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The Cellular Control of DNA Double-Strand Breaks

Shaun P. Scott and Tej K. Pandita*
Washington University School of Medicine, St. Louis, Missouri 63108

Abstract DNA double-strand breaks (DSBs) are the most hazardous lesions arising in the genome of eukaryotic
organisms, and yet occur normally during DNA replication, meiosis, and immune system development. The efficient
repair of DSBs is crucial in maintaining genomic integrity, cellular viability, and the prevention of tumorigenesis. As a
consequence, eukaryotic cells have evolved efficient mechanisms that sense and respond to DSBs and ultimately repair
the break. The swiftness of the DNA DSB response has paved to the identification of sensors and transducers which
allowed to generate a hierarchical signaling paradigm depicting the transduction of the damage signal to numerous
downstream effectors (Fig. 1). The function of such effectors involve posttranslational modifications through
phosphorylation, acetylation, and methylation of the substrates. This review will address the control of DSBs in damaged
eukaryotic cells, the physiological processes that require the introduction of a DSB into the genome, and the maintenance

of DSBs in non-damaged cells. J. Cell. Biochem. 99: 1463-1475, 2006.  © 2006 Wiley-Liss, Inc.
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The DSB is probably the most dangerous of
the many types of DNA damage that exist
within the cell. They arise from exogenous
agents such as ionizing radiation (IR) and
certain chemotherapeutic drugs, from endogen-
ously generated reactive oxygen species and
from chromosomal stress. A DNA replication
fork that encounters DNA single-strand breaks
or other types of lesion will also produce DSBs.
They can occur at the ends of chromosomes due
to defective metabolism of telomeres [Pandita,
2002a,b]. In addition, DNA DSBs can also form
in a programmed manner during development.
They are generated to initiate recombination
between homologous chromosomes during
meiosis and occur as intermediates during
developmentally regulated rearrangements,
such as V(D)J recombination and immunoglo-
bulin class-switch recombination.
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The inability to respond properly to, or to
repair, DNA DSBs has the potential to lead to
genomic instability, which in turn may either
lead to cell death or increase the risk of
pathological consequences such as cancer devel-
opment. The repair of DNA DSBs must occur in
the context of chromatin, and there is increas-
ing evidence that the modulation of chromatin
plays an integral role in the DNA DSB repair
process. It is becoming evident that a defect in
the signaling and repair of DSBs is instrumen-
tal in the development of a number of human
cancers. There are also a number of human
disorders, which are characterized by defects in
proteins that function in the control of DSBs.
The study of these disorders has provided
enormous insight into the cellular control of
DSBs.

DSB DISORDERS

There are a number of human genetic dis-
orders which are characterized by a defective
DSB response [O’Driscoll and Jeggo, 2006]
(Table I). These disorders also have a number
of typical characteristics, such as developmen-
tal defects, immunodeficiency, neurological
degeneration, and cancer predisposition. The
use of cell-lines and mouse models of these DSB
disorders has greatly enhanced our under-
standing of the cellular process that regulates
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TABLE 1. DSB Disorders
Syndrome Gene Phenotype
AT ATM Immunodeficiency, neurodegeneration, cancer predisposition
ATLD Mrell Milder form of AT, no reported cancer phenotype
NBS Nbs1 Immunodeficiency, developmental defects, cancer predisposition
Seckel syndrome ATR Developmental defects, no reported cancer phenotype
Fanconi anemia BRCA2 (FANCD1I) Immunodeficiency, developmental defects, cancer predisposition
RS-SCID Artemis Immunodeficiency, no reported cancer phenotype
LIG4 syndrome LIG4 Immunodeficiency, developmental defects, cancer predisposition

