50% reduction
in production of some proteins would compromise function, based on the many
examples of HAPLOINSUFFICIENCY in eukaryotic cells. Therefore, the overall function of the
organism would be compromised.

These estimates will change as more precise information is obtained. A better estimate
for the time it takes to repair a DSB is based on in vivo data in yeast and is about 0.5
hours (S. E. Lee and J. E. Haber, personal communication). This would increase the
estimate of damaged sites per cell to 5,520, which would correspond to one gene out of
every 5.4 genes in the genome. Even factoring in heterozygosity, 3.4% of the genes would
be mutated at both alleles after 70 years of accumulated random double-stranded DNA
damage/repair sites. Such a high level of DNA damage could contribute to the overall
eventual decline of the organism. However, the length of time that it takes to repair a
given damage site will probably depend on the chemical nature of the damage. For
example, the removal of 3′-phosphoglycolate ends is estimated to require 10 hours (REF. 100).
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between Ku and the DNA helix at the phosphate back-
bone in a sequence-independent manner. This TOROIDAL

structure of Ku explains why Ku cannot dissociate from a
linear DNA molecule that has then been circularized —
the Ku protein does not have an end at which to exit27.

Another protein that binds to DNA ends is a 469-
kDa polypeptide known as the DNA-dependent protein
kinase catalytic subunit (DNA-PK

cs
)24. This serine/thre-

onine kinase is unique because it requires a DNA end as
a cofactor to be active. Ku is thought to be about fivefold
more abundant than DNA-PK

cs 
(REF. 24), and has a

tighter binding to DNA30. In the absence of Ku, DNA-
PK

cs
binds to DNA termini with an equilibrium con-

stant of about 3 x 10–9 M, and its kinase activity is
activated. DNA-PK

cs
activity is stimulated by Ku when

the DNA is longer than 26 bp; otherwise, Ku inhibits
DNA-PK

cs 
(REFS 30,31). The dissociation constant of

DNA-PK
cs

for DNA termini improves 100-fold to 3 x
10–11 M when Ku is already bound. DNA-PK

cs
, when

bound to a dsDNA end, can be active without Ku28,31,
even under physiological salt conditions30.
Biochemical and physical studies indicate that Ku and
DNA-PK

cs
do not associate in the absence of a DNA

terminus28. Low-resolution structures of DNA-PK
cs

reveal an open central region, the role of which is
uncertain32,33. It seems that the feature of dsDNA ends

joining has a higher than random probability of being
---TTGGcc---. This means that the ‘T’ at one end and
the ‘c’ at the other end were removed, and the joining
occurred at the two base pairs GG or gg, where the two
ends shared these two nucleotides of microhomology.

This preference for homologous nucleotide joining-
site selection at the junction arises because this is where
the two DNA ends can base pair13. This tendency is
called microhomology usage. It is not an essential fea-
ture, because two DNA ends that do not share microho-
mology can still be joined at normal efficiencies in
mammalian cells14–16, albeit at tenfold reduced efficien-
cies in S. cerevisiae17–19. Rather, the microhomology is a
feature that biases the joining into a markedly preferred
alignment, relative to numerous alternative alignments.
This tendency for microhomology usage is seen in gen-
eral DNA end-joining and in specialized physiological
forms of DSB repair, such as at the coding ends in V(D)J
recombination15,16. The signal-ends in V(D)J recombi-
nation are typically joined with no loss of nucleotides20.
This could mean that NHEJ can be precise, and that it
becomes imprecise only when precise end-joining is not
an option (which would be most of the time for most
pathological breaks and the coding ends in V(D)J
recombination). Alternatively, signal-end precision
might also mean that signal-ends are protected by the
RAG complex bound at the two signals21,22. The latter
view is supported by the fact that, in some NHEJ
mutant cells, signal-ends become imprecise, even
though they are formed at normal efficiency23.

When the two DNA ends are not aligned at points of
microhomology, there is often either excess DNA beyond
the point of alignment that must be removed by nucle-
ases, or there are gaps that must be filled using poly-
merases. We call this the DNA end-processing step. The
intriguing feature about this step is that the two DNA
ends must be held in proximity to prevent them from
diffusing away from each another, and yet the means by
which those ends are held must not prevent access by the
nucleases and polymerases that process the DNA ter-
mini. The last step in restoring chromosomal integrity at
a DNA break site is ligation of the DNA strands.

