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The MRE11-RAD50 Complex

Diverse Functions in the Cellular DNA Damage Response

John H. J. Petrini, Richard S. Maser, and Debra A. Bressan

1. INTRODUCTION

In recent years, progress toward understanding the mechanisms and molecules
with which mammalian cells respond to DNA double-strand breaks (DSBs) has been
dramatic. This is attributable in part to the analysis of DSB repair-deficient rodent
cell lines, which led to the isolation and characterization of the DNA-PK complex,
XRCC4, DNA ligase 1V, and others (3,43,49,59,60,79,83,100,103,112). The gene
products thus identified have provided many important insights regarding the func-
tions that maintain genomic integrity in the face of genotoxic stress. These studies
have also shed light on DNA recombination pathways that diversify genetic informa-
tion in the establishment of the immune repertoire. Nonetheless, the bulk of our cur-
rent understanding of DNA recombination pathways has come from genetic and
biochemical studies in Saccharomyces cerevisiae and bacterial systems. As an alter-
native to phenotype-driven analysis, a number of investigators have pursued the iden-
tification of mammalian counterparts to bacterial and S. cerevisiae recombinational
DNA repair proteins to examine the cellular DNA damage response in mammals
(46,80). The potential of this comparative approach has been most impressively real-
ized in the functional analysis of the yeast and mammalian Rad51 proteins, which are
homologs of the bacterial RecA protein (9,38,96). More recently, the MRE11-RADS50
protein complex, with homologs in bacteria, S. cerevisiae, and mammals, has
emerged as a central player in the DNA transactions that preserve genomic integrity
in yeast and mammalian cells.

This chapter includes descriptions of S. cerevisiae, mouse, and human genes and
their protein products. For the sake of consistency, the following nomenclature will be
used throughout:

Wild-type gene or locus (human, mouse or yeast)...... hRAD50, mRad50, or
ScRAD50

Mutant gene or locus (human, mouse or yeast)...... hrad50, mrad50, or Scrad50

Protein product (human, mouse or yeast)...... hRAD50, mRADS50, or ScRad50p

From: DNA Damage and Repair, Vol. 3: Advances from Phage to Humans
Edited by: J. A. Nickoloff and M. F. Hoekstra © Humana Press Inc., Totowa, NJ

147



148 Petrini et al.

2. OVERVIEW OF THE S. CEREVISIAE AND MAMMALIAN
MRE11-RAD50 PROTEIN COMPLEXES

The existence of the Mrellp-Rad50p protein complex was first suggested by the strik-
ing similarity of the Scmrell, Scrad50, and xrs2 phenotypes (1,2,40,42,80,84). Subse-
quently, physical association of the S. cerevisiae proteins and of the human hMRE11
and hRADS0 gene products was established (26,109). hMRE11 was first identified in a
two-hybrid screen for proteins that interact with DNA ligase I, although the physiologi-
cal relevance of this interaction is uncertain (8/). The hRAD50 cDNA is part of a col-
lection of cDNAs originating from the chromosomal region spanning 5q23 to 5q31 that
was isolated in an effort to identify a tumor-suppressor gene involved in myelodysplasia
and myeloid leukemia that maps to that region. The ARADS50 gene was identified among
these cDNAs on the basis of its similarity to the S. cerevisiae gene as well as to a
Caenorhabditis elegans EST (26). The hRAD50 locus, which maps to 5q31, was subse-
quently ruled out as the locus of the AML tumor suppressor (53).

Phenotypic analyses implicate the S. cerevisiae Mrel1p-Rad50p-Xrs2p complex in
diverse aspects of both meiotic and mitotic recombination pathways. In meiosis, the
complex is important prior to the formation of the initiating DSBs, apparently playing a
role in modulating chromatin structure at DSB initiation sites (75) as well as in recruit-
ing the protein(s) that mediate the actual cleavage event (47). Meiotic DSBs are formed
by Spollp, which becomes covalently attached via a phosphoester linkage to the 5’
ends at DSBs (6,47). This covalent association is normally transient, but is stabilized in
certain Scmrel I and Scrad50 backgrounds (the mrel 1S and rad50S alleles) (2,70,106).
This indicates that the complex is also important following DSB formation, and sug-
gests that it mediates the endonucleolytic cleavage of Spollp from the ends of initiat-
ing DSBs. The functions, if any, of the hMRE11-hRADS50 complex in mammalian
meiosis remain to be established.

In mitotic cells, the ScMrel1p-ScRad50p-Xrs2p complex functions in nonhomolo-
gous endjoining (NHEJ) (35,46,80). At first glance, homologous recombination seems to
be normal in mutants of the complex; in fact Scmrel 1, Scrad50, and xrs2 mutants exhibit
increased rates of spontaneous heteroallelic recombination. However, the complex may
play a global role in stabilizing or potentiating chromatid interactions during recombina-
tional DNA repair, and thus function in homologous recombination as well as DNA end-
joining (14,68). It is conceivable that this function is also relevant to the increased rate of
chromosome loss observed in the corresponding mutants (/0,16,40,68).

In mammalian cells, insights regarding the functions of the MRE11-RADS50 com-
plex have come from genetic, biochemical, and cytological analyses. The mammalian
complex consists of at least four members (Fig. 1). Whereas Mrellp and Rad50p are
highly conserved, Xrs2p has been replaced in the mammalian complex by p95 (also
known as NBS1 or Nibrin), with which it shares only limited similarity (20,26). Unlike
MREI11 and RADS0, p95 is not essential for cellular survival (61,116). p95 deficiency
forms the molecular basis of the rare chromosomal instability syndrome, Nijmegen
breakage syndrome (NBS), also known as the ataxia telangiectasia (A-T) variant syn-
drome (20,95). The cellular phenotypic features of NBS suggest that p95 deficiency
compromises the ability of cells to detect and signal the presence of DNA damage, thus
implicating the hMRE11-hRAD50 complex in this function. Consistent with this role
for the human complex, cytological analyses have unambiguously demonstrated that
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Fig. 1. The hMrel1-hRad50-p95 complex. Human lymphoblast cells were metabolically
labeled with 35S-methionine, then immunoprecipitated with either preimmune serum (PI) or
with hMrell antiserum (hMrell). The immunoprecipitates were resolved by sodium dodecyl
sulfate (SDS) gel electrophoresis, revealing the members of the hMrel1-hRad50-p95 complex.
Equivalent results are obtained using antisera derived against any of the known complex mem-
bers. The identity of p400 remains unknown. A similar complex, comprised of at least ScMrel1,
ScRad50, and Xrs2p, exists in S. cerevisiae (109).

the complex associates with ionizing radiation (IR)-induced DNA DSBs early in the
cellular DNA damage response (64,71).

3.IN VITRO ACTIVITIES

The Mrel1p and Rad50p homolog exhibit impressive similarity to SbcD and SbcC,
respectively, components of the bacterial exonuclease SbcCD (94). SbcCD is a large
multimeric complex that exhibits ATP-dependent exonuclease activity, as well as ATP-
independent endonuclease activity, both of which require Mn2+ as a cofactor (22). SbcD
is the catalytic subunit of SbcCD, and exhibits strong similarity to the Mrel 1p homolog
(Fig. 2). The sequence similarity among this phylogenetically diverse group of proteins
primarily comprises four discrete domains, three of which are also found in protein
phosphatases such as A phosphatase (55). Structural studies of A as well as the mam-
malian phosphatases demonstrate that residues within each of the three conserved
domains are involved in metal-ion binding, which is in turn critical for enzymatic activ-
ity (30,119,120). The fourth domain is unique to the nucleases (55).

A number of laboratories have shown that both the yeast and human MRE11 proteins
exhibit nuclease activity in vitro (27,69,77,105,109). The activities observed include
3’5" exonuclease activity on double-stranded DNA (dsDNA) substrates as well as
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Fig. 2. Alignment of the amino acid sequences of the conserved N-terminal domains of the bacterial SbcD protein and the Mrel1 homologs.
Similar or identical amino acids are shaded in black. Domains are indicated by numerals I-IV below the sequence alignment. The number of the
first residue in each species is indicated at the left. Numbers in parentheses indicate the number of amino acids between each domain. Organisms
are as follows: Ec, Escherichia coli; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Ce, Caenorhabditis ele-
gans; and Af, Archaeoglobus fulgudis.
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endonuclease activity on single-stranded DNA (ssDNA) and hairpin substrates. Hence
the enzymatic activities of MREI1 are entirely consistent with the conservation
between the Mrellp homologs and the bacterial nuclease SbcD. MRE11 nuclease
activities similarly require Mn2+ as a cofactor, but unlike SbcD, MRE11 exonuclease
activity does not appear to be ATP-dependent (23,27,77,109). 3’5" exonuclease activity
has been observed on dsDNA templates with a 5" overhang or blunt ends, but is inhib-
ited by 3’ overhangs greater than 4 bp (27,77,105,109). Interestingly, ScMrellp
exhibits a slight preference for binding to 3" overhanging DNA ends, even though its
nuclease activity on this substrate is extremely limited (27,77). On this basis, it has been
speculated that the reduced rate of 5'-3" resection at DSBs in mutants of the complex
may reflect a role for ScMrel1p (and by extension hMRE11) in recruiting the bona fide
5’-3" exonuclease(s) to DSB termini in vivo (77).

The exonuclease activity of hMRET11 is slightly enhanced by hRADS50 (77), but nei-
ther the yeast nor the human MREI11 protein requires other complex members for
nuclease activity. In contrast to most studies, Trujillo et al. purified the human complex
from Raji cells under conditions that left the association of hMRE11, hRADS0, and p95
intact (105). They observed 3’-5" exonuclease activity as with Mrell alone, indicating
that hRADS0 and p95 do not alter the polarity of the MREI11 exonuclease.

The Mrellp homologs also exhibit endonuclease activity. This activity is of consid-
erable interest in the context of the V(D)J recombination pathway because of the ability
of hMREI1 to cleave a hairpin structure (77; Chapter 11). Hairpins are formed on
DSBs induced at sites undergoing V(D)J recombination (57). Thus the MRE11-RADS50
complex may perform this function in vivo. Suitable mutant cell lines are under devel-
opment, but a direct assessment of whether these proteins play any role in this process
in vivo is not currently feasible. However, recent in vitro results suggest that the hairpin
opening activity may be intrinsic to the RAG1 and RAG?2 proteins (7).

The in vivo significance of the MRE11 nuclease activities is not clearly established,
particularly in mitotic cells from yeast and humans. It is perhaps significant, however,
that hMREI11 can facilitate NHEJ in vitro. Using linear dsDNA with mismatched 5’
overhanging termini, Paull et al. (77) showed that h(MRE1 1-mediated 3"-5" resection
was required for joining of at least one strand of the mismatched termini by DNA ligase
I or T4 DNA ligase. These in vitro data do not agree with the studies of Moreau et al.
(69), who found that a nuclease-deficient Scmrell allele did not impair NHEJ in vivo.
The extent to which this minimal in vitro reaction reflects the in vivo activity of the
complex remains to be seen, but this result suggests a role for the MRE11 3’-5" exonu-
clease in DNA endjoining.

4. THE S. CEREVISIAE MRE11p-RAD50p-XRS2p PROTEIN COMPLEX

The initial mutagenesis studies of ScRAD50 revealed most functions of the
ScMrel1p-ScRad50p-Xrs2p complex (2). More recently, the characterization of
ScMrel1p has expanded our views about the functional significance of this complex in
both meiotic and vegetatively growing cells. Mutagenesis of ScMrellp has distin-
guished particular functional domains of the protein and shed light on its distinct roles
in meiotic and mitotic cells.

Null mutants of ScMRE11, ScRAD50, and XRS2 confer essentially identical pheno-
types, including IR sensitivity, elevated rates of mitotic interhomolog recombination,
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and defects in the initiation of meiotic recombination (/,2,29,40,62,91). These data led
Kleckner and others to suggest that ScMrel 1p, ScRad50p, and Xrs2p function in a pro-
tein complex (/,40,84), which was later confirmed through two-hybrid interaction test-
ing as well as co-immunoprecipitation studies (44,74,106,109).

In addition to the three core members of the S. cerevisiae complex, genetic and phys-
ical evidence for additional members of the complex has come from meiotic cells. In
GST “pull down” assays, the ScMrel1p C-terminus appears to specifically bind three
additional proteins of 40 kDa, 24 kDa, and 22 kDa present in meiotic, but not mitotic
extracts (109). These proteins have not been identified. However, Usui and colleagues
noted that molecular masses of the 24 kDa and 22 kDa species are similar to those (pre-
dicted) for Rec102 (23 kDa) and Rec104 (21 kDa), proteins that appear to function in
the initiation of meiotic recombination (8,7/7). Further, Xrs2p is phosphorylated in
mitotic cells, suggesting that the S. cerevisiae complex at least transiently associates
with a protein kinase (/09). In light of these observations as well as the diverse pheno-
typic outcomes of mutations in the core members of the complex, it is reasonable to
assume that the functions of ScMrellp, ScRad50p, and Xrs2p require additional pro-
tein interactions. The identification of such interactions will certainly provide important
insights regarding the diverse functions of this complex.

4.1. Meiotic Functions of the S. cerevisiae Mrellp-Rad50p-Xrs2p
Protein Complex

ScMREI1, ScRAD50, and XRS2 null mutants exhibit severe meiotic recombination
defects. Scmrel IA, Scrad50A, and xrs2A mutants are blocked at an early point in mei-
otic recombination, as the formation of viable spores in these mutants requires the
spol3 mutation, which causes the bypass of meiosis I and initiation of meiotic recombi-
nation. It was later established that ScMrellp, ScRad50p, and Xrs2p were each
required for the formation of DSBs to initiate meiotic recombination (/,2,19,40,44,51).
Although the formation of DSBs appears to be directly mediated by the Spollp gene
product (47), ScMrel 1p, ScRad50p, and Xrs2p are three of at least nine gene products
aside from Spol1p that are required for this event (reviewed in 86).

The mechanistic basis for the requirement of ScMrel1p, ScRad50p, and Xrs2p in the
formation of DSBs is not clear. However, certain observations suggest that the complex
may influence the formation of “open” chromatin to facilitate cleavage at recombina-
tion hotspots. Ohta and colleagues observed that transitions in chromatin structure that
normally occur prior to the initiation of meiotic recombination (reviewed in 58) are
affected in mutants of the S. cerevisiae Mrel 1p-Rad50p-Xrs2p complex (75). In mei-
otic cells, localized micrococcal nuclease (MNase) hypersensitive hotspots arise at sites
that ultimately correspond to the sites of DSB formation (58). These sites are slightly
less MNase sensitive in ScmrelIA mutants than in wild-type cells, in contrast to
Scrad50A and xrs2A mutants in which these sites are significantly more sensitive. In
Scmrel IA Scrad50A double mutants, the increased MNase sensitivity observed in the
Scrad50A single mutant is suppressed to wild-type or slightly lower (i.e., ScmrelIA)
levels (75). Normal MNase sensitivity is observed in a strain expressing a Scmrell
allele that lacks nuclease function, ScmrellDI16A (Table 1). In contrast, reduced
MNase sensitivity is conferred by the Scmrel IAC49 allele, which partially abrogates
ScMrel1p DNA binding (Table 1). These data suggest that the establishment of appro-
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Table 1.

Compendium of Scmrell Mutant Alleles

Interaction Nuclease
Mutation Allele name with Rad50p activity Mitotic phenotypes Meiotic phenotypes Reference
D16A mrel ID16A ND Null Mild MMS sensitivity, DSBs formed but not processed  (27)
short telomeres
H18L mrell-11 Weak ND Intermediate IR sensitivity ND (15)
D56N mrel ID56N ND Null Weak IR sensitivity DSBs formed but not processed  (69)
D56F mrell-2 No ND Null ND (15)
F58S
HI25N mrel IHI25N ND Null Weak IR sensitivity DSBs formed but not processed  (69)
HI125L mrell-3 Yes ND Weak IR sensitivity Inviable spores (14,15)
D126V
H213Y mrel1-58 Conflicting Null MMS sensitive DSBs formed but not processed  (70,106)
(mrellS) data
(Subheading
4.5.)
H242L mrell-4 No ND Null ND (15)
H243Y
AAA410-420 mrell-6 Yes Null Intermediate MMS DSBs formed but not processed  (109)
sensitivity

AMIAA @ mrel I-AC49 Yes Wild-type Wild-type, but does not No DSBs formed (27)

C-terminus bind dsDNA
A62 AA @ mrell-T10 Yes Wild-type ND Inviable spores (70)

C-terminus
Al36 AA @ mrel 1-5 Yes Wild-type Wild-type, but does not No DSBs formed (109)

C-terminus bind dsDNA

ND, not determined.
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priate chromatin structure at recombination hotspots requires the DNA binding, but not
the nuclease activity of ScMrellp (27).