the maintenance and processing of DSBs.
Mutations in the evolutionarily conserved
Mrel1/Nbs1/Rad50 complex results in Ataxia-
telangiectasia like disorder (ATLD) and Nijmegen
breakage syndrome (NBS), respectively. As yet
no human condition has been identified for
mutated Rad50. Knockout mouse models of all
three genes are embryonic lethal, highlighting
the significance of this complex. The major role
of this complex is thought to be in the sensing
of the DSB, which is discussed in more detail
in the next section. Mutations in a group of
proteins which belong to the phosphatidylino-
sitol 3-kinase related kinases (PIKKs)—ataxia-
telangiectasia mutated (ATM), ataxia-telan-
giectasia and RAD3 related (ATR), and DNA
protein kinase catalytic subunit (DNA-PKcs)
result in ataxia-telangiectasia and Seckel syn-
drome, respectively. The PIKKs are essential
in the efficient signal transduction pathways
which are activated in response to DSBs. Lastly,
there are several syndromes associated with
proteins that are involved in the DSB repair
process. Defective LIG4 and Artemis result in
LIG4 syndrome and severe combined immuno-
deficiency (SCID) syndrome. Both proteins
function in the non-homologous end-joining
(NHEJ) pathway. BRCA2 mutations give rise
to Fanconi anemia (specifically FANCD1) which
resultsin a defective homologous recombination
(HR) pathway. The broad spectrum of clinical
features of these DSB disorders clearly high-
lights the importance in regulating the repair of
this type of lesion.

SENSING DSBs

Clearly, sensing the lesion is the first essen-
tial step in the cellular response to DSBs.
Recent studies implicate the Mrell complex is
having an early role in the detection of the DSB.
Its role in sensing the break and initial end
processing will be discussed below. We will also
discuss the growing importance of the modifi-

cations in chromatin structure and its potential
role as a sensor of DSBs.

Early Response and Processing
of DSBs by Mre11 Complex

Significant amount of data suggests that
Mrell, Rad50, and Xrs2/Nbsl (Xrs2 in S.
cerevisiae; Nbsl in mammalian cells) comprise
a nuclease complex (also termed the Mrell
complex) with multiple roles in signaling and
repair in meiotic and mitotic DSB response
networks, as well as telomere maintenance
[Grenon et al., 2001]. The complex is involved
in early steps of DSB end processing prior to
repair by multiple pathways and may maintain
sister chromatids or broken ends in close
proximity. These proteins bind DNA quickly
after DSB induction, and influence the rate of
5" to 3’ resection of DSB ends, along with Sae2/
Coml [Rattray et al., 2001]. While all evidence
indicates that the heteroduplex is required for
the initial processing of broken DNA ends, the
nature of the processing is unclear. The nucle-
ase activity of Mrell degrades DNA in the 3’ to
5’ direction, leading one group to hypothesize
that the complex recruits an unidentified
nuclease of the correct polarity or that the
helicase activity of the complex provides a
substrate for the endonuclease activity of
Mrell [Nairz and Klein, 1997; Usui et al.,
1998; Moreau et al., 1999]. Exol can partially
compensate for loss of Mrell activity in mitotic
cells but not meiotic cells suggesting that Mrell
acts differently in the context of Spoll-
mediated DSBs [Moreau et al., 1999, 2001].
Initial studies showed a requirement for the
Mrell complex after irradiation that produces
multiple types of DNA ends, raising the possi-
bility that processing is likely limited to an
initial “cleaning” or removal of the ends rather
than extensive nuclease activity. In a related
way, the proposed activity of Mrell to assist in
removal of Spoll from DNA after cleavage
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during meiosis may be analogous to removal of a
bulky adduct from a DNA end in somatic cells.
The crystal structure of the Mrell complex
revealed strong similarities to the Smc proteins
that tether replicated homologs together until
appropriate anaphase signaling and separa-
tion. When complexed as a trimer, the N and C
termini of Rad50 associate together separated
by along flexible arm with a zinc hook at the tip.
Mrell and Xrs2 sit together with the N and C
termini [Hopfner et al., 2001, 2002; de Jager
et al., 2001]. This structure along with initial
genetic evidence with MRE11S and RAD50S
yeast mutants [Nairz and Klein, 1997] led to the
suggestion that heterotrimers associate at the
zinc hooks during S phase to tether two
chromatids together. Electron microscopy stu-
dies in mammalian cells suggested that multi-
ple complexes may associate to hold together
the two ends of a broken DNA duplex [de Jager
et al., 2001; Wyman and Kanaar, 2002].
Although null mutants of each of the three
proteins lead to embryonic lethality in mice,
several hypomorphic strains have been engi-
neered and are viable [Bender et al., 2002;
Williams et al., 2002]. As expected, these mice
exhibit meiotic defects, as well as radiation
sensitivity and predisposition to cancer similar
to the cognate human syndromes. Interestingly
the Rad50S mutant mice display a distinct
hematopoietic cell defect and bone marrow
failure not observed in mutants of the other
complex proteins [Bender et al., 2002]. The
reason for the defect remains unclear; pos-
sibilities include a specific role for Rad50 in
tissue-specific stem cell proliferation or differ-
entiation, or, alternatively, a role in anti-
apoptotic signaling. Since hematopoietic cells
are particularly susceptible to apoptosis after
DNA damage, partial loss of Rad50 function
may be sufficient to demonstrate this phenotype
in somatic cells. Taken together with elevated
levels of apoptosis in mammalian spoll™~
spermatocytes and oocytes, ATM '~ human
neural cells, and MEI304 Drosophila mutants,
unrepaired DSBs in both meiotic and mitotic
systems seem sufficient to lead to apoptosis
[Pandita et al., 1999; Scherthan et al., 2000].