Synapsis: how are the DNA ends held together?
The most intriguing features of NHEJ are steric ones.
For example, how are the two DNA ends maintained
in proximity, while at the same time allowing access of
the nucleases, ligases and polymerases that are neces-
sary to configure the two DNA termini into a ligatable
configuration?

The first protein to bind to the ends at a DSB might be
Ku. Ku is a heterodimer of Ku70 and Ku86 (Ku86 is also
called Ku80, and is actually 83 kDa). Ku is abundant in
the cells (estimated at about 4 x 105 molecules per cell)24,
and has an equilibrium constant of about 5 x 10–10 M for
DNA termini25,26. Once loaded onto a DNA terminus, Ku
can diffuse to internal positions in the absence of
NTPs27,28. The crystal structure for Ku reveals a form that
is ideally suited to its function and biochemical
properties29.A hole in the Ku protein is just large enough
for dsDNA to pass through29. This allows primary contact

RAG COMPLEX

Immunoglobin heavy and light
genes and T-cell-receptor genes
are assembled from germline
variable- and constant-region
gene segments by a DNA
recombination process in B and
T cells, respectively. These gene
rearrangements depend on the
expression of recombination-
activating genes (RAG)1 and
RAG2.

V(D)J RECOMBINATION

A specialized form of
recombination that assembles
the genes that encode
lymphocyte antigen receptors
from variable (V), diversity (D)
and joining (J) gene segments.
Double-stranded DNA breaks
are introduced between the V, D
and J segments and DNA-repair
proteins then join the segments
together.

TYPE II TOPOISOMERASE

Whereas type I topoisomerases
nick one strand and thereby
change supercoiling (actually the
linking number) in steps of one,
type II topoisomerases make a
double-stranded DNA break,
thereby changing the
supercoiling in steps of two.

TOROIDAL

Doughnut-shaped.

Figure 1 | Physiological and pathological DNA breaks and
their rejoining in vertebrates. The physiological forms of
double-stranded DNA breaks (DSBs) occur in V(D)J (variable
(diversity) joining) recombination (mediated by recombination-
activating gene (RAG)1 and RAG2) and in class-switch
recombination in lymphocytes. (During the generation of
haploid germ cells (meiosis), DSBs are introduced
physiologically, and this is not listed.) One source of
pathological breaks are free radicals generated from oxidative
respiration. Pathological breaks are also caused by ionizing
radiation and by replication across a nick. See BOX 2 for a more
complete list of pathological causes of DSBs. BRCA, breast
cancer; DNA-PKcs, DNA-dependent protein kinase catalytic
subunit; MRE11, meiotic recombination 11; XRCC4, X-ray
cross complementation 4; XRS2, X-ray sensitive.

Physiological double-stranded
DNA break/repair

Non-homologous
DNA end-joining
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DNA break/repair

RAG1, RAG2 breaks
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XRCC4–DNA-ligase-IV
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level of synapsis activity40. Therefore, DNA-PK
cs

might be
the best candidate for an end-to-end synapsis factor.
However, this activity of DNA-PK

cs
seems to be limited

to a very low ionic strength and a temperature of 4°C,
and it will be interesting to see what conditions or other
factors are important for this property.

Another candidate for holding the two DNA ends
together after a DSB is the nucleosome itself. Out of
every 200 bp, 160 bp are fully wrapped around the
nucleosome. This means that only 40 bp are internucle-
osomal. However, even active chromatin might be
organized (folded) into a 30-nm filament in which the
10-nm ‘beads on a string’ are further folded. So, a DSB
might not allow the ends to diffuse apart.

Processing of two incompatibable broken ends
Pathological and physiological DSBs usually result in
incompatible ends. Therefore, the rejoining typically
requires nucleases to remove several nucleotides and
polymerases to fill in gaps of several nucleotides (FIG. 2).As
mentioned, many — but not all — joinings occur at
regions of microhomology that are 1–4 nucleotides in
length. These are nucleotides that, by chance, are shared
between the two ends. In these cases, the excess DNA
beyond the point of homology must be removed. Some
of these excess single-stranded regions require 5′ nucle-
ases, and others require 3′ nucleases. Pathological breaks
generated by ionizing radiation or ROS would also typi-
cally generate oxidized nucleotides and sugars.
Consequently, the 5′ and 3′ configurations would not be
5′ phosphates or 3′ hydroxyls. Oxidized sugars would
often give rise to 3′ phosphoglycolates. There is some
indication that polynucleotide kinase participates in the
phosphorylation of 5′ ends, where necessary41. However,
there would still be an important requirement for a nucle-
ase for all but blunt ends. Any nuclease that might trim
the 5′ and 3′ overhangs must be able to act on overhangs
with non-standard compositions.