The ScmrellS and Scrad50S alleles constitute a class of hypomorphic mutants
(2,19,27,69,70,106). Like null Scmrell and Scrad50 mutants, the § mutants exhibit
severe meiotic defects, but differ from the null mutants in two important respects. First,
this mutant class is associated with very mild mitotic phenotypes. Second, these alleles
do not block the formation of meiotic DSBs, but Spollp protein remains covalently
attached to the DSBs that do form in these strains. Because the protein-DNA adducts
remaining at the DSB sites block any subsequent exonucleolytic processing required
for DNA recombination, S mutants produce inviable spores even in ScmrellS spol3
and Scrad50S spol3 double mutants (2,47,48,70). The persistent covalent attachment of
Spollp to DSBs formed in the Scmrel 1S and Scrad50S mutants suggests a complex of
proteins including ScMrel1p and ScRad50p cleaves Spol1p following DSB formation.
As discussed in Subheadings 4, and 5.5, support for this interpretation comes from the
observation that wild-type ScMrellp protein, but not the ScmrellS gene products,
exhibits nuclease activity in vitro (69,109).

4.2. Mitotic Functions of the S. cerevisiae Mrellp-Rad50p-Xrs2p
Protein Complex

4.2.1. Illegitimate Recombination and NHE]

The phenotypic features of mutants in the ScMrel1p-ScRad50p-Xrs2p protein com-
plex in mitotic cells provide a rather dramatic contrast to those in meiotic cells
described earlier (Subheading 4.1.). Whereas DNA recombination is profoundly inhib-
ited by mutation of complex members in meiotic cells, mitotic mutants exhibit a hyper-
recombinational phenotype. That is, the frequency of spontaneous homologous
recombination between heteroalleles in diploid yeast strains is dramatically increased in
Scmrell, Scrad50, and xrs2 mutants (1,40,62). On this basis, the ability of mutants to
carry out homologous recombination does not appear to be grossly impaired. Mutants
of the ScMrel 1p-ScRad50p-Xrs2p complex are thus distinct from other ScRADS5?2 epis-
tasis group mutants such as Scrad52 and Scrad51 in which homologous recombination
is effectively abolished (28).

Initial clues that ScMrel1p, ScRad50p, and Xrs2p function in illegitimate recombina-
tion pathways came from plasmid integration/transformation assays. Schiestl and Petes
showed that linear DNA lacking any homology to the S. cerevisiae genome could
nonetheless integrate into the chromosome via short (4 bp) stretches of homology (90).
This illegitimate recombination event is not affected by Scrad52 mutations, but is pro-
foundly impaired in Scrad50 mutants (91). The ScMrellp-ScRad50p-Xrs2p complex
was further implicated in illegitimate recombination by characterization of the yeast
NHE]J pathways. Plasmid reclosure assays to define the genetic requirements of NHEJ
established the importance of the S. cerevisiae Ku70 and Ku80 homologs, DNA ligase 1V,
and the ScMrel1p-ScRad50p-Xrs2p complex in this process (12,13,67,107,108,115).
Among those genes, only Scmrell, Scrad50, or xrs2 mutations confer sensitivity to
killing by IR or radiomimetic DNA damaging agents (89,102,115). Because NHEJ is
impaired to essentially the same extent in these mutants irrespective of their IR sensitiv-
ity, it appears that NHEJ per se does not contribute significantly to cellular survival
after DSB induction. Further, the profound sensitivity to IR and DSB repair deficiency
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observed in ScmrelIA strains therefore argues that defects in the DNA damage
response of ScMrel 1p complex mutants extend beyond NHEJ (74, 15).

4.2.2. Mitotic Homologous Recombination

An important insight regarding the ScMrel1p-ScRad50p-Xrs2p complex in DSB
repair came from the observation that the NHEJ deficiency of ScmrellA mutants is
cell-cycle phase-specific. Although the experiments in question specifically focused on
NHEJ, the data obtained point to a role of the complex in homologous recombination as
well. Moore and Haber found that the ability of ScmrelIA and Scrad50A mutants to
rejoin a chromosomal DSB by NHEJ was much less impaired if the DSB was induced
during G1 (three-fold reduction in G1- vs 70-fold reduction in asynchronous cultures).
Because overall the ability of the ScmrelIA and Scrad50A mutants to repair the DSB
was profoundly reduced, they inferred that the NHEJ functions of ScMrellp and
ScRad50p were restricted to cells in the late S or G2 phase of the cell cycle (68). These
investigators proposed that the NHEJ defects observed in ScmrellA and Scrad50A
mutant strains reflect a failure to stabilize and protect the DSB ends from excessive
degradation via association with the sister chromatid. Accordingly, their model suggests
that the complex plays a role in establishing sister chromatid interactions. The increased
rate of spontaneous allelic recombination observed in Scmrell, Scrad50, and xrs2
mutants can also be accounted for by this model if, as a consequence of compromised
sister chromatid association, spontaneous lesions normally repaired by sister recombi-
nation are repaired by allelic recombination (68).

The importance of the ScMrellp-ScRad50p-Xrs2p complex to sister chromatid
association and recombination was first suggested by the dose response of Scrad50 and
xrs2 strains in clonogenic survival assays. Asynchronous cultures of wild-type haploid
cells exhibit a biphasic clonogenic survival curve upon irradiation with increasing dose,
indicating that relatively sensitive and insensitive populations exist within the asynchro-
nous culture. Because the relatively insensitive population generally corresponds in size
to the fraction of cells in G2, its insensitivity is attributed to the presence of a sister
chromatid for recombinational DNA repair. Survival curves of haploid Scrad50 and
xrs2 mutants are not biphasic, suggesting that G2 cells are unable to utilize effectively
the sister chromatid for DSB repair (40,87). Indeed, more recent analyses of sister chro-
matid recombination in our laboratory using synchronous cultures as well as chromoso-
mal substrates strongly argue that facilitating the use of the sister chromatid as a
template for DSB repair is the primary role of the ScMrel1p-ScRad50p-Xrs2p complex
in the cellular response to DSBs (/4). Because sister chromatid interactions in mitotic
cells and interhomologue interactions in meiotic cells may share some structural simi-
larities (52), it is also noteworthy that Scrad50 mutants exhibit decreased pairing of
chromosomal homologs in meiosis (//3). Collectively, these data suggest that, in addi-
tion to any enzymatic functions it may have, the ScMrel1p-ScRad50p-Xrs2p complex
plays an important structural role in facilitating chromatid interactions that are critical
to DSB repair and the maintenance of chromosome stability.

4.3. Telomeres and Cell-Cycle Checkpoints

An additional manifestation of a structural role for the ScMrel 1p-ScRad50p-Xrs2p
complex may take place at chromosome ends. Several yeast proteins involved in NHEJ
are also important for the maintenance of telomeric DNA (25; Chapter 14). Abnormal
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telomere shortening is observed in mutants of the ScMrel1p-ScRad50p-Xrs2p com-
plex, as well as the yeast Ku complex (7/1,50,73,82). In principle, telomere shortening
can be attributed to decreased telomerase activity or to telomere degradation, reflecting
the abrogation of telomere end protection. Although the specific mechanisms have not
been established, analysis of the genetic interactions among telomerase component
(estl and est2), yku80, Scmrell, and Scrad50 mutants has provided some insight.
Whereas yku80 telomere shortening phenotypes are enhanced in est/ and est2 mutant
backgrounds, this is not the case for Scmrell and Scrad50 mutants. These data suggest
that the ScMrel 1p-ScRad50p-Xrs2p complex is involved in telomere synthesis, and the
Ku complex is involved in telomere end protection (73).

In light of cell-cycle checkpoint functions mediated by the hMRE11-hRADS50 com-
plex described in Subheading 5.4.1., it is important to consider whether the S. cere-
visiae complex fulfills a similar role in yeast. This question has not yet been explored in
detail, but the evidence available is consistent with a role for the yeast complex in some
aspects of cell-cycle checkpoint function. Using a strain in which constitutive expres-
sion of the HO endonuclease creates a DSB that must be repaired by NHEJ, Haber and
colleagues showed that DSB induction leads to cell-cycle arrest, followed by cell death
(56). In wild-type cells as well as Scmrell and Scrad50 mutants, cell death was pre-
ceded by a limited number of cell divisions as evidenced by the formation of micro-
colonies. The formation of microcolonies is indicative of escape from, or adaptation to,
the cell-cycle checkpoint that is activated in response to the DSB (78). Checkpoint
adaptation is genetically distinct from checkpoint activation, as casein kinase II and
cdc5 mutants are checkpoint-proficient but adaptation-deficient (104). yku70 (hdfl)
mutants also undergo cell-cycle arrest followed by cell death, but do not form micro-
colonies, indicating that these mutants are defective in their ability to adapt to the DSB-
induced cell-cycle checkpoint. The adaptation defect of yku70 mutants is suppressed by
ScmrelIA and Scrad50A mutations (56), indicating that the ScMrel1p-ScRad50p-
Xrs2p complex is required for this aspect of the cell-cycle checkpoint function. The
mechanistic basis for this genetic interaction remains unclear. In addition, Scrad50A
mutants are extremely sensitive to hydroxyurea in a manner suggestive of a role for the
yeast complex in the activation of the S phase checkpoint (50). This facet of the
ScMrel1p-ScRad50p-Xrs2p complex’s function is of great interest. Further examina-
tion of DNA damage-dependent cell-cycle checkpoint functions is underway in a num-
ber of laboratories. Time will tell whether the linkage of DSB repair to cell-cycle
checkpoint functions seen in mammals is a conserved feature of this protein complex.

4.4. Nuclease Activity In Vivo

The complex’s impact on checkpoint adaptation appears to correlate with its influ-
ence on the 5-3’ resection at the DSB site (56). ScMrel 1p, ScRad50p, and Xrs2p defi-
ciency also reduces the rate of 5’-3 resection at the HO-induced DSB at the MAT locus
during mating-type switching (34,42,114). In addition, 5’-3" resection to facilitate sin-
gle-strand annealing is slowed by ScRad50p and Xrs2p deficiency (39,41). The influ-
ence of Mrellp-Rad50p complex members on 5°-3” end resection is paradoxical,
because both yeast and human MREI11 proteins exhibit 3’-5" exonuclease activity in
vitro (27,69,77,105,109). 1t is conceivable that the complex regulates the activity of a
bona fide 5’-3" exonuclease or that the in vivo polarity is 5’-3” as a result of cofactors not
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Fig. 3. Mutagenesis of functional domains of S. cerevisiae Mrell. Conserved phospho-
esterase domains in the N-terminus of ScMrell are represented by black vertical bars. DNA
binding regions in the C-terminus are represented by gray bars. The numbers of the amino acids
comprising each functional region are indicated below the diagram. The locations of point muta-
tions in the phosphoesterase domain region are indicated by thin black lines above the diagram.
The deletion and truncation mutations in the DNA binding regions are shown by hatched bars.
Detailed descriptions of these mutations are given in Subheading 4.5. and Table 1.

present in the in vitro experiments. Alternatively, resection from the DSB site may pro-
ceed via the coordinated activities of a DNA helicase and the MRE11 endonuclease
(35,109). However, on balance it appears very likely that the nuclease activity of
MREI1 is not important for its mitotic functions in vivo. This idea is supported by
recent data showing that a nuclease-deficient Scmrell allele has no impact on DSB
resection during mating-type switching, DNA endjoining, or telomere maintenance
(69).

4.5. Mutational Analyses

Mutagenesis of ScMrel 1p-ScRad50p-Xrs2p complex members has yielded pheno-
typic outcomes useful in defining functional domains of these proteins. To a great
extent, the primary sequence of the proteins has guided these experiments. Initial muta-
genesis targeted the N-terminal ATP binding domain of ScRad50p, generating two
classes of point mutations (2). The first demonstrated that alteration of ATP binding
domain consensus residues is tantamount to a null mutation. The second class, located
within this domain but outside of the consensus region, gave rise to the Scrad50S
mutants. As described earlier (Subheading 4.1.), these mutants exhibit relatively mild
mitotic phenotypes and retain the ability to interact with ScMrellp (16), yet have
severe defects in meiotic recombination (2). Mutational analysis to identify functional
domains of Xrs2p has not been performed. However, such an investigation may be war-
ranted given the potential analogy of Xrs2p to p95, described in Subheading 5.1.

More recently, mutagenesis of ScMrel1p has revealed the protein domains that con-
trol nuclease activity, protein interactions, and DNA binding. Deletion and point muta-
tions in the highly conserved N-terminal phosphoesterase domains support the
hypothesis that this region of ScMrel 1p confers nuclease function (Fig. 3 and Table 1).
Disruption of the nuclease activity of ScMrel1p without affecting the protein’s ability to
interact with ScRad50p has little impact on mitotic cells, but confers severe meiotic
defects, as illustrated by the Scmrel IHI25N, Scmrel 1-3, and Scmrel 1-6 mutants, which
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exhibit an S phenotype (Table 1) (15,69,109). As with Scrad50S alleles, the spore-invia-
bility phenotype of these nuclease-deficient mutants reflects a defect in the processing of
meiotic DSBs owing to the stable covalent attachment of Spol1p to DNA ends.

The heterogeneous phenotypic outcomes of mutations in the phosphoesterase domains of
ScMrel 1p suggest that nuclease deficiency per se is not sufficient to account for the range of
phenotypes observed. Because mutations in the first three phosphoesterase domains of
ScMrellp (15,27,69) alter conserved residues shown to be important for metal-ion binding
and catalysis in mammalian and bacteriophage serine/threonine phosphatases (30,31,120),
one hypothesis is that mutations in these domains disrupt the secondary structure of the pro-
tein, thereby affecting other physical interactions required for function. Initial work by H.
Ogawa’s laboratory identified the N-terminus of ScMrellp as the ScRad50p interaction
domain (44), and recent studies in our laboratory and others have identified point mutations
in this region that disrupt the ScRad50p interaction (15,70,106). Impairing the interaction
between ScMrellp and ScRad50p results in a null phenotype in mitotic cells, as demon-
strated by the Scmrel 1-2 and Scmrel 1-4 mutants (Table 1) (15). The impact of complex dis-
ruption on meiotic recombination processes remains uncertain, although the similarities
between the Scmrel ID56N and Scmrel I-2 mutations suggests that the Scmrel /-2 mutant
will exhibit a severe meiotic phenotype as well. In addition, there are conflicting data regard-
ing the ability of the Scmrel1-58p to interact with ScRad50p (70,109). The basis for this
discrepancy is not clear, however, its mitotic phenotypes most closely resemble Scmrel I
alleles that lose the ability to interact with the complex.

Intragenic complementation is observed in diploid strains bearing the Scmrel -5 and
Scmrel1-58 mutations (1/09) and in strains bearing the ScmrellS and Scmrell-T10
mutations (70). These observations demonstrate the importance of homotypic interac-
tions in the function of the ScMrel 1p-ScRad50p-Xrs2p complex and also demonstrate
that meiotic DSB formation and processing functions of ScMrel 1p reside in different
domains of the protein. Further evidence for this comes from mutational analyses of
two regions of ScMrellp important for DNA binding (Fig. 3). Deletion mutations of
each of these regions confer marked defects in meiotic recombination (Table 1). Specif-
ically, the ScmrelI-AC49 and Scmrel 1-5 mutants are defective in meiotic DSB forma-
tion (27,109), whereas the Scmrel1-6 mutant is deficient in the processing of meiotic
DSBs (109). Interestingly, the C-terminal region of ScMrel1p bearing these DNA bind-
ing domains also contains the regions of interaction with meiosis-specific proteins
described earlier (Subheading 4.1.), suggesting that ScMrellp may play a role in
recruiting proteins to the sites of meiotic DSBs (109).

The ScMrel1p-ScRad50p-Xrs2p complex has been shown to play a role in diverse
aspects of meiotic and mitotic recombination processes. Mutational analyses in S. cere-
visiae have been critical in the examination of null mutants of protein complex mem-
bers, as well as in the identification of distinct functional domains of ScMrel1p and
ScRad50p. Based on the high degree of conservation of these proteins in mammalian
cells, these findings may facilitate the design of mutations in mammalian MREI11-
RADS50-p95 complex members.