Histone H2AX

One of the immediate targets of the ataxia-
telangiectasia mutated (ATM) kinase in
response to DNA damage is the histone H2A
variant H2AX [Redon et al., 2002]. Histone

H2AX, the major isoform in yeast and a minor
H2A species in mammals, is phosphorylated at
the carboxy-terminal serine 139 immediately
following Spoll-induced DSB formation
[Hunter et al., 2001; Mahadevaiah et al., 2001].
Similarly phosphorylation occurs in somatic
cells in response to damage-induced DSBs
[Rogakou et al., 1998], and in response to Rag-
mediated cleavage [Chen et al., 2000]. Phos-
phorylated H2AX (termed y-H2AX) appears
within minutes of damage over large chromatin
regions extending tens of kb in yeast and up to
2 Mb in mammalian cells [Rogakou et al., 1999].
The analysis of H2AX-deficient mice has
demonstrated a role for H2AX in a variety of
responses to DSBs, including DNA repair,
checkpoint signaling, and immunoglobulin
gene class switching [Petersen et al., 2001;
Bassing et al.,, 2002; Celeste et al., 2002;
Fernandez-Capetillo et al., 2003; Reina-San-
Martin et al., 2003]. H2AX '~ mice exhibit
male-specific sterility, which is likely due to
defects in chromatin remodeling during meiosis
[Fernandez-Capetillo et al., 2003]. y-H2AX
immunostaining of mouse spermatocytes is
detected in leptotene and zygotene, and co-
localizes with Rad51-Dmel foci. By pachytene,
staining is limited to unsynapsed regions such
as non-homologous arms of the sex chromo-
somes. By contrast, staining is nearly absent at
all times in SPO11~/~ mutants that do not form
DSBs. It is tantalizing to suggest that coating of
large chromatin regions by y-H2AX may act as a
structural signal to recruit recombination and
repair proteins, as well as structural proteins
involved in chromatid pairing and SC formation
in pachytene. The existing literature argues a
strong correlation between defective DSB
repair, genomic instability, and telomere dys-
function [Sharma et al., 2003a,b,c]. The most
recent studies suggest that the repair of DNA
DSBs must occur in the context of chromatin,
and there is increasing evidence that the
modulation of chromatin plays an integral role
in the DNA DSB repair process (Fig. 2). Several
chromatin-modifying factors have been identi-
fied that play a role in DNA damage response
[Pandita, 2003; Sharma et al., 2003c; Kusch
et al., 2004; Gupta et al., 2005].

hMOF Influences ATM Activation

hMOF, the human ortholog of the Drosophila
MOF gene (males absent on the first), encoding
a protein with histone acetyltransferase (HAT)
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activity, has been shown to interact with the
ATM [Gupta et al., 2005]. In response to DSBs,
hMOF-dependent acetylation of its target sub-
strate, lysine 16 (K16) of histone H4 is
enhanced, independent of ATM function. Block-
ing the IR-induced increase in acetylation of
histone H4 at K16, either by the expression of a
dominant negative mutant hMOF or by RNA
interference-mediated hMOF  knockdown,
resulted in decreased ATM autophosphoryla-
tion, ATM kinase activity, and the phosphoryla-
tion of downstream effectors of ATM and DNA
repair while increasing cell killing (Fig. 3). In
addition, decreased hMOF activity was asso-
ciated with loss of the cell-cycle checkpoint
response to DSBs. These results suggest that
hMOF functions upstream of ATM and its
modification of histone H4 at lysine 16 may
play some role in sensing the DSB.