A new component gene, called ARTEMIS, was iden-
tified on the basis of its mutation in patients with
human severe combined immunodeficiency (SCID)42–44.
The gene name was meant to represent the affliction of
children with an immunodeficiency; Artemis was the
Greek goddess of the protection of children (as well as
the goddess of hunting). The function of ARTEMIS at
that time was not known. However, cells from
ARTEMIS-null patients have V(D)J recombination
features (successful signal-joint formation, but no
coding-joint formation) that are indistinguishable
from DNA-PK

cs
-null mice42,43.

Subsequently, it was determined that Artemis has
nuclease activity6. This activity is limited to a 5′ exonu-
clease activity in the absence of DNA-PK

cs
. However,

Artemis and DNA-PK
cs

form a physical complex both
in vitro and in vivo, and DNA-PK

cs
can phosphorylate

Artemis6 (FIG. 3). The Artemis–DNA-PK
cs

complex acts
as an endonuclease at both 5′ and 3′ overhangs and
trims 5′ overhangs with a distribution of products
that has a strong preference for the site that perfectly
blunts the end. At 3′ overhangs, by contrast, the over-
hang is clipped with a preference to leave a four- or

that stimulates DNA-PK
cs

is the single-strandedness,
which, for a blunt end, would arise from BREATHING of the
DNA end34.

The ability of Ku to inhibit or activate DNA-PK
cs

,
depending on the DNA terminus length, raises the ques-
tion of what lengths are physiologically relevant. If a
DSB occurs precisely between two typical nucleosomes
spaced 40 bp apart, the DNA length from the broken
end to the nucleosome would be only 20 bp. Positioning
of the break further from one nucleosome places it
closer to the adjacent nucleosome. If the break occurs on
the DNA wrapped around a nucleosome, to what extent
is the DNA peeled off the nucleosome to permit repair
of the DSB? Alternatively, the nucleosome might be
repositioned internally.

What holds the two DNA ends together? Several lab-
oratories that have done atomic-force microscopy have
pointed out the end-to-end DNA associations seen with
Ku alone28,35, with DNA-PK

cs
alone28 or with both Ku

and DNA-PK
cs 

present28,36. However, it is unclear
whether these protein–DNA interactions are the basis
for physiological end-to-end association28. There is one
report which indicated that purified Ku can non-cova-
lently link incompatible DNA ends in a biochemical
assay37. Another laboratory has reported that Ku has
helicase activity38. Both of these biochemical observa-
tions are laboratory specific. In fact, the helicase obser-
vation has been refuted in another report39. The Ku
end-to-end association seen by atomic-force microscopy
has also not been confirmed by electron microscopy40.
Recently, DNA-PK

cs
has been shown to provide a low

Figure 2 | Non-homologous DNA end-joining and the proteins involved in vertebrates.
When a double-stranded DNA break (DSB) occurs, the ends must be held in proximity to allow
subsequent repair steps to proceed and to align the two ends. This first step can be referred to as
synapsis. Ku and the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) bind to DNA
ends during this initial phase, although it is not clear how the synapsis occurs or what proteins
specifically carry out this function. End-alignment can occur if there is terminal microhomology of,
typically, 1–4 nucleotides between the two ends. This is an optional aspect, as non-homologous
DNA end-joining (NHEJ) occurs regardless of microhomology. End-processing refers to the
removal of DNA by the Artemis–DNA-PKcs complex and the filling in of gaps by polymerases.
Ligation is the final step, and it requires a ligatable nick on each strand. Ligation in NHEJ is done
by the XRCC4 (X-ray cross complementation 4)–DNA-ligase-IV complex.