5. THE MAMMALIAN MRE11-RAD50-p95 PROTEIN COMPLEX

The mammalian MRE11, RADS50, and p95 proteins were first identified in human cells
as members of a complex that consists of at least four major components, one of which,
p400, is currently unidentified (Fig. 1) (20,26). hAMRE11, hRADS50, and p95 are abundant
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Fig. 4. Structure of the p95 coding sequence. The NBSI gene product, p95, was cloned by
virtue of its association with the hMrel1-hRad50 complex, both by direct protein sequencing
from the purified complex and by yeast two-hybrid analyses (20). The FHA and BRCT domains,
identified by sequence database comparisons, are highlighted; p95 currently is the only protein
identified that contains both domains. The portion of p95 identified by yeast two-hybrid interac-
tion with hMrel1 is also shown. The thin black lines represent the 5" and 3’ untranslated regions
of the NBSI cDNA, and coding portions of the gene are indicated by the thick bar; the numbers
below the diagram represent amino acids in the human p95 protein. NBS/ was identified inde-
pendently by positional cloning of the gene mutated in Nijmegen breakage syndrome (Subhead-
ing 5.4.) (66,111).

proteins in a variety of cell lines. Their physical association appears quite stable as all
three proteins are co-immunoprecipitated using antisera directed against any one of the
three, even in relatively harsh conditions (20,26). When purified from HeLa cells,
hMRE11, hRADS50, and p95 co-elute in a complex of approx 1.5 MDa molecular mass,
indicating that the stoichiometric relationships among members of the complex are not
simply one to one. Further, as sizing column fractions corresponding to lower molecular
mass do not contain appreciable amounts of hMRE11, hRADS50, or p95, the vast majority
of these proteins in the cell are contained in the 1.5 MDa complex. The retention of p400
with the purified complex appears to depend on purification conditions, as this protein
does not remain associated under certain chromatographic conditions (/05). Experiments
in vitro as well as in p95-deficient cells demonstrate that hMRE11 interacts directly with
hRADS50 and p95, whereas hRADS0 and p95 do not appear to interact directly (20,77).
Thus hMREI11 appears to be the central molecule in the complex.

5.1. p95: A Divergent Member of the Complex

Highly conserved homologs of AMRE1 and hRADS50 are found from yeast to mam-
mals (26,81). The product of the NBSI gene, p95, appears to have replaced the S. cere-
visiae Xrs2p protein in the mammalian complex. p95 and Xrs2p exhibit limited
similarity in their N-termini, but there is otherwise little or no significant homology
between the two. p95 appears to be conserved among mammals, but database searches
do not identify strong similarities between p95 and proteins in nonmammalian species
(20). Conversely, there are no obvious Xrs2p homologs outside of S. cerevisiae.

Insofar as both Xrs2p and p95 are stably associated with the Mrel1p and Rad50p
homologs in their respective species, it is conceivable that the two proteins are func-
tional analogs. The lack of conservation between the two proteins argues against this
idea. It is particularly telling that p95, but not Xrs2p, contains a BRCT (BRCA1 C-ter-
minal) domain and a FHA (forkhead-associated) domain at its N-terminus (Fig. 4), both
of which are found in proteins involved in DNA repair or cell-cycle control in yeast,
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mammals, and other organisms (10, 18). Interestingly, p95 is the first example of a pro-
tein that contains both domains. The phenotypic features of p95-deficient cells dis-
cussed later (Subheading 5.4.1.) support the suggestion that p95 function is relevant to
DNA damage responses, lending circumstantial evidence for the importance of these
conserved protein motifs in p95. Furthermore, xrs2 and nbs/ mutant cells in S. cere-
visiae and humans, respectively, do not exhibit clear similarities in their phenotypic fea-
tures. A more detailed assessment of Xrs2p and p95 functions is required to determine
the extent to which these proteins, and the respective complexes in which they act, are
indeed functional analogs.

5.2. Genetic Analyses of the Mammalian MRE11-RAD50-p95 Protein Complex

Genetic analysis of the mammalian MRE11-RADS50-p95 complex has been ham-
pered by the fact that null mutants of mMrell and mRad50 are inviable (61,116).
Whereas heterozygous mrad50A/+ mice are normal in all respects, mrad50A/mrad50A
embryos die at embryonic day 6.5 (6/). Earlier embryos are not grossly affected, indi-
cating that mrad50A cells are capable of limited growth. Histological analysis of mutant
embryos at day 6.5 suggests that death reflects a gradual failure to proliferate rather
than apoptosis (61). Day 6.5 of embryogenesis corresponds to the onset of very rapid
cellular proliferation (37), suggesting that mRADS50 deficiency results in a failure to
meet the increased replicative demand.

The bulk of spontaneously occurring DSBs is likely to arise during DNA replication,
and available evidence suggests that such breaks are primarily repaired through homolo-
gous recombination with the sister chromatid (24,54). As described earlier (Subheading
4.2.2.), several lines of evidence indicate that S. cerevisiae Mrel 1p-Rad50p-Xrs2p com-
plex mutants exhibit defects in their ability to utilize the sister chromatid as a template
for DSB repair. If sister chromatid-based repair of such spontaneously arising DSBs
were impaired by loss of mRADS0, mrad50A/mrad50A cells undergoing rapid prolifera-
tion would be disproportionately affected. Hence, the proliferative failure observed
could be attributed to the rapid accumulation of unrepaired or misrepaired spontaneous
DSBs during the normally rapid cell division that occurs at this stage. Experiments using
a conditional Gdmrell mutant in the DT40 chicken cell line support this interpretation.
Following inactivation of the GAMREI gene, these cells proceed through several cell
cycles before death. Karyotypic analysis during this process reveals that chromosomal
aberrations begin to accumulate by 72 h after GAMRE11 depletion (/17). These observa-
tions underscore the importance of the mammalian MRE11-RAD50-p95 complex
specifically, and of DNA recombination functions generally, in normal cell growth.

Lethality of the mmrell and mrad50 null mutations has precluded detailed analysis
of recombinational DNA repair functions of those gene products. However, cultured
mrad50N/mrad50A blastocysts are highly sensitive to killing by IR (6/). Hence, it
appears that mRADS0 deficiency leads to DSB repair deficiency, confirming that
mRad50 functions in the DNA damage response of murine cells as predicted from the
phenotypic features of Scrad50 mutant strains.

5.3. Cytology of the hMRE11-hRAD50-p95 Protein Complex

The hMRE11-hRADS50-p95 complex’s role in the mammalian DSB repair response
was revealed by cytological examination of its subcellular localization in human fibrob-
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Fig. 5. The hMrel1-hRad50-p95 protein complex localizes to DNA damage. Human fibrob-
lasts were irradiated with ultrasoft X-rays through a gold grid (71). Left panel: At 30 min after
irradiation, cells were labeled for DNA DSBs with BrdU. The DSBs are observed in the same
stripe pattern as imposed by the presence of the gold grid. The DSBs persist in this pattern until
they are repaired. Right panel: Identically irradiated cells were stained for the hMrel1-hRad50-
p95 protein complex with hMrell antiserum. The complex redistributes into the same striped
pattern as DNA DSBs, until DSB repair is complete. Independent determinations revealed that
stripes of DSBs and hMrell were identical, demonstrating that localization to DSBs is an
important facet of the hMrell-hRad50-p95 complex’s role in the cellular DNA damage
response (71).

lasts. The hMRE11-hRADS50-p95 complex is homogeneously distributed in the
nucleus, as shown by immunofluorescence with antisera directed against each of the
complex members (20,64). However, upon the induction of DNA DSBs, the complex
becomes associated with DSBs, and remains at DSB sites until the damage is repaired.
These experiments have also yielded insight regarding the temporal and spatial behav-
ior of the hMRE11-hRADS50-p95 complex with respect to other mammalian DSB
repair proteins. Because p95 deficiency abrogates a specific cell-cycle checkpoint that
functions in response to DNA damage (Subheading 5.4.1.), association of the hMRE11-
hRADS50-p95 complex with DSBs suggests that the DNA-damage recognition func-
tions of the complex are linked to the signal-transduction pathway(s) required to
activate cell-cycle checkpoints.

5.3.1. Partial Volume Irradiation

Visualization of the hMRE11-hRADS50-p95 complex at DSBs required specialized
techniques to induce and detect DNA DSBs in discrete subnuclear volumes. Taking
advantage of the properties of ultrasoft X-rays to create DNA damage within a spatial
range of 50 nm or less, Nelms et al. (7/) induced DSBs within defined domains of
fibroblast nuclei by irradiating cells through a special “striped” gold grid, a technique
called partial volume irradiation. The DSBs, labeled fluorescently at dSDNA ends, were
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subsequently observed in the striped pattern imposed by the grid mask soon after irradi-
ation (20-30 min) (Fig. 5) (71). Whereas DSBs were no longer detectable by this
method 90 min after irradiation in repair-proficient cells, the damage persisted in the
striped pattern for up to 5 h after DSB induction in the human DSB repair-deficient cell
line, 180BR (deficient in DNA ligase IV [85]). Independent determination of DSB
repair kinetics show that the disappearance of stripes coincides with the completion (or
lack) of DSB repair (64,71). These observations provided surprising but compelling
evidence that the vast majority of DSBs remain stationary within the nucleus of irradi-
ated cells, and thereby revealed an implicit requirement that cells possess a diffusible
“sensor” of DNA damage to activate the cellular DNA damage response.

The hMRE11-hRAD50-p95 complex becomes associated with DSBs relatively early
after their induction. Co-immunofluorescence with hMRE11 antiserum showed that the
hMRE11-hRAD50-p95 complex had re-localized from its normal homogeneous
nuclear distribution to the same “stripes” of DNA DSBs, and remained localized until
the damage was repaired (Fig. 5) (77). In human DSB repair-deficient 180BR cells,
hMRE11 remained associated with DSBs for the 5 h in which DSBs remained unre-
paired and confined to stripes. This study thus demonstrated that an important spatial
component of DSB repair is the localization of DSB repair proteins to the sites of
DSBs, rather than the movement of DNA damage to fixed domains of repair complexes.
The localization of hMRE11-hRAD50-p95 at DSBs is reflective of this complex’s role
in DSB repair and response pathways. Combined with the inability of p95-deficient
cells to activate a DNA damage checkpoint pathway (Subheading 5.4.1.), these data
suggest that the complex functions early in the mammalian DSB response and is situ-
ated to act either as a molecular sensor of DNA damage or in close conjunction with
such sensors. However, neither the mechanism by which the hMRE11-hRADS50-p95
complex comes into contact with DNA DSBs nor the nature of the signal elicited by
their association with DSBs has been defined.

5.3.2. Ionizing Radiation-Induced Foci

Experiments utilizing conventional “hard” X-rays, in which IR-induced DNA damage
is uniformly distributed, have also proven useful in defining the role of the hMREI11-
hRADS50-p95 complex in mammalian DSB responses. Upon 7-irradiation, the complex
redistributes into focal nuclear structures, termed ionizing radiation-induced foci (IRIF)
(64). Immunofluorescence co-localization experiments have demonstrated that IRIF con-
tain each of the complex members (20,64), providing further evidence that hMRE11,
hRADS50, and p95 act in a complex during the cellular response to DNA damage.

A number of observations support the idea that IRIF formation reflects the func-
tion(s) of the hMRE11-hRADS50-p95 complex in the response to DSB induction. First,
hMRE11-hRAD50-p95 IRIF are dependent on the prior induction of DSBs, and form in
a dose-dependent manner (64),; IRIF are not induced by other types of DNA damage.
Second, hMRE11-hRAD50-p95 IRIF formation is dependent on the genetic back-
ground of the cells examined. The DSB repair-deficient human cell line, 180BR,
exhibits increased IRIF formation at equivalent X-ray doses compared to normal repair-
proficient cells (64), consistent with the interpretation that IRIF multiplicity is a func-
tion of the number of DSBs. hMREI1 and hRADS50 IRIF are not detected in
p95-deficient human cells (cells from patients with NBS; Subheading 5.4.), which
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reveals that although p95 is not important for hMRE11-hRADS50 interaction (20), it is
important for this aspect of the complex’s function. h(MRE11 and hRADS50 IRIF forma-
tion is also profoundly reduced in SV40-transformed A-T mutant cell lines when com-
pared to normal SV40-transformed cells (64). The hMRE11-hRADS0 IRIF response is
reduced to a lesser extent in primary (non-SV40-transformed) A-T cells (63), indicating
that SV40 transformation affects the behavior of the complex. Conversely, the lack of
DNA-PK_, or p53 had no effect on IRIF formation (64), suggesting that although these
proteins also have roles in cellular DSB responses, their functions are independent of
hMREL11, hRADS50, and p95.

These cytological assays have proven useful in assessing the relative functions of the
hMRE11-hRADS50-p95 complex and hRad51, a protein that mediates DNA strand
exchange (5,32). hRad51 forms foci following DNA damage, and also during S phase
in un-irradiated cells (33,101). Interestingly, hRad51 nuclear foci also appear to contain
the BRCA1 and BRCA?2 proteins, supporting a role for these tumor-suppressor proteins
in recombinational DNA repair (2/,92; Chapter 10). hMRE11-hRADS50-p95 IRIF do
not co-localize with hRad51 foci, nor are they coincident within the same nucleus (64).
SV40-transformed A-T cells, which demonstrated reduced hMRE11-hRADS50 IRIF
formation, exhibited markedly increased numbers of cells with hRad51 foci (64). The
formation of both hMRE11 (hRADS50) and hRad51 foci is induced by DNA damage.
The exclusivity of hMRE11-hRAD50-p95 complex IRIF and those of hRad51 presum-
ably reflects the differing spatial and temporal requirements for these protein complexes
in DSB repair. Hence, these cytological data are consistent with the prevailing models
of DSB repair that situate the functions of Rad51 and the MRE11-RADS50-p95 complex
at distinct points in the DSB repair process. Further experiments using these cytological
assays will be useful in the analysis of the DSB response of various mutants of the
hMRE11-hRADS50-p95 complex.

5.4. Clinical Considerations

The genomic instability resulting from disruption of the ScMrel 1p-ScRad50p-Xrs2p
complex bears some resemblance to the cellular features of chromosome instability
syndromes in humans. Thus it had been suggested that congenital or somatically
acquired deficiencies in hMRE11-hRADS50-p95 complex members might be causative
of such instability in human cells (80). Unlike yeast, null mutations in mMrell and
mRad50 are lethal in the mouse (61,116), null mutations in either are presumably lethal
in humans as well. However, the hypothesis that human genetic instability can be
caused by disrupting the hMRE11-hRADS50-p95 complex has been validated by the
discovery that NBS] mutations cause NBS, a hereditary chromosome instability disor-
der (20,66,111). This extremely rare disease is characterized by developmental defects
and a predisposition to malignancy (reviewed in /10). At the cellular level, peripheral
lymphocytes from NBS patients harbor characteristic chromosomal rearrangements.
NBS cell lines are sensitive to IR and exhibit radioresistant DNA synthesis (RDS).
These cellular features are similar to those of cell lines derived from patients with A-T,
another chromosome instability and cancer-prone syndrome (95). NBS had been
described as an A-T variant syndrome until it became clear that they were genetically
separable (95). Nearly all NBS patients described to date are homozygous for the same
mutant allele of the NBSI gene, a frameshift mutation predicted to truncate greater than
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two-thirds of the C-terminus from p95 (/11). The cellular and clinical sequelae of p95
deficiency underscore the importance of the hMRE11-hRADS50-p95 complex in the
maintenance of genomic integrity. An additional demonstration of human genomic
instability caused by Mrel1-Rad50-p95 deficiency has recently been documented by
the identification of ZMrell mutations in another A-T like syndrome (98).

5.4.1. Cellular Phenotypes Associated With NBS

The cellular defects associated with p95 deficiency have revealed much about how the
hMRE11-hRAD50-p95 complex may integrate the DSB repair response with cell-cycle
control. First, NBS cell lines are sensitive to IR and radiomimetics, and display highly
elevated numbers of chromosome aberrations following IR (4,72,99). In spite of p95’s
association with hMRE11 and hRADS50, physical analysis of DSB repair in NBS cells
does not indicate a profound defect in DSB rejoining (72). The most significant defect in
the DNA damage response of p95-deficient cell lines is the failure to arrest DNA synthe-
sis in response to IR. This defect in S-phase regulation is also a hallmark of A-T cells.
However, unlike A-T cells, NBS cells appear to retain the ability to arrest in G1 and G2,
and do not share the profound deficiency in p53 induction following IR (45,65,118).
Characterization of the S-phase checkpoint defects in A-T cells and S. cerevisiae mecl
mutants suggests that this mode of cell-cycle regulation is manifest in the inhibition of
replication origin firing (76,88,97). Similar analyses have not been carried out in NBS
cells. Understanding the molecular biology of this S-phase checkpoint will be crucial to
discerning the role of the hMRE11-hRADS50-p95 complex in its activation.