TIP60 as Sensor of DSBs

TIP60, a HAT has been shown to acetylate
core histones H2A, H3, and H4 [Yamamoto and
Horikoshi, 1997; Kimura and Horikoshi, 1998].
TIP60 appears to play an important role in DNA
damage repair, as cells expressing catalytically
inactive TIP60 accumulate DSBs [Ikura et al.,
2000]. Sun et al. [2005] showed that TIP60
forms a distinct stable complex with ATM and in
response to damage activates ATM by direct
acetylation. The catalytic activity of TIP60 is
stimulated in response to DNA damage, but
does not appear to be regulated by ATM. As is
the case with hMOF, it has been suggested that
TIP60 functions upstream of ATM, possibly
sensing DNA damage-caused chromatin
changes and signaling them to ATM.

In addition to the above-mentioned chroma-
tin modifying factors, there are several other
chromatin-modifying factors with chromodo-
mains, for example, isoforms of heterochroma-
tin protein 1 (HP1) which have been linked with
the repair of IR-induced DNA damage [Sharma
et al., 2003c]. The isoforms of HP1 have
potential sites that can be phosphorylated by
ATM. It remains to be determined whether
isoforms of HP1 interact with ATM or any other
DNA damage response elements.

DSB SIGNALING AND CHECKPOINT
ACTIVATION

In response to DNA DSBs a complex network
of cell-cycle checkpoint proteins is activated,

resulting in cell-cycle arrest in all three DNA
damage cell-cycle checkpoints (G{-S, intra-S,
and Go-M). During this time the DSB is repaired
by either HR or NHEJ. The signaling molecules
that orchestrate the DNA damage cell-cycle
checkpoints are the PIKKs class of protein
kinases; ATM, ATR, and DNA-PK. The survival
of cells with impaired ATM, ATR function after
DNA damage is compromised and they are
defective in initiating DNA damage-induced
cell-cycle arrest.

ATM

The ATM protein kinase is primarily acti-
vated in response to DNA DSBs caused by IR or
radiomimetic drugs (Fig. 3). ATM is observed at
the sites of DNA damage, where it is autopho-
sphorylated and is dissociated from its non-
active dimeric form to the active monomeric
form [Bakkenist and Kastan, 2003]. The ATM
protein appears to be a part of the sensory
machinery that detects DSBs during meiosis or
mitosis, or breaks consequent to the damage
by free radicals. After the recruitment to the
sites of DNA damage, ATM phosphorylates a
number of substrates, including Chkl and
Chk2, which in turn target other proteins to
induce cell-cycle arrest and facilitate DNA
repair (Fig. 3). Cells deficient in ATM have been
shown to have a high frequency of spontaneous
chromosomal aberrations, high rates of intra-
chromosomal recombination, and error-prone
recombination [Pandita, 2002a, 2003]. Such
cells have a higher initial and residual chromo-
somal aberrations in G; and G phases after IR
exposure as determined by premature chromo-
some condensation technology [Pandita and
Hittelman, 1992a,b; Morgan et al., 1997]. Cells
defective in ATM function also display higher
frequency of chromosomal aberrations after IR
exposure as determined by karyotypic exam-
ination of metaphase chromosome spreads
[Morgan et al.,, 1997]. Mice mutated in the
homolog of the Atm gene (ATM) display similar
pleiotropic defects [Barlow et al., 1996; Elson
et al., 1996; Xu et al., 1996]. Atm-deficient mice
show aberrant synapsis with unpaired axial
cores, non-homologous synapsis, and fragmen-
ted synaptonemal complexes [Pandita et al.,
1999; Scherthan et al., 2000]. Consistent
with a role for Atm in meiosis, individuals
with ataxia telangiectasia (A-T) display gona-
dal atrophy and spermatogenetic failure, a
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phenotype which is mirrored in Atm-deficient
mice [Pandita, 2003].