DNA break

Synapsis: unclear what maintains
the proximity of the two DNA ends

End-processing: removal of 5′ and
trimming of long 3′ overhangs

End-processing: template-dependent
fill-in synthesis

Ligation

*
*

Ku

Artemis–DNA-PKcs

XRCC4–
DNA-ligase-IV

BREATHING

The hydrogen bonds within the
Watson–Crick DNA helix are
thought to transiently and
focally ‘melt’. Such breathing
varies with the local sequence,
particularly the A–T content.
The length of DNA, duration
and frequency of such sites of
breathing has been studied for
short test sequences, but is much
less certain for longer stretches
of DNA.
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activities other than the Artemis–DNA-PK
cs

complex. It
is clear that ARTEMIS-null humans and mice are highly
sensitive to ionizing radiation, similarly to DNA-PK

cs
-

null mice42,43,45. If another nuclease is involved in verte-
brate NHEJ, its contribution cannot be great enough to
compensate for the ionizing radiation sensitivity that is
observed in ARTEMIS- or DNA-PK

cs
-null mammals.

The RAD50–MRE11–NBS1 COMPLEX has been proposed to be a
component of NHEJ in yeast and all other eukaryotes,
on the basis that MRE11 (meiotic recombination 11)
has 3′ nuclease activity46–48. However, the genetic evi-
dence in mammals calls such a proposal into question.
V(D)J recombination, which requires intact NHEJ for
its joining phase, is normal in Nijmegen breakage syn-
drome (NBS)1-null cells or cells that are homozygous
for shortened alleles of RAD50 (REFS 49–51). The 5′ and 3′
overhang endonuclease activity of the Artemis–DNA-
PK

cs
complex means that there is no need for another

nuclease, and the radiation sensitivity of the ARTEMIS-
and DNA-PK

cs
-null mammals indicates that there

might not be another efficient NHEJ nuclease.
Nevertheless, it is difficult to be certain that there is no
other nuclease in the absence of a complete set of pair-
wise genetic knockouts.

Is there a requirement for a polymerase in NHEJ? It
would be assumed that a polymerase would make
NHEJ more efficient by allowing gaps to be filled in
during the joining of the two ends. However, NHEJ
mechanistic schemes that do not require a polymerase
for at least some NHEJ events could be proposed. For
example, the Artemis–DNA-PK

cs
nuclease activity could

simply resect DNA until the two DNA ends were com-
patible as blunt ends or with one- or two-nucleotide
compatible overhangs. A knockout of the S. cerevisiae
POL4 gene affects the composition of nearly half of all
junctional additions19. Therefore, the Pol4 protein
participates in a fraction of gap fill-in during DNA
end-joining in S. cerevisiae. The corresponding poly-
merase in multicellular eukaryotes has not yet been
identified, although a physical interaction between the
Ku–DNA–XRCC4–DNA-ligase-IV complex with
polymerase-µ (pol-µ) has been reported52. In this
regard, it is interesting that Pol4 and pol-µ are both
Pol-X family members. There are at least 15 poly-
merases in mammalian cells53, and genetic and bio-
chemical data will be required to determine which are
involved in NHEJ of multicellular eukaryotes.

Ligation at DSBs
There are two DNA ligases in S. cerevisiae (DNA ligases I
and IV)54, and three in mammalian cells (DNA ligases
I, III and IV). A genetic knockout of DNA ligase IV in
S. cerevisiae indicated that it is responsible for joining
DSBs54–56. Concurrently, DNA ligase IV in mammalian
cells was implicated as the ligase for DSB repair on the
basis of its physical association with XRCC4 (REFS 57,58),
which was shown in radiation-sensitivity studies to be
important for NHEJ59–62.

Confirmation that DNA ligase IV is the DSB repair
ligase in mammalian cells required a genetic knockout.
In one study, the two DNA ligase IV alleles were knocked

five-nucleotide single-stranded overhang. Mutations
of Artemis in its β-lactamase fold abolish endonucle-
ase activity, which indicates that this region might be at
least partly responsible for the nuclease activity.