The cellular defects that result from a lack of p95, in combination with the previ-
ously described cytological, genetic, and biochemical data, clearly demonstrate that the
MREI11-RADS50-p95 complex is an important mediator of the cellular DNA DSB
response. The hMRE11-hRAD50-p95 complex is uniquely situated in this DNA dam-
age response by the linkage of DNA repair proteins to a molecule that functions in an S-
phase checkpoint. The hMREI11-hRADS50-p95 complex localizes to DNA DSBs
(Subheading 5.3.); however, in the absence of p95, cells fail to respond appropriately to
the presence of DSBs. Thus, it is conceivable that the hMRE11-hRADS50-p95 complex
functions in the recognition of DNA DSBs or in close concert with the sensors of such
damage. The phenotypic features of NBS cells further indicate that the complex is
important for the activation of the S-phase cell-cycle checkpoint. The molecular basis
of cell-cycle checkpoint activation by the complex is not understood. This unresolved
question remains one of the most critical issues in understanding the integration of the
MRE11-RADS50-p95 complex’s functions within the cellular DNA damage response.

5.4.2. Clinical Manifestations of p95 Deficiency

The clinical findings associated with p95 deficiency are represented by patients with
NBS. However, the syndrome is extremely rare—fewer than 100 patients have been
described to date—and patients exhibit some clinical variability. The diminutive size and
microcephaly of the patients are the most common and prominent outward manifesta-
tions, and mental retardation has been noted for certain patients. NBS patients also dis-
play a strong predisposition to malignancy. Of 42 patients in the NBS registry as of 1996,
15 patients (between 1 and 22 yr of age) had developed malignant tumors; 80% of these
were lymphomas (/10). Chromosome rearrangements in peripheral lymphocytes are
common and typically involve regions on chromosomes 7 and 14 at which antigen recep-
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tor loci undergo programmed gene rearrangement. Certain immunoglobulin isotype defi-
ciencies have also been reported. Although NBS is a recessive disorder, heterozygotes
may exhibit some of the phenotypes, especially predisposition to cancer (93). A more
detailed review of clinical findings in NBS patients can be found elsewhere (170).

5.4.3. Clinical Manifestations of hMrell Mutations

The recent identification of non-null mutations in ZMrell that result in an A-T like
disorder (termed ATLD) (98) further validates the hypothesis that mutations affecting
the Mrel1-Rad50-p95 complex lead to genomic instability. The phenotypes of these
patients were puzzling in that they exhibited many of the clinical hallmarks of A-T, but
mutations in the ATM gene were not detected (36,98). The finding of hypomorphic
hmrel I alleles was a suprising result because these patients do not share clinical pheno-
types typically associated with NBS. However, cell lines derived from ATLD patients
more closely resemble NBS cells with respect to radiosensitivity, RDS, and p53 induc-
tion, than classical A-T cells (98). The phenotypes represented by ATLD and NBS
strongly suggest that the functions of the hMRE11-hRAD50-p95 complex and ATM
overlap to some extent. However, a more complete analysis of these functions in mam-
mals awaits the creation of genetically defined mouse models of MRE11, p95, and
RADS0 deficiency.

6. TOWARD A MODEL FOR THE FUNCTION OF THE MRE11-RAD50-p95
PROTEIN COMPLEX IN THE CELLULAR RESPONSE TO DNA DAMAGE

The diverse phenotypic outcomes imparted by deficiency in members of the MRE11-
RADS50-p95 (Xrs2p) complex preclude a simple unifying model for its function.
Although our current picture of this complex has been assembled from data obtained in
both yeast and mammals, the extraordinary conservation of MRE11 and RADS50 sug-
gests that many functions of the complex are likely to be conserved. The pleiotropy of
mutations affecting the complex situate it at the heart of the cellular response to DSBs
(Fig. 6). From this perspective, elucidation of the genetic and physical interactions that
link this complex to the network of functions that constitute the cellular response to
DSBs is a crucial next step. A clear molecular definition of the in vivo enzymatic func-
tions of the MRE11-RADS50-p95 (Xrs2p) complex will also provide important insight
to its direct roles in the DSB response.

Its impact on sister chromatid recombination and chromatin structure suggest that the
MRE11-RAD50-p95 (Xrs2p) complex plays an important structural, as opposed to an
enzymatic role in aspects of DNA recombination and repair. Whereas this interpretation is
supported by genetic analysis in S. cerevisiae, the abundance of the human MRE11-
RAD50-p95 complex similarly argues against a purely enzymatic role in human cells
(20,26). The telomere maintenance functions of the complex may also reflect such a struc-
tural role, because the complex does not appear to function in telomere end protection nor
does it directly influence telomerase activity (73). Mechanistic information regarding the
telomere-shortening phenotype of S. cerevisiae mutants and determination of whether the
mammalian complex also functions at telomeres are important to this issue.

The abrogation of S-phase checkpoint activation in p95-deficient cells is one of several
lines of evidence supporting the idea that the complex also mediates regulatory functions
in the cellular response to DSBs. These regulatory functions presumably follow from the
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Fig. 6. Functions of the Mrel1-Rad50-p95 (Xrs2p) protein complex in the DSB response.
Based on cytological evidence, we hypothesize that the complex is situated at or near the site(s)
of DSBs. Once at the site, the complex plays a structural role in facilitating the appropriate tem-
plate utilization during the DSB repair process. Other structural roles for the complex may
include its role in telomere maintenance. The phenotypic features of NBS cells indicate that
once at the site of DNA damage, the complex is important for activating cell-cycle checkpoint
responses, particularly those that lead to the suppression of DNA synthesis. Presumably, its role
in cell-cycle checkpoint functions requires interaction between the complex and as yet unidenti-
fied regulatory proteins. Finally, we speculate that the signaling function of the complex may
also lead to the activation of DNA repair, although evidence for this has not been established.

complex’s DNA damage-recognition functions. What are the molecules downstream of
the DNA damage recognition event? What is the molecular nature of the interaction
between these molecules and the MRE11-RADS50-p95 complex? It is certainly clear that
the complex interacts, either directly or indirectly, with proteins that mediate the S-phase
checkpoint in human cells. Molecular characterization of this interaction will provide fun-
damental insight regarding the mechanisms of cell-cycle checkpoint activation.

Even in the absence of a comprehensive model for the complex’s function, it is clear
that MRE11, RADS50, and p95 (Xrs2p) play a fundamental role in the maintenance of
genomic integrity. In the vast network of biochemical functions that must be integrated
into the cell’s response to genotoxic stress, the MRE11-RADS50-p95 (Xrs2p) complex
occupies a critical hub at the interface of DNA repair pathways and the activation of
cell-cycle checkpoints.
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Repair of DNA Double-Strand Breaks and
Mismatches in Drosophila

Carlos C. Flores

1. SCOPE

This review focuses on recent progress in the study of long-patch mismatch repair
(MMR) and double-strand break repair (DSBR) in Drosophila melanogaster. Some excel-
lent reviews that overlap these subjects have been published recently (52,64,92,154). A
web site summarizing the DNA repair genes of Drosophila has been assembled (24).
Also, FlyBase (45) and the Berkeley Drosophila Genome Project (BDGP) (6) are superb
resources for information on most aspects of Drosophila research. For comprehensive
reviews on how meiotic recombination is intertwined with the progression of oocyte
development, see Morris and Lehmann (//6) and Gonzalez-Reyes (56). Insightful
reviews of other types of DNA repair in Drosophila have also been published
(39,64,92,124,154).

2. OVERVIEW

Historically, Drosophila research has greatly increased our knowledge of DNA
repair and recombination. For example, pioneering studies of the effects of X-rays on
chromosomes (//8) and the detailed cytogenetics of meiotic recombination (26) were
performed in fruitflies. Drosophila research in general, and DNA repair studies in par-
ticular, are poised for a renaissance. The publicly funded genome projects (primarily
BDGP), in conjunction with Celera, announced that the genome sequence is nearly
complete (/). This project also produced a wealth of accompanying resources: thou-
sands of cDNAs, genomic clones, and P element insertion lines. A promising new gene-
targeting method was developed, which not only may make it easier to mutate genes at
will, but also may become a valuable additional tool to investigate recombinational
repair (/41). Techniques to study the repair of DNA injected into embryos have been
refined. And with the accumulation of nearly a century of data, mutants, and genetic
tools, such as deletions and balancer chromosomes, along with the ease of mutational
screens, and methods for producing somatic clones, Drosophila remains an unparal-
leled genetic powerhouse.

From: DNA Damage and Repair, Vol. 3: Advances from Phage to Humans
Edited by: J. A. Nickoloff and M. F. Hoekstra © Humana Press Inc., Totowa, NJ
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In the past decade studies in yeast and mice have dominated in the accelerating field
of DNA repair. So what has Drosophila contributed to this juggernaut? Flies have fur-
nished several components including some strange surprises. For example, Drosophila
has fueled the re-evaluation of homologous recombination (HR) mechanisms that do not
rely on Holliday-junction cleavage (/20). Studies in Drosophila also produced a curious
mystery: during repair of a DSB, there can be a cis-bias in the use of repair templates
that extends over many megabases (417). It is puzzling how co-linearity can be evaluated
over such a long linear distance within the relatively small nucleus. Flies were also first
to furnish an interesting link between nucleotide-excision repair (NER), MMR, and mei-
otic recombination, by analysis of the mei-9 gene (155). Other Drosophila studies have
uncovered an association between regulation of oocyte development and meiotic recom-
bination involving spindle-class genes with roles in DSBR (49).

3. MISMATCH REPAIR IN DROSOPHILA
3.1. Early Steps of Mismatch Repair

Mismatched bases can arise in the DNA duplex by several mechanisms, though
probably they most often occur as a result of DNA replication errors. In all organisms a
major pathway to repair these errors is the long-patch MMR system. MMR is studied in
humans and several model organisms but is most thoroughly understood in Escherichia
coli and secondly Saccharomyces cerevisiae. In E. coli, base-pair mismatches and small
insertions or deletions are recognized by a homodimer of MutS protein. MutS binds to
these structures and recruits other proteins, including MutL, needed to resolve the con-
tradiction. The complex can identify which strand to repair by sensing the methylation
state of both strands. A region of up to a few kilobases is removed from the “mutant”
(under-methylated) strand by exonuclease activity. DNA polymerase then replaces the
sequence, thereby resolving the mismatch (reviewed in 22,7/40). In all organisms this
process employs homologs of the E. coli mutS and mutL genes (22,32,85,100).

In eukaryotes the method of strand discrimination is still largely a mystery. The most
popular explanation is that a pre-existing nick is usually present and that the broken
strand is targeted for degradation and correction. The most commonly considered sites
of MMR are newly replicated DNA and HR intermediates. Pre-existing nicks would be
present near the replication fork and are strongly predicted in Holliday structures and
newly resolved Holliday structures of recombination intermediates. But mismatches
can also arise through chemical damage to DNA, and it is not clear whether there is a
nick-independent method of strand discrimination for long-patch MMR.

Replication can give rise to mismatches either by misincorporation or by polymerase
slippage in regions of sequence repeats. Extensive repeats of very short DNA sequences
(microsatellites) are highly vulnerable to mutation in the absence of MMR (158,163).
Changes in the number of repeats are easily detected by analyzing the size of poly-
merase chain reaction (PCR) products. Through this hallmark of repeat instability,
MMR was discovered to be important in preventing human cancer. People who inherit a
mutation in the mutS or mutL homologs hMSH2, hMLHI, (and to a lesser degree,
hMSH6, hPMS1, or hPMS2) have a greatly increased risk of certain cancers, especially
hereditary nonpolyposis colon cancer (HNPCC) (42,95,123,132). Simple DNA repeats
are extremely unstable in the cells of these cancers and in some sporadic cancers
(reviewed in 22,103,139).
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Table 1

MutS and MutH Homologs Identified in Yeast, Humans, and Drosophila

S. cerevisiae® Function? H. sapiens¢ D. melanogaster®
MSHI 9 ? None

MSH?2 1,2,3,6,7,8,10 hMSH?2 40% (966 a.a.) spell 35% (909 a.a.)
MSH3 3,6,7,8, 11 Dupl (hMSH3) 34% (993 a.a.) None

MSH4 6,7,8,12 hMSH4 32% (776 a.a.) None

MSHS5 6,7,12 hMSH5 29% (650 a.a.) None

MSHG6 1,2,6,11 hMSH6 32% (1172 a.a.) Dmmsh6 25% (1044 a.a.)
MLHI 1,2,5,8,13 hMLHI 36% (787 a.a.) Dmmlhl 35% (771 a.a.)
PMS1 1,2,3,6, 14 hPMS1 30% (336a.a) None

? ? hPMS2 33% (904 a.a.) Dmpms2 33% (929 a.a.)
MLH?2 8, 14 ? None

MLH3 3,4,5,14 hMLH3 24% (374a.a.) None

@ Name of S. cerevisiae gene.

b Function of characterized yeast and/or human protein. 1, Repair of base:base mismatches; 2, Repair of
small-loop mismatches; 3, Repair of larger-loop mismatches; 4, Required for normal levels of meiotic
recombination, 5, Required for normal levels of meiotic reciprocal exchange; 6, Required for heteroduplex
rejection; 7, Required for trimming nonhomologous single-stranded ends; 8, Required for resistance to cer-
tain DNA damaging agents; 9, Mitochondrial DNA MMR; 10, Forms dimer with either MSH3 or MSH6;
11, Forms dimer with MSH2; 12, Forms an MSH4/MSHS5 dimer; 13, Forms dimers with PMS1, MLH2,
and MLH3; 14, Forms dimer with MLHI1.

¢ Name of homologous gene/percent amino acid identity (length of aligned region). ?: no homolog iden-
tified; None: apparently no homolog exists. Alignments were performed by the algorithm of Altschul et al.
(2a) with the BLOSUMG62 identity matrix and gap penalty of 11, gap extension penalty of 1.

3.2. Drosophila MMR Genes

The MMR system of Drosophila appears less complex than either the human or yeast
system. Certainly, the contingent of recognizable MMR genes is smaller in flies.
Although S. cerevisiae has at least six MutS homologs (MSHI-6), and at least five exist
in humans, only two MSH genes have been discovered in flies. Also, Drosophila seems
to have only two MutL homologs (MLH) compared to four in yeast, and four or more in
humans (Table 1). This is somewhat similar to the case in the nematode, Caenorhabdi-
tis elegans, but it is curious that the yeast system correlates more closely to humans.
Even more surprising is the apparent absence of the meiosis-specific MSH genes in
Drosophila (MSH4 and MSH5) that are present in yeast, nematode, and human.
Although some MSH and MLH genes of yeast and humans appear to be partially
redundant for particular phenotypes, none are completely redundant. The absence of
MSH1, MSH3, MSH4, MSHS5, and MLH?2 and MLH3 in flies can be rationalized in at
least three ways: (1) Drosophila does not require the specialized functions of the miss-
ing genes; (2) unrelated proteins provide those specialized functions; or (3) the genes
extant in Drosophila produce broader activities that encompass the specialized func-
tions (the production of multiple proteins from a single gene may also play a role).
Some combination of the latter two possibilities may be the most likely scenario.

Three Drosophila MMR genes have been cloned using sequence similarity: two
MLH genes, Dmlhl and Dpms2, and the MSH gene spellcheckerl (spell). More
recently, an msh6 gene has been identified within the sequence produced by the BDGP.
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These genes that participate in the earliest steps of MMR are highly conserved and easy
to identify by sequence similarity alone. The other genes involved in MMR can be less
obvious because they include more generally employed DNA helicases, SS-exonucleases,
DNA polymerase, and DNA ligase.

3.2.1. spell

The spellcheckerl gene was isolated by virtue of its similarity to other MSH genes
using degenerate PCR. Its sequence indicates that it is a member of the MSH2 branch
of the family. In yeast and humans, msh2 is required for virtually all MMR in the
nucleus. Null spe/l mutant Drosophila were assembled using a pair of chromosomes
bearing unique, large deletions. The deletions only overlap in a small region containing
spell and an adjacent gene known as lethal(2)35Aa. Because the adjacent gene is
required for survival, a cloned copy was supplied as a transgene (43).