The ATM protein belongs to a growing
family of phosphatidylinositol-3 kinase-related
kinases and seems to play a role as an intrinsic
part of the cell-cycle machinery that surveys
genomic integrity, cell-cycle progression, and
processing of DNA damage [Pandita, 2002a,
2003; Kurz and Lees-Miller, 2004]. It shows
similarity to several yeast and mammalian
proteins involved in meiotic recombination
and cell-cycle progression, namely, the products
of MEC1 in the budding yeast S. cerevisiae and
RAD3 of the fission yeast S. pombe [Bentley
et al., 1996; Lydall et al., 1996], and the Tor
proteins of yeasts and mammals [Keith and
Schreiber, 1995; Savitsky et al., 1995]. The Atm
protein and its relative Atr (Atm and Rad3
related) have been regarded as important
components in the machinery monitoring pro-
gression of meiotic recombination, DSB repair,
and homolog pairing [Moens et al., 1999], which
is in agreement with the location of murine Atm
throughout meiotic chromatin [Flaggs et al.,
1997; Barlow et al., 1998; Schertham et al.,
2000]. Detection and signaling of DNA damage
are possibly mediated through downstream
targets of Atm like p53, Mdm2, Brecal, Chk2,
and Smcl proteins (Fig. 3) [Pandita, 2003].
Furthermore, the yeast Atr ortholog Mecl, is
known to exert checkpoint function in the
mitotic and meiotic cell cycle, and its absence
mediates a defect in synapsis [Lydall et al.,
1996; Grushcow et al., 1999]. Mecl is required
for phosphorylation of Rpa as a response to IR-
induced DNA damage [Brush et al., 1996] and in
turn Rpa has been shown to interact with
Rad51, which plays an important role in meiotic
recombination [Shinohara et al., 1992, 1997]
and localizes to meiotic recombination com-
plexes [Terasawa et al., 1995; Anderson et al.,
1997; Tarsounas et al., 1999].

DNA damage checkpoint pathways in S.
cerevisiae are governed by the Atm homolog
Tell and the Mrell complex [Usui et al., 2001].
In mitotic cells, the Tell-Mrell complex path-
way triggers Rad53 activation and its interac-
tion with Rad9, whereas in meiosis it acts via
Rad9 and the Radb3 paralog Mre4/Mekl.
Activation of the Tel1-Mrell complex pathway
checkpoint functions appears to depend upon
the Mrell complex as a damage sensor and, at
least in meiotic cells, to depend on unprocessed
DNA DSBs. The DSB repair functions of the

Mrell complex are enhanced by the pathway,
suggesting that the complex both initiates and
is regulated by the Tell-dependent DSB signal.
These findings suggest Mrell complex has a
role in the meiotic recombination as well [Usui
et al., 2001].

As a protein kinase, ATM directly phosphory-
lates p53 and interacts with many other molecu-
lesinvolved in homologous and non-homologous
DSB repair, as well as in cell signaling. Some of
these molecular targets include Atr, c-Abl, Chk-1,
Chk-2, Rpa, Breal, Brca2, NF-«xB/IxB alpha,
beta-adaptin, and autophosphorylation of ATM
itself. Thus, ATM is a “hierarchical kinase,”
(Figs. 1, 3) capable of initiating many pathways
simultaneously [Pandita, 2003].

ATR

The ATR (ATM and Rad3 related) protein
kinase primarily responds to replication stress
and other forms of DNA damage, such as UV.
ATR is recruited to the sites of DNA damage by
ATR-interacting protein (ATR-IP) to RPA-
coated single-stranded DNA (ssDNA) that
accumulates at stalled DNA replication forks
or is generated by the processing of the initial
DNA damage. Once at the break, like ATM, ATR
phosphorylates Chk1, and Chk2 thus inducing
cell-cycle arrest.

It was previously thought that although both
ATM and ATR had overlapping but distinct
roles in the response to DNA damage, new
studies suggest that in fact they are workingina
coordinated manner. Trenz et al. [2006] demon-
strate that both ATM and ATR promote Mrell-
dependent restart of collapsed replication forks
and prevent accumulation of DNA DSBs. A
study by Myers and Cortez [2006], shows that
ATR is activated rapidly by IR and both ATM
and Mrell enhance ATR signaling. They pos-
tulate that ATM and Mrell may stimulate the
ATR signaling pathway by converting DNA
damage generated by IR into structures that
recruit and activate ATR.

DNA-PK

Components of the DSB repair DNA-depen-
dent protein kinase DNA-PK complex, includ-
ing Ku70, Ku86, and DNA-PK catalytic subunit
(DNA-PKcs), are found in the radiosensitive
spermatogonia [Hamer et al., 2003]. Although
p53 induction is unaffected, spermatogonial
apoptosis occurs faster in the irradiated
DNA-PKcs-deficient SCID testis. These results



1468 Scott and Pandita

suggest that spermatogonial DNA-PK functions
in DNA damage repair rather than p53 accu-
mulation. Despite the fact that early spermato-
cytes lack the Ku proteins, spontaneous
apoptosis of these cells occurs in the SCID
testis. The majority of these apoptotic sperma-
tocytes are found at stage IV of the seminiferous
epithelium where a meiotic checkpoint has been
suggested to exist. DSBs are less accurately
repaired in SCID spermatocytes that then fail to
pass the meiotic checkpoint. Thus the role for
DNA-PKcs during the meiotic prophase differs
from that in mitotic cells since it is not
influenced by IR and is independent of the Ku
heterodimer.