The Artemis–DNA-PK
cs

complex is also very effi-
cient at opening DNA hairpins, with a preferential cut-
ting position of two nucleotides 3′ to the hairpin tip6.
This is extremely important in the context of V(D)J
recombination (FIG. 2). The RAG1 and RAG2 proteins of
V(D)J recombination generate DNA hairpins at the end
of the DSB process at the V, D and J segments. The hair-
pins must be opened before the V, D or J segments can
be joined by using the NHEJ pathway. It had been
unclear for many years how the DNA hairpins were
opened, and the Artemis–DNA-PK

cs
complex seems to

be the exclusive mechanism for doing this. Artemis- or
DNA-PK

cs
-null mice accumulate intermediates of V(D)J

recombination at the DNA-hairpin step45. So the genetic
and biochemical data indicate that the Artemis–DNA-
PK

cs
complex accounts for all or nearly all of the hair-

pin opening in V(D)J recombination. The extremely
rare clones that arise in mice and in a small subset of
human ARTEMIS mutants represent a severe reduction
in V(D)J recombination. In most human ARTEMIS-
mutant patients, no B or T cells are found in the
peripheral blood, indicating that the block in V(D)J
recombination is complete.

The common structural feature between DNA hair-
pins and 5′ and 3′ overhangs is single-stranded DNA
just up- or downstream of double-stranded DNA, such
that the Artemis–DNA-PK

cs
complex cuts about four

nucleotides immediately 3′ to the single-stranded
region6. The activation of DNA-PK

cs
requires a double-

stranded DNA end. This is ideal for NHEJ because the
only time that the dangerous nuclease activity of
Artemis–DNA-PK

cs
is active is when a DSB arises. The

joining of two DNA ends does not require long-range
activation of proteins, because all of the enzymatic
action that is essential is within a very local region.

Given the 5′ and 3′ overhang endonuclease cleavage
activity of the Artemis–DNA-PK

cs
complex, is there a

requirement for any other nucleolytic activities in
NHEJ? Neither Artemis nor DNA-PK

cs
seems to be pre-

sent outside of vertebrates. Therefore, NHEJ in plants,
yeast and invertebrate animals must all rely on nuclease

RAD50–MRE11–NBS1 COMPLEX

This complex is involved in
homologous recombination,
along with other proteins such as
RAD51, RAD52, RAD54,
RAD55, RAD57, XRCC2,
XRCC3 and possibly BRCA1
and BRCA2. Patients who are
mutant for NBS1 (known as
XRS2 in yeast) have Nijmegen
breakage syndrome, which
includes microcephaly, increased
malignancy and chromosomal
instability. Mice with
hypomorphic alleles of Rad50
have normal V(D)J
recombination49–51, which
indicates that this complex does
not have a primary role in this
pathway.

Box 2 | Pathological causes of double-stranded DNA breaks

Ionizing radiation (gamma rays)

Reactive oxygen species
• Superoxide anion

• Hydrogen peroxide

• Hydroxyl radical

DNA replication across a nick

Malfunction of endogenous enzymes
• V(D)J recombination (lymphoid cells)

• Class-switch recombination (B cells)

• Type II topoisomerases (especially when inhibitors are present, as in chemotherapy)
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The XRCC4–DNA-ligase-IV complex does not seem
to form a stable complex with DNA, but it does so with
a Ku–DNA complex72,73. On the basis of this, Ku might
recruit the ligase complex, much as it recruits the
Artemis–DNA-PK

cs
nuclease complex6. Consistent with

the biochemical evidence for Ku–DNA interaction
with the ligase complex are genetic data from a double-
null mouse of Ku86 and the DNA ligase IV gene74. In this
mouse, the lethality of being DNA-ligase-IV null is over-
come when the mouse is also null for Ku86. This is con-
sistent with the possibility that — in a mouse that fails
to recruit the ligase — the genetic loss of that ligase is
inconsequential.

Regulation of NHEJ
The NHEJ system is ideally configured for responding
to DSBs. If the density of Ku protein in a typical nucleus
is calculated and a random distribution is assumed,
then the average distance between two Ku molecules is
only 4–6 times the Ku diameter. This means that there
is a Ku molecule within 4–6 molecular diameters of

out in a diploid human pre-B-cell line63.The cells became
X-ray sensitive and could no longer carry out V(D)J
recombination. Overexpression of DNA ligase I or III
could not compensate for the absence of DNA ligase IV. In
another study, DNA ligase IV was knocked out in mice64.
The mice failed to develop lymphocytes with rearranged
antigen receptors,and cells from them were X-ray sensitive.