The spell mutants created in this way are viable and fertile. DSBR does not appear
grossly hindered in spell mutants because they are not significantly more sensitive to y-
irradiation. Neither are they affected in their sensitivity to methylmethane sulfonate
(MMS) (43). In contrast, msh2 mutant human cancer cell lines and mouse cells have an
increased tolerance to simple methylating agents (/9,23). Presumably, in the mam-
malian case, the intact MMR system recognizes the damaged DNA but cannot complete
repair. Instead it converts the methylated bases into a lesion that is more lethal and/or
transmits a signal leading to cell-cycle arrest and apoptosis.

In E. coli, yeast and humans, short DNA repeats (microsatellites) are highly vulnera-
ble to mutation in the absence of MMR (42,158,163). Microsatellites are also very
unstable in spell mutant flies. Chromosomes were analyzed after passage through 12
fly generations without SPEL1. One of the most unstable microsatellite loci analyzed
had detectable mutations in over 25% of the tested chromosomes. No mutations were
detected at that same locus in a hemizygous spell*/~ background (0 out of 192 chromo-
somes) (43). Loss of SPEL1 also destabilizes microsatellite repeats during the process
of gene conversion. In this experiment, gene conversion was triggered by induction of a
DSB in the parental germline. The products of conversion were recovered in the prog-
eny and their structure was analyzed. The fidelity of copying a dinucleotide repeat from
the homolog was fivefold higher in controls than in spell mutants (43).

3.2.2. Dmmlh1 and Dmpms2

Drosophila homologs of MLHI and PMS2 genes have been cloned and sequenced.
Their genomic locations have also been identified, but as yet no mutants are known to
exist. Dmlhl mRNA is abundant in ovaries and embryos and is present at lower levels
in later stages. Dpms2 mRNA appears to be expressed more uniformly throughout
development. Curiously, Dpms2 appears to have sex-specific transcriptional start-points
or differential splicing such that a 5 segment is found in transcripts from male larvae
and male adults but not from females (18,108,109,160).

3.2.3. Tosca

The tosca (tos) gene encodes a putative exonuclease in flies (34). Its amino acid
sequence establishes it as a member the XPG/Rad2 superfamily of endo/exonucleases.
It is sufficiently related to S. pombe, mouse, and human EXO]1 that it is probably the
Drosophila exol homolog. However, it appears that the expression of tos is completely
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restricted to the female germline and early embryo. Early in oogenesis, tos mRNA is
enriched in the pro-oocyte at a time that coincides with pachytene, implying that TOS
may play a role in meiotic recombination. (Note that meiotic crossing-over occurs only
in female Drosophila, not in males.) Later, fos mRNA is very abundant during the
extremely rapid nuclear divisions of the early embryo, suggesting an additional role
during this extraordinary DNA replication. MMR has been proposed as a possible role
of TOS at this stage (34). This notion is supported by evidence that exol of S. pombe
has a role in MMR as demonstrated by genetic analysis (/46), and the human EXO1
protein binds to MSH2 (/50). Murine exol is highly expressed in the testes and is espe-
cially abundant during the stage at which meiotic recombination occurs (96). Levels of
EXOL1 are also high in the lymphoid tissues of the mouse, especially the spleen. If fosca
is the main exonuclease of MMR in flies, it is hard to explain why its expression is
undetectable after early embryonic development and absent in males. It is possible that
TOS has a partially redundant role in MMR.

3.2.4. mei-9

On the surface, MMR in flies may seem to fit the simple paradigm worked out in E.
coli, with a few minor modifications, e.g., SPEL1/MSH6 heterodimer replacing MutS,
and a MLH1/PMS2 heterodimer replacing MutL.. However, it is likely to be more com-
plex, as illustrated by mei-9. The mei-9 gene was first identified almost 30 years ago in
a screen for mutants defective in meiotic recombination. It was originally found that
mutations in mei-9 reduced meiotic crossing-over to less than 10% of the normal level
(3). Later, mei-9 mutants were isolated in screens for mutagen sensitivity. Through
these studies it was discovered that they were very hypersensitive to ionizing radiation,
MMS, nitrogen mustard, 2-acetylaminofluorence (AAF), and ultraviolet (UV) irradia-
tion (15,151). Furthermore, mei-9 mutants were found to be deficient in the repair of
UV-induced pyrimidine dimers (38). This block in NER proved to be at some stage
before strand cleavage (4,15).

Meanwhile, evidence that mei-9 might also be involved in MMR surfaced when it
was discovered that even though the frequency of meiotic gene conversion was unaf-
fected, mei-9 mutants exhibited postmeiotic segregation (PMS) (28). During meiotic
recombination, heteroduplex is formed at the sites of exchange. Normally it is repaired
before mature gametes are formed, but any heteroduplex that fails to be corrected will
generate mosaic offspring. With PMS, the two maternal (or two paternal) alleles repre-
sented in the heteroduplex begin segregating at the first zygotic division to create an
individual that is a patchwork of the two genotypes. Elevated levels of PMS indicate a
defect in MMR during meiotic recombination.

No other genes were known to serve such central roles in NER, MMR, and HR.
When the mei-9 gene was cloned and analyzed, it became clear that it was related to
the NER incision enzymes Radlp of yeast and XPF of humans (/55). These proteins
are part of a nuclease that cleaves one DNA strand 5" of bulky lesions. Radlp interacts
with Rad10p, (as does XPF with ERCC1) to comprise a structure-specific endonucle-
ase. The structure that is recognized and cleaved is the single-strand to double-strand
transition at the 5" end of the excision-repair bubble. A similar structure is presumed to
occur in intermediates of reciprocal exchange in the form of Holliday junctions. Like
several MMR genes, RAD1 was recently discovered to play a role in regulating recom-
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bination between closely related sequences containing heterologies (33,722). How this
might relate to the role(s) of mei-9 in meiotic crossing-over makes an engaging discus-
sion (154).

3.3. MMR in Drosophila Extracts

In 1990, Holmes, Clark, and Modrich demonstrated a heteroduplex repairing activity
in extracts of cultured Drosophila cells (72). For correction to be efficient, one stand of
the substrate plasmid had to be nicked, and repair was heavily biased to the nicked
strand. They found that G-T mismatches were more efficiently repaired than G-G or A-
C. C-C mismatches were repaired less frequently than any of those above. This repair
was associated with DNA synthesis in the region between the mismatch and the nick,
consistent with the MMR model from E. coli (72).

More recently, Bhui-Kaur et al. (/0) established that base:base mismatches can also
be repaired very efficiently by extracts prepared from Drosophila embryos or adult cells.
Of all the mismatches tested, only G-G, T-G, and to some degree C-C were shown to be
repaired in a nick-dependent way. For these three mismatches, the efficiency of repair
was higher when one strand was nicked, and the nicked strand was preferentially
repaired. In contrast, repair of G-A, C-A, A-A, C-T, and T-T mismatches was not specific
to the nicked strand. The authors suggested that G-A, C-A, and A-A, may be repaired
predominantly by a mechanism involving an adenine-glycosylase rather than MMR.
Similarly, the C-T, and T-T mismatches might be repaired by a thymine-glycosylase.
Indeed, A-glycosylases and T-glycosylases have been found in other organisms (/0).
However, damaged bases rather than mismatches are thought to be the substrates of pri-
mary relevance for these repair enzymes. Recently it was found that mouse cells (and to
a lesser degree human cells) devoid of long-patch MMR are able to efficiently and
specifically repair A-C mismatches (/27). In this case, only the A is replaced and no nick
is required. These cells were also able to repair A-G mismatches with a low efficiency
but no significant repair of other mismatches occurred. Drosophila has a gene similar to
8-oxoguanine DNA glycosylase (OGGI), and a putative thymine glycosylase. Enigmati-
cally this glycosylase matched TDG, a G:T specific thymine-DNA glycosylase that pri-
marily repairs deaminated 5-methylcytosines by “base-excision repair.” Until recently it
was thought that there was no methylated DNA in Drosophila. It has now been shown
that 5-methycystine is produced, but only during the early embryonic period (102a).

The nick-directed, long-patch MMR activity may be inducible by X-rays because
specific activities of extracts were found to increase five to six-fold after X-irradiation
(10). Also, the mei-9 gene is required specifically for the nick-directed MMR in this in
vitro system. Extracts from mei-9 mutants were 5- to 12-fold less efficient at repairing
G-G and T-G mismatches than those from wild-type flies, yet their activity on A-G, G-
A, and C-C mismatches was not affected (/0).

4. DOUBLE-STRAND BREAK REPAIR

4.1. Introduction

The DNA in living cells sustains spontaneous double-strand breaks (DSBs). Replica-
tion-fork disintegration is probably the most common route by which breaks arise, and
through attempts to replicate damaged DNA (31,743). DNA breaks are also induced by
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ionizing radiation and certain chemicals. In addition, there are special circumstances
under which breaks are formed as part of a developmental program (e.g., meiotic
recombination and V(D)J recombination). In order to study DSBR, it is very useful to
be able to direct when and precisely where the breaks are made. Several methods have
been developed to achieve this goal.

Traditionally, the repair of DSBs has been categorized into two classes: 1) HR,
which requires that the broken end(s) pair with an intact homolog (or other homologous
sequence) and use it as a template for DNA synthesis; and 2) nonhomologous end-join-
ing (NHEJ), in which ends are rejoined without consulting a homologous sequence. It
is now clear that even within these two categories multiple pathways are used to accom-
plish repair. Many DSBR studies have been performed in S. cerevisiae, but yeast appar-
ently has a different relative preference for HR and NHEJ than higher eukaryotes. This
is one of the reasons why studies of DSBR in Drosophila should be valuable.

4.2. Analysis of DSBR In Vivo: Germline Events
4.2.1. P Element DSBR System

For the last 10 years, the premier tool for analyzing repair of DSBs in Drosophila has
been the transposon known as the P element. This tool was honed after the discovery
that P elements move by a cut and paste mechanism. When they jump, they leave
behind a DSB at the “donor” site. These breaks are usually repaired by HR, i.e., gene
conversion (Fig. 1). The initial clue that implicated gene conversion was the discovery
that a P element in the white gene underwent precise loss much more frequently when a
homolog was present (40). Gloor et al. (54) proved that homologous sequences could
direct the repair of the donor site by following the transfer of sequence polymorphisms
from an engineered template to the site of P element excision. This demonstrated that
the phenomenon could be used for targeted gene replacement as well as to study DSBR.

Examining the fate of such donor sites has yielded many insights into how DNA
breaks are repaired. In the most prolific version of this system, P-induced breaks are
created by crossing flies that contain a nonautonomous element (lacking transposase) to
flies that contain a stable transposase source. Typically, the repair products are not ana-
lyzed in the flies that suffer the breaks, but in their progeny. This is desirable because
the progeny are usually homogeneous and depict the result of a single repair event.
Even though this strategy examines products that arise in the germ-line, it is known that
the majority are from pre-meiotic repair because a pronounced clustering of conversion
events is detected. Engineered-sequence polymorphisms also allowed properties of the
conversion tracts to be scrutinized. The average length of these conversion tracts is
about 1.4 kb. Most tracts are contiguous, i.e., not interrupted by unconverted sites, and
most extend bi-directionally from the breaksite (54).

4.2.2. Template Preference

Conversion frequencies reveal a hierarchy of preference for template utilization. The
order of preference is: sister chromatid > allelic site containing a P element at the iden-
tical position > allelic site (without P) > allelic site (without P) on a multiply inverted
homolog > ectopic site in cis > ectopic site on a homolog > ectopic site on another chro-
mosome. This order can be partially explained by proximity and by the extent of iden-
tity between the broken ends and the potential template. Of course sister chromatids are
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Fig. 1. P element-induced gene conversion. When a P element is mobilized, it leaves behind
a DSB. Frequently the broken chromosome is repaired by gene conversion, which can be guided
by the corresponding sequence from its homolog. In this depiction, two Holliday junctions are
formed and then resolved to yield noncrossover products.

identical before the P element excises, whereas a homolog, though very similar, will
often contain polymorphisms in the vicinity of the break. If the entire P element
sequence is excised during transposition, it should not matter whether or not a potential
template carries a P element at the same site. However, cleavage by P transposase gen-
erates 17-base, 3" overhangs that consist of the terminal 17 bases of the element (9).
Junctions with these 17 bases only match a homolog with a P element at the same site
(Fig. 2). Indeed, the presence of 17 bases of terminal heterology has a major effect.
Compared to a homologous chromosome without a P element, homologs that have a
small P element fragment containing at least the 17 bases from both termini, greatly
increased conversion (77). The quality of the sequence match is also very important. In
one study using homologous chromosomes as templates, the number of single bp het-
erologies was varied within a ~3.5 kbp region. The frequency of gene conversion
dropped from 19% when no mismatches were present to only 5% when the template
had 15 mismatches (179).
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Fig. 2. P element excision produces unusual breaks with 3" overhangs of 17 bases. Repair of
the “donor” chromosome is influenced by the presence of 17 bases of P element sequence. Tem-
plates that contain a P element at the same site support a much higher frequency of conversion
than templates without P. Left, The 17 base extensions must be removed before repair synthesis
can occur on the template lacking a P element. Right, An invading 3" end can anneal perfectly to
the P-containing template and is ready to be extended by repair synthesis.

Another plausible component of the template hierarchy might be the average physical
distance between template and breaksite. Sites on sister chromatids could be expected to
be close, especially soon after replication. Homologs may be partially paired throughout
the cell cycle, but multiple inversions may disrupt pairing (47,55,70). It is unclear how a
template located several Mbp distant can be recognized as co-linear and utilized prefer-
entially, considering how the nucleus often resembles a mass of spaghetti (4/). A linear-
tracking model seems untenable but alternative models, such as one where each
chromosome occupies a compact nuclear domain, seem equally unfeasible.

Extrachromosomal circular plasmids can also be used as templates for P-induced
conversion. For multiple reasons it is difficult to compare the efficiency of plasmid and
chromosomal templates. Plasmids are injected into the embryos at a many-fold excess
to the number of chromosome copies. Also plasmids persist for a fraction of the fly’s
lifespan, and the copy number probably varies greatly from cell to cell. Still the fre-
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quency is high enough that plasmids can be used for gene targeting and transformation
of Drosophila by DSBR (81).

4.2.3. Homology Requirements

Gene-targeting studies demonstrated that both insertions and deletions can be effi-
ciently copied into a P element-induced breaksite if they are encompassed within homol-
ogous sequence. As mentioned earlier, mismatches and terminal homology affect
template efficiency during gene conversion (77,119). Although different types of heterolo-
gies affect the overall rate of conversion differently, among conversion events the fre-
quency of inserting 8 kbp, deleting 136 bp, or creating a single-base change is the same
(120). Several other experiments have addressed the minimum amount of homologous
sequence required for efficient conversion. One study used a break at w? (a P element
insertion in the eye-color gene known as white) and a set of ectopic templates containing
~3 kbp of homology to the left of the breakpoint and varying amounts to the right. On the
right of the breakpoint all templates began with 238 bp of matching sequence followed by
an 8 kb heterologous insertion then resumed with either 0, 25, 51, 375, or 493 bp of addi-
tional matching sequence. The rate of conversion of the heterologous insertion was very
low when the outer homology was 51 bp or less. Conversion rates were moderate with
375 bp of homology and high when 493 bp of homology was present (35).

In most experiments that use ectopic templates, an interesting class of aberrant
events is recovered. These peculiar conversions all retain one P element end at a posi-
tion that corresponds to a P terminus in the donor. They also contain a sequence dupli-
cation beginning at that same point. These aberrant products, dubbed ‘“conversion
duplications,” can be explained if the terminal 17 bp are sufficient to direct recombina-
tion at one end (/20). The 17-base tail may either prime synthesis from a P end in the
template or serve as the site of alignment when the two sides of the break come together
after template-directed synthesis (Fig. 3). The view that 17 bases is sufficient is also
supported by the transposon swap phenomenon (48,58,69,82,107,156). In a stock that
has two distinguishable P elements, one can precisely replace the other when mobi-
lized. Presumably, gene conversion allows the 17-base tails to find the ends of the other
P element anywhere in the genome and copy the sequence of that element into the
break. It is a formal possibility that more than 17 bases are required for these events if
they occur in two steps. In that case, initial repair of the break could use the sister chro-
matid to extend the P element sequence to 31 bases or more (note that the terminal 31
bases of P elements are perfect inverted repeats). The extended tails could use the addi-
tional homology to pair with the second P element. However, Preston and Engels suc-
ceeded in converting a DS oligo into a P-induced break guided only by the 17 bases of
P on both sides (1/37). Current data suggest that although 17 bases of matching
sequence is too short to produce the highest conversion frequency, it can suffice.