REPAIR OF DSBs

Once the cell has sensed the DSB and the
appropriate signaling to the cell-cycle check-
points achieved, the DNA repair machinery is
then recruited to the break. The two major
pathways for the repair of DSBs are homologous
recombination (HR) and NHEJ. The precise
mechanisms the cell used to decide which repair
pathway to use is an important question that
remains to be answered.

Homologous Recombination

Homologous recombination rejoins DSBs
using a sister homolog as a template. As a
consequence, this method of repair provides
very high fidelity. An early step in HR involves
the generation of a single-stranded region of
DNA, followed by invasion of the template
strand, which creates a Holliday junction.
DNA synthesis using the sister strand as a
template is followed by branch migration and
subsequent resolution of the heteroduplex
[West, 2003]. RAD51, a central player in HR,
is loaded onto ssDNA and promotes strand
invasion, with BRCA2 having a role in deliver-
ing RAD51 to the DNA [Pellegrini et al., 2002].
BRCAL1 is also required for HR, possibly in a
regulatory capacity. Other proteins that are
involved in HR are RAD52, XRCC2, and
XRCC3. Recently, hRad9 was found to influence
HR as the cells with hRad9 knockdown had
about three- to fourfold reduced levels DNA
DSB HR repair [Pandita et al., 2006].

HR has a key role in rejoining DSBs that arise
as a result of replication-fork stalling. Most
proteins that are required for HR are essential,
probably because stalling of replication forks
occurs during most cycles of replication. Cells

that lack HR are only mildly sensitive to ioniz-
ing radiation sensitive, but are highly sensitive
to DNA-crosslinking agents [Thompson and
Schild, 2001]. This phenotype is consistent with
the idea that the primary function of HR is to
repair DSBs at the replication fork, whereas
NHEJ primarily repairs DSBs that have been
generated elsewhere in the DNA.

Non-Homologous End-Joining

DNA NHEJ is a predominant pathway of
DNA double-strand break repair in mammalian
cells. The proteins that are required for NHEJ
include the heterodimer of Ku70 and Ku80, and
the catalytic subunit of the DNA-dependent
protein kinase, DNA-PKcs. Heterodimers of Ku
bind to the ends of DNA DSBs, which in turn
recruit DNA-PKcs to the site of damage.
Activated DNA—PKcs complex recruits arte-
mis, XRCC4, LIG4, and DNA polymerase p.
Artemis has endonuclease activity necessary to
provide the appropriate DNA ends for ligation
and gap filling by LIG4 and DNA polymerase p.
Ahnesorg et al. [2006] have recently identified a
previously uncharacterized XRCC4-like factor
(XLF, also named Cernunnos), that has weak
sequence homology with XRCC4 and is pre-
dicted to display structural similarity to
XRCC4. They show that XLF directly interacts
with the XRCC4-Ligase IV complex and that
downregulation of XLF in human cell lines leads
to radiosensitivity and impaired NHEdJ.

NHEJ functions throughout the cell cycle and
is the predominant DSB-rejoining mechanism
in G; phase. NHEJ also rejoins DSBs that are
introduced during V(D)J recombination, which
isdiscussed in more detail below. Consequently,
viable mice that have defective NHEJ pathway
function suffer from SCID. KU and DNA-PKcs
also haverolesin telomere-length maintenance.
Premature senescence is seen in KU-deficient
mice, whereas DNA-PKcs-deficient mice have
progressively shortened telomeres over succes-
sive generations. The roles of DNA DSB repair
proteins at the telomeres are distinct from the
roles in NHEJ.

REGULATION OF DSBs IN
NON-DAMAGED CELLS

In addition to the random introduction of
DSBs that occur as a result of cellular exposure
to DNA damaging agents, DNA DSBs can
also form in a programmed manner during
development. They are generated to initiate
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recombination between homologous chromo-
somes during meiosis [Richardson et al., 2004]
and occur as intermediates during developmen-
tally regulated rearrangements, such as V(D)J
recombination and immunoglobulin class-
switch recombination.