The mouse knockout of XRCC4 is identical to that
of DNA ligase IV(REF. 65). XRCC4 seems to stabilize
and enhance the activity of DNA ligase IV by interact-
ing with it to form a physical complex57,66,67. XRCC4
readily forms a homodimer68 or a homotetramer69.
However, the native XRCC4–DNA-ligase-IV complex
can purify as a heterotrimer (two XRCC4 molecules
and one DNA ligase IV molecule), rather than as a
higher-order complex70. Because XRCC4 alone can
form a homotetramer, it has been speculated that the
stoichiometry of the XRCC4–DNA-ligase-IV complex
might be four XRCC4 molecules with two DNA ligase
IV molecules (or two XRCC4 molecules and one DNA
ligase IV molecule)71.

Box 3 | Overview of V(D)J recombination

V(D)J (variable (diversity) joining) recombination is a
specialized double-stranded DNA break (DSB) and rejoining
pathway which generates the exon that encodes the variable
domain for immunoglobulins and T-cell receptors. Joining
events in each pre-B cell and pre-T cell are the basis of the
antigen-specific immune system of vertebrates. The RAG
proteins, which generate the DNA breaks, are expressed only in
early lymphoid progenitors. The ends are joined in a new
configuration by the non-homologous DNA end-joining
(NHEJ) pathway, which is present in all eukaryotic cells for
purposes of general DSB repair, and which is used in vertebrate
lymphocytes for rejoining the RAG-induced breaks into a new
genomic configuration.

The recombination-activating gene (RAG)-dependent (DNA
cleavage) phase begins when the RAG1, RAG2 and high-
mobility group (HMG)1 proteins form a complex that binds at
the recombination signal sequences (RSS, depicted as filled
triangles) adjacent to each V, D or J element (depicted as filled
rectangles). The RAG complex nicks the DNA at each signal.
Two signals are brought into synapsis in accordance with the
12/23 rule, which simply means that a 12-RSS recombines better
with a 23-RSS than it does with another 12-RSS. The 3′OH at
each nick is then used as the nucleophile to attack the
antiparallel strand at each site to generate a DNA hairpin at
each V, D or J element. The Ku protein binds to some or all of
the four DNA ends, perhaps thereby displacing the RAG
complex. The Artemis–DNA-PK

cs
(DNA-dependent protein

kinase catalytic subunit) complex, which is recruited to the
DNA ends by Ku, opens the hairpinned V, D or J ends. The
Artemis–DNA-PK

cs
complex then acts as an endonuclease (and

perhaps Artemis acts as an exonucleolease) to trim the V, D or J
ends to variable extents, thereby contributing to junctional
diversity. If terminal deoxynucleotidyl transferase is present, as
it is in most lymphoid progenitors, then template-independent
DNA synthesis contributes to the junctional diversity.

Finally, the XRCC4 (X-ray cross complementation 4)–DNA-ligase-IV complex ligates the two DNA ends. The signal-ends are also joined together by the
XRCC4–DNA-ligase-IV complex. The signal end-joining does not require the Artemis–DNA-PK

cs
complex, although abnormalities of signal joints can be

found in cells that are defective for this complex.

V 12-RSS

23-RSS

V coding end

J

V

V J

J

DNA
hairpins

Opened
hairpins

Signal-ends

J coding end

• RAG complex binding to signals
• Nicking at each signal
• Synapsis of signals
• Hairpin formation

• Binding of Ku to the DNA ends

• Hairpin opening by Artemis–DNA-PKcs

• Nucleolytic trimming by Artemis–DNA-PKcs

• Template-dependent (by ?)
   and template-independent (TdT)
   DNA synthesis

• Ligation by DNA-ligase-IV–XRCC4 complex
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The actions of activated DNA-PK
cs

on Artemis and on
itself represent local effects that influence the NHEJ
mechanism. Are there more distant effects on the cell?
Many proteins are phosphorylated in vitro by DNA-PK

cs

(REF. 24), and there is a growing list of proteins for which
isolated reports argue for phosphorylation by DNA-PK

cs
.

It is too early to determine which of these is physiologi-
cally important. Does activated DNA-PK

cs
halt the cell

cycle or trigger apoptosis? The answers to these questions
are not yet clear, and they might depend on the number
of DSBs. In yeast, one DSB is enough to cause a decrease
in viability78, but the DSB dose–response relationship in
the cells of multicellular eukaryotes is less clear.