4.2.4. Synthesis-Dependent Strand Annealing

Conversion duplication products were instrumental in the development of a new model
of HR called synthesis-dependent strand annealing (SDSA) (120). In SDSA, after a DSB is
formed, the two 3" ends independently invade and copy homologous template(s). This cre-
ates long single-stranded tails that anneal at complementary regions. The annealed strands
are processed until fully double-stranded by any necessary synthesis and/or trimming and
repair is completed by ligation (Fig. 4). The SDSA model is distinct in that it does not
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Fig. 3. An example of a “conversion-duplication” structure. When P-induced DSBR utilizes
a template that resides ectopically within another P element, a few percent of the events recov-
ered are of the “conversion-duplication” class. The structure suggests that alignment on one side
of the break has been directed by the termini of the two transposons.

invoke Holliday junctions but rather migrating repair “bubbles,” and it entails the associa-
tion of long single-strands as in single-strand annealing (/66). These features can easily
explain the origin of the conversion duplications and are in accord with the fact that con-
version is only infrequently associated with crossing-over. In contrast, models that include
resolution of Holliday junctions predict frequent crossing-over. SDSA may be a widely
used mechanism because this model best explains results from a variety of settings includ-
ing alterations in sequence repeats in yeast and rye, intron homing in bacteriophage T4,
and formation of defective transposons in Drosophila and maize (11,91,117,120,133,145).
The strongest evidence for SDSA comes from recombination products that include
sequence information from two separate templates (76,133,135). No other model can eas-
ily explain such “bitemplate” events.

4.2.5. Effects of Heterologous Insertions

Despite the fact that large insertions are included within successful conversion tracts
as frequently as single-base differences, they do not affect conversion in the same way.
The amount of flanking homology required is greater for large heterologies (36). Also
the overall frequency of conversion is strongly affected by large heterologies (~8 kb)
located 238 bp from the breaksite (35). The frequency is less affected by shorter het-
erologies (242 bp to 4 kbp) and unaffected by short (25 bp) insertions (35). It seems that
the proximity to the break is a crucial factor, because a large insertion 2 kbp from a
breaksite had little effect on conversion frequency (40).

4.2.6. Possible Chromatin Effects

The fact that homologous templates can be found at all is astonishing when the true
state of chromosomal DNA is considered. The DNA in cells is compacted by several
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Fig. 4. Synthesis-dependent strand annealing. See text for details. For simplicity, this depic-
tion shows invasion and synthesis initiating only with the broken right end. Apparently both
ends can invade and extend independently, sometimes involving separate homologous templates.

levels of organization into chromatin. Evidence is mounting that chromatin remodeling
is a very important aspect of nuclear activity that is capable of regulating processes
such as transcription and DNA repair (1/15). The absence of one chromatin “insulator”
protein known as suppressor of Hairy wing (su(Hw)), leads to an approx fourfold
increase in conversion rates when an ectopic template is used (93).

4.2.7. Other DSB Systems

Other methods have been used to make DSBs in Drosophila chromosomes and these
have been used to test which aspects are general to DSBR, and which are specifically
influenced by P element idiosyncrasies. Repair of chromosome breaks caused by the
rare-cutting endonucleases HO and I-Scel have been analyzed (78,137). So far, the gen-
eral conclusion is that most of the characteristics of P-induced DSBR are shared with
these other systems. For example, when the recognition site for HO endonuclease is
placed in the white gene on the X chromosome, conversion-tract distributions are
remarkably similar to those recovered by P mobilization (78). When conversion uses
the homologous X chromosome as a template, there is a similar, low level of associated
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crossing-over. Ectopic templates located in cis to the break are used preferentially just
as is the case with P elements. Also, examples of repair utilizing two different tem-
plates, so-called bi-template events, have been recovered, suggesting that both ends
produced by HO cleavage can independently invade templates, again similar to the case
with P elements (78).

I-Scel endonuclease cuts Drosophila chromosomes very efficiently, but the relative
frequency of the alternative outcomes (end-joining, conversion with or without cross-
ing-over) is still under investigation (/37). Conversions can be recovered at a rate com-
parable to P-induced DSBR and again, as with P, crossovers are much rarer than
conversions (/37). When I-Scel cuts are made between direct repeats of homologous
sequence, which provides an opportunity for single-strand annealing, very high rates of
recombination are seen (/41).

Another transposon known as the mariner element also induces homolog-directed
gene conversion when it excises in Drosophila (/07). Mariner is a member of the
extremely widespread mariner/Tcl transposon superfamily—the genomes of many
plant and animal species are replete with these elements. Faulty DSB repair after
mariner excision also appears to be the source of defective copies of mariner (/01).
Similar to the scenario with P elements, aborted or inaccurate gene conversion replaces
an internally deleted element into the site of the excised transposon.

4.2.8. Gene Targeting

Until recently, targeted-gene replacement in Drosophila was limited to the immedi-
ate vicinity of P element insertions or other engineered sites of DSB formation. The
first successful targeted disruption of an unmodified gene was reported by Rong and
Golic (141). In most targeting systems, DNA ends are required for high levels of
recombination, but all attempts to provoke gene replacement by injecting linear sub-
strates into fly embryos have failed. The trick seems to be to create linear, extrachromo-
somal recombination donors in vivo (/41). A donor cassette was engineered and
inserted randomly into the Drosophila genome by P element mediated transformation.
The cassette contained a segment of the targeted gene with an I-Scel cleavage site in the
middle. This was flanked by two FRT sites, (substrates for FLP recombinase), arranged
as direct repeats. The action of FLP recombinase on these sites loops out the interven-
ing sequence creating an extrachromosomal circle and at the same time reseals the
chromosome that is now deleted for this sequence. Cleavage by I-Scel linearizes the cir-
cle creating the (presumed) active donor with recombinogenic ends.

Recombinant products were recovered by selecting for homology-directed reversion
of a mutation at the target locus. The homologous sequences at the ends were oriented
to form an “ends-in” donor, so the expected outcome was integration at the targeted site
producing a tandem duplication (63). About one-third of the selected products had the
expected configuration (/41).

The other two-thirds of the products were composed of three structural classes that can
be explained by a mechanism in which dimers of the circular donor arise prior to integra-
tion. Indeed, about 7% of the products appeared to be simple integrations of a dimerized
donor, thus creating tandem triplications (/417). This arrangement should be unstable if
FLP recombinase or I-Scel is still present. The central copy of the triplication would be
efficiently excised by FLP because it is flanked by FRT sites (excision would produce a
configuration identical to the simple “ends-in” integration, therefore some in the expected
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class could originate through donor dimers). The central copy of the triplication would
contain an I-Scel cleavage site, so if any [-Scel endonuclease remains, it would provoke a
second round of DSBR. One of the likely products of such secondary repair would be
simple “allelic replacement” of the targeted mutant allele with the donor allele. This out-
come could ensue from a cleaved triplication by gene conversion, single-strand annealing,
or sister chromatid exchange. Fully one third of the recombinants recovered were “allelic
substitution” products, yet they are not easily explained without assuming donor dimer-
ization (/41). DSBR of the triplication is also likely to produce some events that collapse
the structure to duplications identical to the simple integration products. The final class
(23% of the total) has a structure similar to the expected tandem arrangement except that
one copy of the duplication has a small deletion or insertion near the position of the I-Scel
site (141). These scars are reminiscent of NHEJ, yet homology undoubtedly directed inte-
gration. A donor dimer could suffer inactivation of one of its I-Scel sites by NHEJ and still
be targeted through cleavage at the other site. Integration after extensive degradation of
one end by exonuclease could result in the observed structures. But how could dimers
form when there is only one copy of the cassette in the genome in the first place? The sim-
plest theory is that dimers arise through replication. If the circles could replicate, multi-
mers would be formed readily by FLP mediated co-integration or I-Scel mediated DSBR.
Alternatively dimers could arise (intra- or extrachromosomally) in G2 cells by interaction
of copies from the sister chromatids. However, it is unclear why dimers appear to be the
favored substrates. What key recombinational advantage might dimers provide? Because
of the excitement over this new gene-targeting scheme, details of the mechanism (whether
dimers are involved or not) should emerge quickly.

4.3 Analysis of Somatic DSBR

There is evidence that the relative efficiency of gene conversion and NHEJ is different
in Drosophila somatic cells vs premeiotic germ cells. Also the size of the most frequent
deletions created by NHEJ in somatic cells seems to differ from those arising in premei-
otic germ cells (8,44,53,77,78,125,161,169). To a large degree the apparent disparity can
be explained by differences in experimental designs. Often a phenotypic screen was used
to select the product before analysis. In some experiments, a large number of copies of
linearized plasmids were injected into embryos (8,125), whereas in others, repair of a sin-
gle break at a chromosomal site was studied (44,53,77,78,161,169). However, even when
similar conditions are used, there are persistent differences in somatic and germline repair
(53). Unfortunately it is not possible to control for variability that results from the differ-
ent life histories of diverse tissues. Factors such as the number of cell divisions, rate of
DNA synthesis, and duration of cell-cycle phases may affect the ratio of the types of prod-
ucts recovered and obscure whether certain repair pathways are truly modulated in
somatic verses germline cells. There is clear evidence of cell-type-specific regulation of
DNA repair in yeast (see Chapter 5).

4.4. Analysis of DSBR in Embryos
4.4.1. P Element Loss, Reversion Assays, and NHE]

Assays for DNA repair after transposon excision have been performed in Drosophila
embryos (/26). Plasmids bearing a transposon were injected into preblastoderm
embryos. Transposase was produced either from a co-injected plasmid or a chromoso-
mal source. In most of these assays, repair was analyzed phenotypically after plasmids
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were re-isolated from embryos and transformed into E. coli. This type of assay selects
for a small subset of repair events that restore the function of a bacterial gene that the
transposon has disrupted. Because there is no opportunity for homologous repair, NHEJ
events that produce small in-frame insertions or deletions are recovered. Despite the
severe bias inherent in such assays, they have been very useful. For example, it was
shown that y-irradiation can enhance the recovery of these repair products (6/), whereas
mutations in mus309 diminish recovery (§).

4.4.2. Homologous Recombination (HR) and Nonhomologous End-Joining in Embryos

The repair of plasmids that have been linearized in vitro can also be assayed in
Drosophila embryos (37,59). Linear DNA substrates are injected into the early embryo
prior to cellularization. Intramolecular repair and some HR events lead to plasmid recir-
cularization, which can be followed by PCR or analyzed after transformation of E. coli.

One study of DSB repair in embryos analyzed the sequence of 122 NHEJ junctions
(37). Most of these, (117 events) had deletions of plasmid sequence, but a quarter of the
junctions had lost nucleotides from only one side of the break. Slightly more than half
of the deletions were <10 bp, 41% were 10-100 bp, and 7% longer than 100 bp. The
addition of bases that are not present in the original plasmid was also a common fea-
ture, but most of the insertions were less than 20 bases. As seen in other studies
(88,134,142,144,149), almost all of the products that did not have insertions of extra
bases had been joined at regions of microhomology. These junctions contained one to
three bases that could have come from either side, suggesting that repair was influenced
by short regions of complementarity (37).

Intermolecular HR could be detected when a homologous fragment was co-injected
with the plasmid. The homologous fragment was designed to span the site of plasmid
cleavage and contained 18 additional basepairs at the exact position of the break. Thus
homologous repair using the fragment as a template is revealed by transfer of these 18
bp into the plasmid. This type of repair product was readily detected by PCR even
though NHEJ appears to predominate. Irradiation of the embryos with y-rays prior to
substrate injection was found to stimulate HR, especially the production of mature
recombinant circles capable of transforming E. coli (37).

Another study used embryos in a similar way to investigate both intramolecular and
intermolecular HR as well as NHEJ (59). The substrate for intramolecular HR and
NHEJ was a linearized plasmid that contained two copies of a short sequence. HR
within the duplication would recircularize the plasmid and reconstruct a tetracycline
resistance gene. NHEJ was much more frequent than intramolecular HR. As in other
studies, deletions were common at these NHEJ junctions. The average length of dele-
tion was 14 bp. Intermolecular HR was also assayed with a linearized plasmid and a
homologous fragment. In this case, recombination was detected by (homology-
directed) reversion of a mutation near the site of plasmid cleavage. Once again, HR was
easily detected although it was not very efficient compared to NHEJ (59).

4.5. Genes Involved in DSBR

4.5.1. spindle Genes

Recently the studies of oocyte development and DSBR converged with the surprising
discovery that several mutants defective in embryonic axis formation had lost DSBR
functions. These so-called spindle-class genes were isolated by selecting mutations that
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produced ventralized embryos lacking dorsal structure. Such embryos are narrower,
more pointy, and more symmetrical than wild-type (hence the name spindle). This phe-
notype is caused by the inability to establish dorsal/ventral polarity that is the direct
result of a failure to accumulate GURKEN protein in the anterior-dorsal region of the
oocyte (49,57). Remarkably, three of the spindle-class genes that have been identified
appear to have a primary role in DSBR/meiotic recombination. These include a RAD54
homolog, a RAD51/DMCI homolog, and a third DNA repair gene, mus301.

How do mutations in repair genes lead to developmental defects of the oocyte? These
mutants cannot complete repair of meiotically induced DSBs that initiate crossing-over.
This block in DSBR activates a meiotic checkpoint so that the oocytes do not complete
prophase I. As part of the response to this checkpoint, VASA protein is modified, which
in turn inhibits gurken mRNA translation. Without sufficient GURKEN, the dorsal-ver-
tral axis cannot be formed. In a mei-W68 mutant background, no meiotic breaks are
made, and the DSBR-deficient spindle class mutants are able to progress through
prophase 1. Alternatively, if the oocyte has a faulty meiotic checkpoint, as in a mei-41
mutant, the DSBR-deficient spindle class mutants are again able to proceed through
prophase I (50) (Fig. 5).
4.5.1.1. spN-B

The SPN-B protein is a member of the RecA/RADS1 family (49). Several proteins
in this family have been shown to catalyze strand-transfer in vitro, to play roles in
DSBR, and to form specific complexes during meiotic recombination. The spn-B mes-
sage is expressed throughout oogenesis. It has not been reported whether it is
expressed in other stages and tissues (49). Mutations in spn-B are not known to affect
mitotic DNA repair. For example, they are not hypersensitive to MMS (49), but they
do have several defects in meiotic recombination. spn-B mutant females are nearly
sterile. In the rare offspring, meiotic crossovers are decreased 4- to 10-fold and X-
chromosome nondisjunction (NDJ) is increased about 100-fold. The oocyte chromo-
somes of spn-B mutants often fail to form into a compact karyosome but remain
diffuse and thread-like (57).

Among RADS51 family members, SPN-B is most closely related to human XRCC3
and RADS51C (about 35% identical, 49% similar amino acids). It also shares about 27%
identity/43% similarity to human DMC1 and 30% identity/44% similarity to human
RADS1. Owing to its conspicuous meiotic phenotypes, it has been compared to DMCI,
which is exclusively expressed during meiosis in yeast and mammals and is indispens-
able for meiotic recombination. It is possible that the full spectrum of spn-B function
has not been uncovered yet.

45.1.2. spN-D

The molecular identity of spn-D has not been revealed, but it produces a mutant phe-
notype very similar to that of spn-B.

4.5.1.3. okr (DMRAD54)

Another spindle-class gene was named okra (okr). Female okr mutants, are also ster-
ile, producing ventralized embryos. Unlike spn-B and spn-D mutants, okr mutants are
hypersensitive to MMS. The okr gene encodes the Drosophila homolog of RADS54. It
shares 54% identical amino acids with human RAD54 and 48% with yeast Rad54p
(49,87). Hypersensitivity to MMS is also seen in yeast rad54 mutants. Yeast Rad54p
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Fig. 5. A DSB-induced meiotic checkpoint. MEI-W68 appears to be required for the forma-
tion of meiotic DSBs while some of the spindle-class genes are directly involved in the repair of
these meiotic breaks. If the breaks fail to be repaired, as in a spn mutant, a mei41 -dependant
checkpoint arrests the progress of meiosis. Oocytes mutant for mei-W68 and a spn gene circum-
vent this checkpoint because no DSBs are produced.

participates in DSBR and HR. It can stimulate RADS51p-directed homologous pairing,
and appears to have a particularly important role in DSBR utilizing the sister chromatid.
Consistent with a DSBR function, both yeast and Drosophila rad54/okr mutants are
hypersensitive to X-rays (87). In addition, flies with okr mutations are hypersensitive to
breaks made by P element excision and to the crosslinking agents, mitomycin C
(MMC) and cisplatin (86). Mutations in okr and mus309 (Subheading 4.5.1.4) are syn-
ergistic with respect to X-ray sensitivity, but roughly additive with respect to MMS sen-
sitivity (86).