Initiation of Meiotic Recombination by DSBs

Atthebeginning of meiosis, each chromosome
must recognize its homolog, then the two
become intimately aligned along their entire
lengths, which allows the exchange of DNA
strands between homologous sequences to gen-
erate genetic diversity. DNA double-strand
breaks initiate meiotic recombination in a
variety of organisms. Numerous studies have
identified both the genomic loci of the initiating
DSBs and the proteins involved in their forma-
tion. Meiotic recombination initiates with DSBs
formed by Spoll, a topoisomerase II-like pro-
tein (Spoll in S. cerevisiae and vertebrates,
Recl2 in S. pombe, Mei-W68 in Drosophila)
[Keeney et al., 1997, 1999; McKim and Hayashi-
Hagihara, 1998; McKim et al., 1998; Roma-
nienko and Camerini-Otero, 1999; Lichten,
2001]. DSB formation also requires the products
of at least nine other genes that act by
stabilization or recruitment mechanisms.
These include meiotic-specific Mei4 [Menees
et al., 1992], Mer2 [Rockmill et al., 1995],
Rec102, Recl04, Recll4 (Rec7 in S. pombe)
[Molnar et al., 2001a,b], Rec103 (Ski8; Rec14 in
S. pombe) [Gardiner et al., 1997] as well as
ubiquitously expressed Mrell, Rad50, and Xrs2
(Nbsl in mammals) genes [Ivanov et al., 1992;
Ajimura et al.,, 1993; Johzuka and Ogawa,
1995]. The additional accessory factor Sae2/
Coml1 is required for DSB processing.

It is well established that DSBs are potent
inducers of HR in both meiotic and somatic cell
systems [Jasin, 1996; Keeney et al., 1997; Liang
et al., 1998; Richardson et al., 2000]. The
localized Spoll-mediated DSBs appear before
the formation of joint molecules, and their
frequency correlates with the frequency of gene
conversion and crossing-over. Meiotic DSBs
also initiate DSB response checkpoints that
ensure the completion of recombination before
the exit from pachytene.

As expected, the lack of DSBs in yeast
SPO11~'~ mutants blocks recombination initia-
tion, synapsis, and sporulation. Similarly,
although viable, SPO11~/~ mice are infertile
and display multiple meiotic pairing, synapsis,

and recombination defects [Baudat et al., 2000;
Romanienko and Camerini-Otero, 2000].
Mammalian SPO11~/~ spermatocytes and oocytes
undergo elevated levels of apoptosis. Consistent
with the interdependence of meiotic recombina-
tion and synapsis, DSBs may serve as the initial
regulatory or structural signal required for
progression through meiosis without which
apoptosis occurs [Hunter et al., 2001]. Conver-
sely, it is possible that the lack of DSBs in
SPO117/~ mice induces cell cycle arrest and
produces a pro-apoptotic signal [Baudat et al.,
2000]. Spol1 could also serve a structural role
secondary to DSB formation [Romanienko and
Camerini-Otero, 2000] leading to the prediction
that separation of functional mutants will
demonstrate independent catalytic and struc-
tural roles as well as an understanding of
apoptotic signaling in the absence of Spoll
function. Although highest in testis and ovary,
the expression of mammalian Spoll and alter-
native transcripts are also detected in several
somatic tissues including lymphocytes [Baudat
et al., 2000; Romanienko and Camerini-Otero,
2000] suggesting a possible role of these gene
products in other DSB-mediated developmental
programs such as somatic hypermutation or
class switching [Tokuyama and Tokuyama,
2000, 2001]. However, analysis of SPOI117/~
mice to date has not revealed any role of Spol1l
outside of meiosis [Klein et al., 2002].