How is the decision made as to whether NHEJ or
homologous recombination is used to repair a DSB? This
is also an area of active investigation, and a comprehen-
sive model cannot yet be formulated. Early in vivo work
raised the possibility that there is competition between
these two pathways, because elimination of Ku resulted in
increased homologous recombination79–81. However,
mutations in components of the XRCC4–DNA-ligase-IV
complex increase homologous recombination in mam-
malian cells, which is contrary to the competition models
in which Ku should suppress homologous recombina-
tion82. Moreover, in S. cerevisiae, ligase mutants do not
result in suppression of homologous recombination83.
These studies have raised the possibility that NHEJ is the
initial pathway that is attempted and, when this fails,
homologous recombination might take over82,83. In mul-
ticellular eukaryotes, the hand-off from a failed NHEJ
event to the homologous-recombination pathway would
require that the cells be in late S or G2 phase, when
homologous recombination is active.A potential role for
Werner’s protein (WRN) has been indicated in the possi-
ble ‘hand-off ’ of an unsuccessful NHEJ event to the
homologous-recombination pathway84,85.

Pathological effects of NHEJ defects
Inherited defects in NHEJ account for about 15% of
human SCID, and nearly all of these are null mutations
of ARTEMIS 6,42–44. These patients are also sensitive to
ionizing radiation.

Isolated failures in the physiological forms of dou-
ble-stranded DNA breakage, such as V(D)J recombina-
tion, might result in chromosomal translocations that
yield follicular lymphomas, and similar events could
occur for CLASS-SWITCH RECOMBINATION in the case of spo-
radic Burkitt’s lymphoma86. Regarding cancers in non-
lymphoid cells, it is not yet clear how many mutations
in tumour-suppressor genes, for example, are due to
DSBs. Small deletions with some of the features of
NHEJ account for 5–15% of mutations in p53 (M.R.L.,
unpublished observations).

There are several intriguing observations that relate
defects in NHEJ to accelerated senescence. Cells that lack
Ku seem to senesce in culture more quickly87–89. (It is
interesting in this regard that Ku and WRN physically
interact39,90, and there is one report which showed that
WRN and DNA-PK

cs
interact91.) Mice that are mutant in

either component of the DNA-ligase complex (XRCC4 or
DNA ligase IV) show defects in V(D)J recombination64,65,

any potential DSB. So, early DSB detection by Ku is
unlikely to be a rate-limiting step, especially given the
high affinity of Ku for DNA ends26,30. Once Ku is
bound, the affinity of DNA-PK

cs
(and potentially of

the Artemis–DNA-PK
cs

complex) is markedly
increased to 3 x 10–11 M (REFS 30,75). The contacting of
DNA-PK

cs
with the DNA DSB provides the essential

cofactor needed for DNA-PK
cs

function as a
serine/threonine protein kinase24. We have already dis-
cussed how this ‘alarm system’ serves the cell mecha-
nistically by allowing the activation of Artemis by
phosphorylation6.

How does activated DNA-PK
cs

affect the cell in other
ways? This is still an active area of investigation,with many
interesting findings that have yet to be fitted into a broader
context. It seems that DNA-PK

cs
phosphorylation of itself

at several sites causes the disassembly of the
DNA–Ku–DNA-PK

cs
complex76.Mutation of one of these

DNA-PK
cs

autophosphorylation sites has been reported to
be defective in complementing ionizing-radiation
sensitivity77, raising the possibility that the inability of the
DNA-PK

cs
molecule to dissociate from the DNA ends

inhibits subsequent steps of NHEJ, such as ligation.

Figure 3 | The Artemis–DNA-PKcs complex in NHEJ. Ku loads on to DNA at a double-
stranded DNA end. This results in a change in the conformation of Ku because now the Ku–DNA
complex binds to the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) with an affinity
that is 100-fold higher than the affinity of DNA for DNA-PKcs directly. In vivo, Artemis is in complex
with DNA-PKcs. So, it is likely that the recruitment of DNA-PKcs to the Ku–DNA end also recruits
Artemis with it. After DNA-PKcs contacts the Ku–DNA-end complex, it becomes active as a
protein kinase. Artemis is a key phosphorylation target of this kinase activity. This allows the
Artemis–DNA-PKcs complex to be active as an endonuclease. Art, Artemis; PK, DNA-dependent
protein kinase catalytic subunit; NHEJ, non-homologous DNA end-joining. 
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PK PK
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Ku binds to DNA, resulting
in a change of Ku conformation