In an assay for induced loss of heterozygosity and HR in somatic cells, okr mutations
had little affect when the inducing agent was MMS, MMC, or cisplatin. In contrast, okr
mutations abolished the recovery of X-ray-induced loss of heterozygosity events (86).
Transcription of okr occurs at all developmental stages but is highest in ovaries and
early embryos (87). Yeast and mice mutant for rad54 have little or no defect in meiosis.
Strong okr mutants, on the contrary, are completely sterile in females, apparently
unable to repair meiotic DSBs. Meiotic recombination and NDJ have been measured in
weak (nonsterile) okr mutants. These mutants produce about 50% of the normal level of
recombinants and about 20-fold more NDJ events (49).
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4.5.1.4 spN-C (Mus301)

Mutant spindle-C flies also lay ventralized embryos and are sensitive to MMS. The
spn-C gene is allelic to the mutagen sensitive gene, mus301. A mutant P element-inser-
tion line failed to complement both mus301 and spn-C and spn-C mutants do not com-
plement mutant mus301 alleles for MMS sensitivity (50,152). There are five mutant
alleles of mus301 and these yield varying degrees of sterility when homozygous. As in
spn-B and okr, females with partially fertile alleles of mus301 produce increased fre-
quency of NDJ (16). Hypersensitivity to X-rays is also seen in mus30I mutants (129).
Intriguingly, the mus301 gene maps to a region that contains a homolog of recQ4 (89)
(see Subheading 4.5.6.2.).

4.5.2. mei-41(ATR, MEC1)

MEI-41 is a member of a protein family whose C-termini are related to phos-
phatidylinositol 3-kinases (62). Many members of this family are DNA damage-
inducible checkpoint signaling proteins including yeast Meclp and human ATM and
ATR. The mei-41 gene derives its name from the defect in meiotic recombination that
results from “weakly” mutated alleles (27). Such alleles produce reduced levels of mei-
otic exchange with concomitant increase in NDJ. Strong mutations cause female steril-
ity through maternal-effect embryonic lethality (/59). Mutations also cause severe
sensitivity to DNA damaging agents (/7,105) and P element-induced breaks (5). MEI-
41 has an essential role in embryonic development in a unique DNA replication/DNA
damage checkpoint that is necessary for the transition from the extremely rapid, mater-
nally programmed, early cell divisions to the zygotically controlled divisions after the
midblastula stage (1/59). The Drosophila CHK/ homolog, grapes, and Drosophila weel
are also components of this pathway (138,159).

MEI-41 has another intriguing role in female meiosis. In wild-type oocytes the pres-
ence of chiasmata leads to arrest in metaphase I. Certain mutants defective in meiotic
crossovers but not repair by gene conversion (i.e. mei-9 and mei-218) show early entry
into anaphase. This precocious entry into anaphase requires MEI-41 (/13). One possi-
bility is that MEI-41 may be required to extinguish a signal that normally arrests mei-
otic progression until DSBR is complete (154).

4.5.3. Ku70

Mammalian cells possess several protein complexes that sense the presence of DSBs
and alert the cell to elicit the appropriate response. One such complex is DNA-dependent
protein kinase (DNA-PK). DNA-PK is made up of a large subunit that encodes the protein
kinase activity and a heterodimer of two smaller subunits, Ku80 (or Ku86) and Ku70, that
constitute a DNA end-binding activity. The Ku86/Ku70 dimer must be bound to DNA in
order to stimulate the catalytic subunit of DNA-PK. Activated DNA-PK phosphorylates
several DNA binding proteins including p53 and is required for p5S3-mediated apoptosis.
Besides its role in signaling and cell-cycle checkpoints, the Ku heterodimer has been
implicated in the repair process itself. Evidence suggests that Ku protects DNA ends from
excessive nucleolytic degradation and may in fact tether the two ends together to facilitate
repair (13,14,29,97,131). Ku is also involved in protecting and maintaining telomeres.

Drosophila Ku70 was originally isolated during a search for inverted repeat binding
protein (Irbp), a factor that binds to the outer half of P element terminal repeats (7). The
bound proteins were purified and antibodies were raised against peptide fragments.
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This led to the isolation of a Ku70 cDNA. Although they are likely to be a true
homologs, the human and Drosophila Ku70s have diverged significantly, retaining only
27% identical amino acids. Drosophila Ku70 was independently cloned as yolk protein
factor 1b, (Ypbfi1b) by virtue of its apparent sequence-specific DNA-binding within the
Ypl gene (74). When the Ku70 gene was mapped cytogenetically, it was found to reside
in the vicinity of a gene called mus309. Beall and Rio (8) showed that a genomic frag-
ment containing the Ku70 gene partially rescued female sterility and MMS sensitivity
of mus309 mutants. Therefore, Ku70 and mus309 were considered the same gene
despite discrepancies in map positions and predicted phenotypes. A gene encoding
Ku86 was recently identified (51).

4.5.4. mus309 (blm)

Several of the phenotypes of mus309 mutants could conceivably be attributed to
defects in DSBR including reduced fertility, reduced viability (especially in males),
altered frequency of meiotic recombination, increased NDJ and chromosome loss, and
increased mitotic exchange. In addition, more specific studies have shown that muta-
tions in mus309 affect the repair of DSBs induced by P element transposition, HO
endonuclease, and X-rays (78,86).

The mus309 gene was identified in 1981 (16). Three mutations, mus309P°!,
mus309P2, and mus309P3, were determined to be allelic because they failed to comple-
ment each other for recessive sensitivity to MMS and nitrogen mustard. However, the
D1 allele was recovered with a linked recessive lethal, and the D3 allele was associated
with a second (unidentified) mutagen-sensitive mutation. The D2 allele has a recessive
female-sterile phenotype. The heteroallelic combination mus309°!/mus309P? causes
sterility in both females and males (16), and both mus309°? and mus309P3 are female
sterile over a deletion (/67). The D1 allele has been lost and thus, most analyses have
been performed with a combination of the D2 and D3 alleles even though these flies are
only weakly fertile.

Preliminary results from mus309°%/mus309°3 mothers show that their sons survive
~five-fold less often than daughters. This sex bias is absent in the progeny of mus309
mutant fathers (78). About 4% of the total progeny, (over 25% of the males) from mus309
mothers are XO (null Y). These flies could derive from maternal chromosome loss or mei-
otic NDJ. The frequency of XO males is at least 75-fold higher than in wild-type controls.
The occurrence of XXY females, which is indicative of NDJ, is elevated to a lesser degree
(~10-fold), implying that chromosome loss is contributing the major effect. Paternal chro-
mosome loss and NDJ are also elevated in mus309 mutant fathers (78,89).

mus309 mutations also affect meiotic recombination, but in a complex way. The
recombination rate on the 2nd chromosome is reduced over-all by two-fold, but the
effect is not uniform across the chromosome length. Exchange in the left and right arms
is reduced two- to three-fold and increased ~three-fold in the central region (78).

As mentioned previously, there is no meiotic recombination in male Drosophila, so
any recombinant chromosomes arising in the male germ line derive from nonmeiotic
events. Therefore the rate of spontaneous recombination in the male germline is very
low in a wild-type background, (less than 10~ per chromosome per generation). In a
mus309 mutant the rate is increased over 2000-fold (78). Two possible explanations for
this increase are (1) more DNA damage occurs (or persists) in mus309 mutants, which
leads to a higher recombination rate, or (2) the same amount of DNA damage occurs
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but it more often results in crossing-over. Given the evidence for increased chromosome
loss, the first scenario seems more likely.

Beall and Rio (8) showed that mus309°%/mus309°3 flies are hypersensitive to P mobi-
lization. The sensitivity was more severe in males, (~6-fold) than in females (~1.8-fold).
This sensitivity is presumed to be caused by inefficient repair of DSBs. Because the
mobilized P elements were inserted in the sex-specific X chromosome, the higher sensi-
tivity in males may be owing to the absence of a homolog to serve as a repair template.
Alternatively, the sex bias might be explained if recessive lethals are produced in both
male and female mus309 mutants but they are complemented by the homolog in females.

When P elements are mobilized from the X chromosome in the germline of wild-
type males, deletions are found near the break site in about 30% of the offspring. In a
mus309 mutant, the proportion jumps to about 90% (78). In this assay, only one X
homolog is present, so repair by HR can only take place when the sister chromatid is
available. Nonetheless, one subclass representing 22% of the progeny have deletions
within the body of the P element, indicating that repair synthesis using the sister as a
template was initiated but failed to complete or resolve properly. This type of event is
observed five times more often in the descendants of mus309 fathers than those from
wild-type fathers. This suggests that mus309 is involved in HR.

In a similar assay, breaks were induced on the X chromosome in males that had an
ectopic template for homologous repair. In this experiment, P element mobilization led
to a “reversion” rate that was 1.5- to 3-fold lower in mus309 mutants than wild-type
controls. These “reversion” events represent successful repair from the ectopic tem-
plate. In contrast, the rate of “marker loss,” which is caused by internal deletions and
flanking deletions, increased 2.5- to 5-fold in mus309 mutants. Very similar results were
obtained when the DNA breaks were produced by HO endonuclease cleavage rather
than P transposition (78).

The idea that mus309 mutants are defective in DSBR is supported by the fact that
mus309P2/mus309P3 mutants are three-fold more sensitive to X-rays than wild-type
flies (87). A synergistic effect of mus309 with DmRad54 was also observed. Whereas
DmRad54~'- mutants are seven-fold more sensitive, the mus309-- DmRad54-'- double
mutants are 40-fold more sensitive to X-rays than wild-type. The same double mutant
combination does not show synergy in MMS sensitivity (86).

The mus309 gene was recently shown to be the Drosophila homolog of the human
Bloom syndrome gene, BLM. Deletion mapping, rescue by transgene, and the sequence
of mutants all confirm that mus309 is Dmblm rather thatn Ku70 (see Subheading
4.5.6.1.; 89).

4.5.5. mus209 (PCNA)

The mus209 gene encodes the proliferating cell nuclear antigen (PCNA) homolog of
Drosophila (66). The existing mutations cause recessive lethality or recessive tempera-
ture sensitive (ts) lethality. PCNA is involved in DNA replication, DNA repair, recom-
bination, and cell-cycle regulation. It is a component of both DNA polymerase & and
polymerase €. FEN-1 and p21WAFI/Cipl (called DACAPO in Drosophila), bind to the
same site on PCNA. FEN-1 is also an essential replication factor; it is an endo/exonu-
clease required for processing Okazaki fragments during lagging strand DNA synthesis.
Binding of p21 to PCNA is thought to inhibit replication by displacing FEN-1 (173).
The ts-alleles of mus309 cause recessive sensitivity to MMS, ionizing radiation, and
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Fig. 6. Drosophila and human RECQs. The overall structure of the known RECQ proteins of
Drosophila and human are compared. The locations of the conserved helicase domains are
shown in black. The total number of amino acids predicted for each protein is indicated (note
that RECQS5 and others may produce more than one protein by alternative splicing). A putative
exonuclease, related to the WRN exonuclease domain, occurs in Drosophila within a smaller
ORF that does not encode a helicase. Genes closely related to the WRN helicase and human
RECQL have not been found in Drosophila.

bleomycin at the permissive temperature (65-67). PCNA is also required to repair P
element-induced DSBs (67). Partial complementation of several of the mutant defects
can be achieved with a combination of heteroalleles (68).

4.5.6. The RECQ family

The RECQ family is composed of a group of related proteins that contain the seven
canonical helicase motifs and share sequence similarity both within and around these
motifs. Several members have been confirmed as DNA helicases, being able to unwind
the two strands of the double helix. RECQ members have roles in repair of DNA by HR
and in genome stabilization (30,79). The RECQ family consists of at least four subfam-
ilies. Eukaryotes frequently retain four or more recQ homologs, often including repre-
sentatives from three of the subfamilies. This suggests that each group provides distinct
functions (90).

4.5.6.1. DMBLMm
Drosophila Dmblm gene is a RecQ family member that is closely related to the

human BLM gene (90) (Fig. 6). Mutations in BLM cause Bloom syndrome, an autoso-
mal recessive disorder characterized by growth deficiency, immunodeficiency, cancer
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susceptibility, and chromosome instability. The DMBLM protein is also similar to S.
cerevisiae Sgslp, although it is more distantly related to Sgslp than it is to BLM.
Despite this divergence, Dmblm can partially rescue MMS hypersensitivity of sgs/
yeast (90), indicating that functional similarities persist.

4.5.6.2. RECQ4

Another RECQ homolog of D. melanogaster, DMRECQ4, is very similar to human
RECQ4 within and around the helicase domain. Mutations in human RECQ4 cause
Rothmund-Thomson syndrome (84). This syndrome manifests in abnormalities of the
skin and skeleton, signs of premature aging, chromosome instability, and a predisposi-
tion to cancer (83,99,172). The DmrecQ4 transcript is about 4.9 kb. The gene maps to
66B10-66C1 close to spn-C/mus301.

4.5.6.3. RECQ5

Drosophila has at least one other recQ-like gene that is most similar to human
RECQS. It appears to be produced in two isoforms. One set of mRNAs would generate
a protein of about 54 kDa that consists of little more than the helicase core region.
Another set of mRNAs encodes a protein more than double this size with an protracted
C-terminus abundant in charged residues, as seen in many other recQ members (153)
(Fig. 6). The human RECQS transcript also exists in multiple forms capable of produc-
ing short or extended proteins (/53,157). Drosophila RECQS is concentrated in the
nucleus, compatible with a DNA helicase activity.

4.5.7. Drosophila Homologs of MRE11, RAD50, and NBS1

In S. cerevisiae, Mrel 1p, Rad50p, and Xrs2p proteins form a complex involved in
the repair of DSBs. An analogous complex is formed in humans between hMRE11,
hRADS50, and hNBS1 (25) (see Chapter 7). This complex localizes to foci at the site of
DNA breaks where it may be involved in both enzymatic (end-processing) and damage-
signaling functions (/04,121,170). Null mutations of mouse mMrell and mRad50 are
lethal (102,174). Non-null mutations in human nbs/ and mrell cause the severe chro-
mosome-instability disorders Nijmegen breakage syndrome and Ataxia telangiectasia-
like disorder, respectively (25,106,162,171).

Drosophila has MREII, RAD50, and NBSI homologs, but no mutations in these
genes have been reported. The sequences of Drosophila, human, and yeast MRE11 and
RADSO0 proteins are very similar. In contrast, the Drosophila NBS and hNBS1 proteins
are rather diverged and they share very little resemblance to yeast Xrs2p. The similarity
that they do share is limited to their N-termini in a region that constitutes a forked head-
associated (FHA) domain (Fig. 7). The FHA domain is an amino acid sequence motif
found in many proteins of diverse functions. A few FHA-containing proteins are
involved in DNA damage-inducible cell-cycle checkpoints (e.g., Dunlp, Spklp,
Meklp), but many have no apparent connection to DNA repair. The FHA domain is
assumed to play a role in nuclear signaling (7). The Drosophila and human NBS pro-
teins share an additional domain in common bordering the FHA domain. It includes a
BRCAI1 C-terminal (BRCT) domain, originally identified in the breast cancer-suscepti-
bility gene BRCA1. Many DNA repair proteins and some cell-cycle checkpoint pro-
teins contain BRCT domains (e.g., DNA ligases). This domain is thought to form an
interface for protein-protein interactions (/2). Human NBSI1 is phosphorylated in
response to ionizing radiation. This phosphorylation is ATM-dependant and is required
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Fig. 7. Domain structure of MRE11 proteins. MRE11 proteins contain four conserved domains near the amino termini that are common to
many proteins with phosphoesterase activity. Two apparent DNA binding domains are in the carboxy terminal halves. Also illustrated is an
alignment of the amino acid sequence in the phosphoesterase domains from Drosophila, human, and yeast MRE11, as well as the more distantly
related SbcD protein from E. coli.
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for normal induction of an S-phase checkpoint (98). Drosophila nbs mRNA is found in
both males and females and during most developmental stages, but it is most abundant
in early embryos, pupae, and the adult head (44).

The Drosophila mrell gene was isolated using degenerate PCR. The MRE11 amino
acid sequence is 36% and 29% identical to human and yeast homologs, respectively
(44). MREI11 contains several distinct functional domains. Two domains involved in
binding to DNA are highlighted in Fig. 8. Another domain contains phosphoesterase
sequence motifs, which are required for MRE11 exonuclease activity and some but not
all of the in vivo phenotypes of yeast and human mrel I mutants.