Meiotic DSB Response and Recombination:
The Rad52 Epistasis Group

The Rad52 epistasis group members; Rad50,
Rad51, Rad52, Rad54, Rdh54/Tid1 (Rad54B),
Rad55, Rad57, (Xree2, Xree3), Mrell, and Xrs2
(Nbsl) are central to both HR in meiotic cells
and DSB repair by homology-directed mechan-
isms in mitotic cells (Fig. 1). Consistent with
evolutionary conservation of proper chromo-
some segregation and genetic variation during
sexual reproduction, homologs of many of these
genes have been identified in multiple species
based on sequence similarity, and studies have
determined which are functional homologs or
related protein family members. Species differ-
ences in function have further defined their
biochemical function. In mammals, many of the
Rad52 epistasis group homologs are expressed
in multiple tissue types, but with highest levels
of expression seen in the testis and proliferat-
ing cells, indicating their involvement in
both meiotic and mitotic recombination. The
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Fig. 1. Major regulatory steps in the process of DNA DSBs repair. DNA damage repair is accompanied by
various cellular functions, which involve the recognition of damage, modification of chromatin at the site of
DNA damage, recruitment of repair factors accompanied with the processes involved in cell-cycle check
points. Several proteins have been reported to have multiple functions that are involved in the regulation of
the DNA DSB repair, whether the damage requires be repaired by NHEJ or HR.

protein—protein interactions among various
members of the Rad52 epistasis group suggest
that two different complexes are involved in
DSB-induced recombination; the first is involv-
ed in presynaptic functions including the pro-
cessing of the DSB ends, and the second
involved is in synaptic functions for invasion,
creation of repair intermediates, and resolution
[Petukhova et al., 2003]. This second complex
has been termed a recombinosome but has not
yet been isolated.

V(D)) Recombination

During early B and T cell development, the
exons that encode immunoglobulin (Ig) and T
cell receptor (TCR) variable regions are
assembled from germline variable (V), diversity
(D), and joining (J) segments via V(D)dJ recom-
bination. The reaction is initiated when the
recombinase-activating gene-1 and -2 protein
complex (RAG) introduces DNA DSBs at specific
sites within the border of two gene segments
and their flanking recombination signals. DNA

cleavage only occurs after the two recombina-
tion signals are brought together in a synaptic
complex and leads to the formation of a pair of
blunt phosphorylated signal ends and a pair of
hairpin-sealed coding ends. The signal and
coding end pairs are processed by NHEJ to
generate a signal join and coding join, respec-
tively. A recent study by Bredemeyer et al.
[2006] have elegantly demonstrated that ATM
function directly in the repair of chromosomal
DNA DSBs by maintaining DNA ends in their
repair complexes generated during lymphocyte
antigen receptor gene assembly. This study
explains the increase in lymphoid tumors with
translocations involving antigen receptor loci
associated with ataxia-telangiectasia.

FUTURE STUDIES AND DIRECTIONS

Considerable advances have been made in
recent yearsin elucidating the mechanisms and
pathways by which cells regulate the repair of
DSBs. However, there are several key issues,
which are the subject of intense research in the
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repair-associated protein; TRF1, telomere-repeat-finding factor
1; hTERT, human catalytic unit of telomerase; hMOF, the human
ortholog of the Drosophila MOF gene (males absent on the first).



1472 Scott and Pandita

field at the moment. The first of these is the
mechanism by which cells initially detect the
presence of DNA DSBs. It is becoming increas-
ingly evident that the higher order nuclear
organization of chromatin (Fig. 2) plays a key
role in the cells ability to sense the presence of
DSBs. The identification of new chromatin
associated proteins and elucidation of new roles
for known chromatin associated proteins will
greatly enhance our understanding of DNA
DSB repair processes. The second issue relates
to the mechanism by which cells regulate which
DNA repair process, either HR or NHEJ, is
activated at DSBs. It is clear that during certain
phases (G;) of the cell cycle that NHEJ is the
predominant mode of repair. However, during
late S and Gy both HR and NHEJ can equally
contribute to DSB repair. In this case, how does
the cell decide which repair system will utilize to
repair the DSBs. It is interesting to speculate
that the nature of the broken ends of the DNA
and their initial end processing may ultimately
determine whether the DSB is repaired by HR
or NHEJ. The last issue concerns the global
regulation of DSBs. We currently have a
reasonably good understanding of how cells
activate the DSB response but little is known
about how cells downregulate the DSB response
once the damage is repaired. It is becoming
increasingly evident that just as proteins are
activated by phosphorylation in response the
DSBs, they are also subjected to other modifica-
tions, such as de-phosphorylation and ubiquiti-
nation, to return them to a ready but inactive
state. Greater insight into the cellular control of
DNA double-stand breaks will be important not
only for increased understanding of cellular
responses to stress and cancer in general, but
also for the development of new therapeutic
treatments for individuals with dysfunctional
DSB repair pathways.
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