Binding of the Artemis–DNA-PKcs
complex but with DNA-PKcs in
its unstimulated state

Ku translocates
internally along DNA

The Artemis–DNA-PKcs complex
can now slide internally, thereby
activating DNA-PKcs kinase activity,
and, in turn, activating the structure-
specific nuclease activity of Artemis

Ku

Ku

CLASS-SWITCH

RECOMBINATION

This is the process by which the
immunoglobulin heavy-chain
isotype changes from IgM to
IgG1, IgG2, IgG3, IgG4, IgA1,
IgA2 or IgE in humans (and
similar isotypes in mice and
other vertebrates). It involves a
double-stranded DNA break
(DSB) at the switch regions
(which are repetitive, G-rich and
several kilobases in length) at the
immunoglobulin 
heavy-chain locus. The DSBs are
rejoined by some of the
components of the non-
homologous end-joining
pathway.
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Regarding the mechanistic aspects, it will be important
to establish which — if any — polymerases participate
in NHEJ. If all of the central components for NHEJ
have been identified, then reconstitution of these pro-
teins in purified form would allow a more complete
functional analysis of the interrelationships of the com-
ponents, and a more in-depth analysis of how, for
example, synapsis of the DNA ends is achieved. From a
regulatory standpoint, DNA-PK

cs 
is at least the princi-

pal component for the ‘local’ regulation of the NHEJ
machinery. A greater understanding of the relationship
between phosphorylation by DNA-PK

cs
of itself, of Ku,

of Artemis, and possibly of other NHEJ components,
will be crucial for understanding the details of the indi-
vidual steps.

Is there a layer of NHEJ regulation that affects the cell
beyond the local regulation by DNA-PK

cs
? For NHEJ at

a single DSB in a cell, it will be interesting to learn
whether there is any slowing or halting of the cell cycle.
For more abundant DSBs or for lesions that require
more time to repair, it will be interesting to understand
how this is integrated with other cellular processes, such
as DNA replication or transcription94.

During late S and G2 of the cell cycle, NHEJ and
homologous recombination are both active. Is the
choice of pathway during this time random or somehow
orchestrated? Integretion of NHEJ with homologous
recombination will be another interesting area. Is the
WRN–Ku interaction part of such a link?39,90 Early indi-
cations indicate that it might be84,85.

Finally, reconstitution of NHEJ will facilitate the test-
ing of inhibitors or modulators of NHEJ. These might be
useful modulators in cancer, but also in non-neoplastic
proliferation disorders. So, although the framework for
NHEJ is progressing quickly, there is a vista of interesting
basic questions and medical applications that lies ahead.

just as human pre-B cells do63. However, the mice die dur-
ing the final days of gestation. It is not yet clear why they
die, but they show an increased apoptotic death of neu-
rons at distinct locations at specific times during gestation.
The reasons why some cells die and others do not is
unclear. Interestingly, mice deficient for Ku70 show a
depletion of enteric neurons92. Presumably, this apoptotic
cell death is triggered by the inability to repair DSBs.

As mentioned earlier, the imprecision of NHEJ
might contribute to normal ageing. Whether muta-
tions in NHEJ contribute to accelerated ageing could
depend on the type of enzyme activity that is missing.
The various NHEJ-null mutants are heterogeneous for
reasons that probably relate to the biochemistry of the
NHEJ pathway74. That is, the lack of a ligase leaves the
Artemis–DNA-PK

cs
nuclease present to cause

unchecked rounds of degradation. By contrast, the lack
of the Artemis–DNA-PK

cs
nuclease still leaves the

XRCC4–DNA-ligase-IV complex, and the amount of
DNA loss might not be as severe.

Therapeutically, inhibitors of NHEJ could be of great
value as radiation sensitizers or in combination
chemotherapy strategies. There are several inhibitors of
DNA-PK

cs
, at least one of which is being tested in cellu-

lar assay studies for its effectiveness in combination
chemotherapy93. Clinically, the stratification of patients
on the basis of their NHEJ pathway efficiency might
allow the identification of those patients who have diffi-
culty tolerating the normal doses of therapeutic radia-
tion that are required to cure some cancers. Therefore,
insights into the NHEJ pathway are likely to have a sub-
stantial clinical effect in the near future.

Concluding remarks
We have discussed some of the current developments that
are central to the repair of DSBs by the NHEJ pathway.
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