The presumed sequence of Drosophila RADS0 is 29% identical to human RADS0
and 27% identical to yeast Rad50p. These proteins contain a large region of diverged
sequence in their centers that may adopt a coiled coil structure, whereas the N- and C-
termini are much more highly conserved. The N-terminal half of human RADS50 is able
to bind to the BRCA1 protein (176). The structure of the Rad50 catalytic domain from a
thermophilic bacterium suggests a mechanism that is driven by cycles of ATP-depen-
dant dimerization and dissociation upon hydrolysis (73). Drosophila rad50 is expressed
most highly in 0—8-hr embryos and moderately in late larval to adult stages (44).

4.5.8. p53 (Dmp53)

There have been rumors of a fly gene similar to human p53 for several years (39), but
it was only recently isolated (20,75,130). The fact that Drosophila possessed an intact
signaling pathway capable of responding to human p53 was demonstrated earlier (175).
Human p53 expressed in Drosophila developing eye tissue was shown to cause severe
apoptosis (175). The Drosophila homolog of p53 can bind to the same DNA targets as
human p53 (20,75,130). Overexpression of Dmp53 also induces apoptosis in flies
(130). Dominant-negative mutant forms of DMP53 inhibit transactivation (20,75) and
radiation-induced apoptosis (20,730) but do not appear to affect X-ray-induced cell-
cycle arrest (130). Neither does overexpression of Dmp53 seem to induce G1 arrest
(130). Studies in the genetically tractable Drosophila model should provide new insight
into the complexities of p53 function in cell-cycle control, DNA repair, and apoptosis.
Some transcriptional targets of Drosophila p53 have been discovered (20).

4.5.9. Poly(ADP-Ribose)Polymerase

Poly(ADP-ribose)polymerase (PARP) plays an important regulatory role in DSBR in
eukaryotes. Once a chromosome is broken, PARP quickly binds to the ends and begins to
modify itself and other specific proteins in the vicinity by adding ADP-ribose residues until
long, branched chains are attached. Many of the known PARP targets are DNA-binding
proteins. Modification by PARP is believed to cause the dissociation of proteins from the
DNA, clearing the region and thus facilitating DSBR. Activation of PARP causes rapid
redistribution of many proteins within the nucleus. In Drosophila, PARP transcripts are
highly abundant through the first half of embryogenesis and are distributed homogeneously
except for the pole cells (60). The mRNA is also found at moderate levels in pupae and
adults (60). Two classes of transcripts have been detected (80, 114). Form I produces a full-
length, active PARP enzyme, whereas form II lacks exon 5 encoding the auto-modification
domain and appears to have no enzyme activity (//4). The biological significance of form
II is unknown though it can interfere with growth and development in cultured rat cells
(80). Although no consensus cleavage site for a CED-3 like protease is found in fly PARP,
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Fig. 8. Domain structure of NBS proteins. Only the first third of the human and Drosophila
NBS proteins resemble each other. Within this region, both proteins share amino acid sequences
matching the FHA domain consensus and the BRCT domain consensus.

it does appear to be processed during induced apoptosis (/36). In Drosophila testes, PARP
is activated in response to o-irradiation (94). PARP often forms foci or localizes to the
nuclear rim in irradiated premeiotic and postmeiotic cells. In primary spermatocytes, PARP
staining co-localizes with the discrete chromosomes at the periphery of the nuclei (94).
Deletions of the parp gene lead to lethality late in embryogenesis (//4). More subtle
manipulations of PARP will be required to dissect its role in DSBR.

4.5.10. Other Repair Genes

Many studies have probed the function of Drosophila DSBR genes. A sample of these
includes: the mei-9 gene, a homolog of the yeast RADI and human XPF genes (154); mei-
W68, a homolog of the yeast meiotic endonuclease gene SPOI1 (111,112); a RAD51
homolog that has elevated expression in the ovaries (2,110); Rrpl, a gene encoding a
combination AP endonuclease/3” exonuclease similar to mammalian APEX genes
(147,148,168); the grapes gene, which is homologous to human CHK1 (46,159,164,165);
and loki, a gene encoding a serine/threonine kinase that is expressed in the ovary and early
embryo and is similar to human CHK?2 and S. cerevisiae DUNI (128). mus304 confers
mutagen sensitivity and is another checkpoint gene, but as yet is only known in flies (2/7).
Dozens of other repair genes have been identified in flies but await experimental analysis.
These include FENI, KU86, XRCCI, RAD21, RADI17, RADI, a HUSI-like gene, RADSY,
DNA ligase I, DNA ligase III, DNA ligase IV, and genes with weaker matches to XRCC2,
RADSI1, ATM, ATXR, FRAP, and many others. Among DNA repair genes that are conspic-
uously absent from Drosophila homologs of RAD52, RAD57, and RAD59, and the MMR
genes MSH3, MSH4, MSH5, MLH?2, and MLH3. This explosion of enticing new leads to
explore has ushered in a new era for research of DNA repair in Drosophila.
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Double-Strand Break Repair and Homologous
Recombination in Mammalian Cells

Maria Jasin

1. INTRODUCTION

A paradigm shift has occurred over the last few years in the understanding of homol-
ogous recombination. It has long been known that DNA double-strand breaks (DSBs)
in yeast are potent inducers of homologous recombination and that homologous recom-
bination is the major pathway in yeast to repair DSBs (Chapter 16, Vol. 1). Compared
with nonhomologous repair, homologous recombination has generally been considered
to be inconsequential as a DSB repair pathway in mammalian cells. However, homolo-
gous repair can precisely restore the damaged DNA to its original sequence, suggesting
that it should be a preferred pathway for repair, at least under some circumstances.
Recently, direct examination of repair products in mammalian cells has demonstrated
the importance of homologous recombination during the repair of DSBs. Supporting
this conclusion has been the identification of DNA repair defects in mutant cell lines
and the construction of mouse knockouts of genes implicated in homologous recombi-
nation. This chapter discusses basic parameters of DSB repair by homologous recombi-
nation in mammalian cells and emerging evidence for the involvement of various
proteins in the repair process.

2. TOOLS TO STUDY CHROMOSOMAL DSB REPAIR

Experiments that address the mechanism of DSB repair generally begin with the
introduction of one or more DSB(s) into a target molecule. DSBs can be introduced into
either plasmids or chromosomal DNA by a number of techniques. Although the focus
of this chapter is on the introduction of a DSB at a defined site in mammalian chromo-
somes, it is important at the outset to contrast this approach with other experimental
approaches.

2.1. Chromosomal vs Plasmid DSB Repair

There is an extensive literature on the analysis of DSB repair in mammalian cells using
plasmid substrates (/34). These substrates are cleaved in vitro by restriction enzymes,
introduced into cells, and then recovered either as plasmids or integrated into genomic
DNA to determine the mode of repair. However, the relevance of plasmid DSB repair to
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chromosomal DSB repair is uncertain because plasmid substrates are introduced without
chromatin proteins and are rapidly degraded after transfection (80). Not surprisingly, sub-
stantial differences between plasmid and chromosomal homologous recombination prod-
ucts have been reported (/50). This contrasts with studies of V(D)J recombination in
which plasmid substrates appear to faithfully recapitulate aspects of DSB repair during
endogenous antigen-receptor gene rearrangement (77). The plasmid substrates in this case
replicate and become chromatinized before DSBs are introduced into them by the recom-
binase proteins. For most other studies, especially for homologous recombination, direct
examination of chromosome DSB repair is more biologically relevant.

2.2. Nonspecific Agents for Introducing DSBs into Genomic DNA

Various nonspecific agents have been used to introduce DSBs into mammalian
genomes, including ionizing radiation (IR) and radiomimetic drugs. Although IR causes
a variety of lesions, e.g., single-strand breaks and base damage, DSBs have been
deduced to be the toxic lesions (see Chapter 25, Vol. 2). IR and radiomimetic drugs are
useful for understanding the global response of a cell to DNA damage and for the iden-
tification of repair mutants. However, the molecular analysis of the repair of such
breaks is difficult, because the position of the break site is unknown and multiple
lesions are introduced. Alternatively, restriction enzymes provide sequence specificity,
as well as a defined type of DSB, i.e., a 5" or 3’ overhang or blunt end. Restriction
enzymes are introduced by electroporation or streptolysin O poration of cells (74).
Although the potential number of cleavage sites for restriction enzymes is numerous
(e.g., 1.5 x 106 sites per genome for a 6 bp recognition site), the enzymes can be titrated
to introduce a limited number of breaks to allow cell survival. As a result of the cleav-
age specificity, it is possible in some cases to infer the chromosomal location of the
DSB and to determine the molecular mechanism of repair. For example, mutations in
the aprt gene have been selected after restriction-enzyme electroporation and then
mapped to determine if their location corresponds to the location of a cleavage site for
the introduced restriction enzyme (/08). This approach has been useful in studies of
mutagenic nonhomologous repair because loss of function mutations can be selected at
a gene such as aprt. However, the utility of this approach is limited to a few such selec-
table markers and the sites of cleavage are difficult to predict. As with IR and
radiomimetic drugs, multiple DSBs are introduced per cell, making unclear what effect
the introduction of global damage has on the repair of one particular DSB. A large num-
ber of DSBs may induce a DNA damage response that would not normally be found in
cells with one or a few breaks in the genome.

2.3. The Rare-Cutting I-Scel Endonuclease

To overcome the limitations of more general DNA damaging agents, a broadly useful
system to study DSB repair has been developed that relies on the expression of an
endonuclease with few (or no) endogenous sites in mammalian genomes (63). The
endonuclease, I-Scel, is derived from Saccharomyces cerevisiae and studies with it par-
allel those in yeast that use the HO endonuclease (Vol. 1, Chapter 16). I-Scel is from a
class of endonucleases involved in intron homing (6), its normal role being to initiate a
gene conversion event by the introduction of a DSB into the mitochondrial rDNA locus
(34). I-Scel has been used in mammalian cells to introduce DSBs into genomic DNA,
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Fig. 1. DSB repair assay system for mammalian cells. (A) The 18 bp I-Scel cleavage site
(25). 1-Scel endonuclease cleavage produces a 4 base 3’ overhang. (B) The I-Scel DSB repair-
assay system. This system can be used to assay homologous or nonhomologous repair (117).
The I-Scel site is cloned into a selectable marker gene, in this case the neo gene, disrupting its
function. The neo~ gene is integrated into the genome of mammalian cells. I-Scel endonuclease
is expressed in vivo from a transfected I-Scel expression vector and cells that contain a neo*
gene can be selected after DSB repair. In this case, DSB repair occurs from a homologous neo
fragment that contains the 3" end of the gene (3 neo) and can correct the I-Scel site mutation. To
analyze different types of recombination, the homologous fragment can be transfected (gene tar-
geting), linked to the neo~ gene (intrachromosomal recombination), or unlinked on another chro-
mosome (interchromosomal recombination). NHEJ can be assayed in nonselected cells as those
that have lost an intact I-Scel site.

and, like its natural role in the mitochondrial gene conversion event, it is not believed to
play any role in the subsequent repair process after the initial introduction of the DSB.

The scarcity I-Scel cleavage sites in complex genomes is owing to the length of its
recognition site. The site is 18 bp and is nonpalindromic, having a 4 base 3" overhang
following cleavage (Fig. 1A). Mutagenesis studies of the recognition site have shown
that the identities of most nucleotides within the 18 bp are essential for efficient cleav-
age activity (25). Not surprisingly then, the yeast nuclear genome contains no I-Scel
cleavage sites (/43). For mammalian cells, an 18 bp site would statistically be expected
to occur once every 20 mammalian genomes, although the small amount of degeneracy
in the site makes conclusive determination of the number of sites difficult. The coding
region for I-Scel has been modified to a universal code in which mitochondria-specific
codons are replaced with more standard codons, allowing the endonuclease to be
expressed in E. coli and other cell types (24). The enzyme has been purified (95) and
biochemically charactacterized (/05), and it is sold commercially (Boehringer
Mannheim). When I-Scel has been used in yeast, similar kinetics and products of repair
have been obtained as when DSBs are introduced by HO endonuclease (38,112).

2.4. I-Scel Expression in Mammalian Cells: In Vivo DSBs

A number of I-Scel expression vectors have been constructed for use in mammalian
cells. In some vectors, the I-Scel coding region (universal code version) has been fused
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at the N-terminus to three copies of a nuclear localization signal (nls) and an HA epi-
tope tag (see 32). The nls may assist in translocation of the endonuclease to the nucleus
although it is clearly not essential (22). Without an nls, the 235 amino acid protein is
presumably small enough to diffuse passively through nuclear pores. Several promoters
have been used to express I-Scel, including human cytomegalovirus (22,122), mouse
phosphoglycerate kinase (32,131), and chicken B-actin (/18), as well as meiosis spe-
cific promoters (P.J. Romanienko and M. Jasin, unpublished results). Consistent with a
lack of I-Scel sites in the mouse genome (or at least a small enough number of sites that
I-Scel-generated DSBs are efficiently repaired), constitutive expression of I-Scel is not
toxic to mouse cells (/2/) and mice expressing I-Scel during meiosis are fertile (P.J.
Romanienko and M. Jasin, unpublished results).

DSBs were first detected in vivo using plasmid substrates, where it was found that
I-Scel cleavage would stimulate recombination between adjacent repeats, similar to
when plasmids were pre-cleaved in vitro by restriction enzymes (/2/). Recombination
between plasmid repeats is believed to occur by the single-strand annealing pathway
(83). In this pathway, the DSB at opposite ends of each repeat provides an entry site for
an exonuclease, so that resultant single-strands are able to anneal at exposed regions of
homology. This is considered a nonconservative pathway because sequence information
between the annealed homology regions is lost. Although this pathway is relevant to
some forms of chromosomal recombination (see Subheading 4.), it probably predomi-
nates in plasmid recombination because plasmid DNA is readily degraded by cellular
nucleases upon transfection.

3. CHROMOSOMAL DSBs AND RECOMBINATIONAL REPAIR DURING
GENE TARGETING

3.1. Chromosomal DSBs Generated by I-Scel

Plasmid-recombination experiments demonstrated that I-Scel was functional within
mammalian cells, anticipating the advance in the field that came when I-Scel was
applied to chromosomal DSB repair studies (22,/22). One approach for studying chro-
mosomal DSB repair is illustrated in Fig. 1B. The I-Scel cleavage site is integrated into
the genome by standard transfection protocols, typically in the context of a defective
selectable marker such as the neomycin phosphotransferase (neo) gene. An endonucle-
ase expression vector is subsequently transfected into the cells to transiently express
I-Scel and a DSB is introduced into the chromosomal site within the first 24 h or so
after transfection. Repair presumably occurs rapidly thereafter. Thus far, synchronous
cleavage in 100% of the cells has not been achieved, limiting direct analysis of process-
ing of the broken chromosome ends. However, DSB repair products have been readily
recovered by selecting for restoration of the previously defective selectable marker after
a particular type of repair (22,32,81,99,118,122,123,131,140). Individual repair events
have also been examined after random cloning after I-Scel cleavage to study repair
without bias to the particular pathway that is used (79). Alternatively, analysis of unse-
lected repair products has been performed on populations of cells using PCR (79).

3.2. DSBs Induce Recombination 100- to 1000-Fold

If homologous recombination mechanisms in mammalian cells are similar to those in
S. cerevisiae, a single DSB in genomic DNA would be expected to induce recombination.
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This was first tested in gene-targeting experiments, which allow the introduction of muta-
tions into genomes (/5). Gene targeting in mammalian cells is inefficient both in absolute
frequency and in comparison to random integration of DNA. Early studies demonstrated
that a DSB in a transfected plasmid would significantly increase homologous recombina-
tion with the chromosome (57,65,66). However, in recombination models, the recombin-
ing partner that contains the DSB is normally the recipient of genetic information (e.g.,
49,137), suggesting that a more substantial induction of gene targeting would occur if the
DSB were in the chromosomal target rather than the transfected plasmid.

This was tested by introducing a DSB into the genome with I-Scel during the trans-
fection of a homologous repair template (Fig. 1B). The frequency of gene targeting was
at least two to three orders of magnitude higher with a DSB at the target locus than
without (22,122), conclusively demonstrating that a DSB in a mammalian genome is
highly recombinogenic. Because the chromosome was converted at the DSB site to the
sequence of the incoming plasmid DNA, the mechanism of recombination appeared to
be different from the nonconservative single-strand annealing mechanism discussed for
plasmid recombination (see Subheading 4).

The length of homology shared by the plasmid and chromsome in these experiments
was relatively short. In one case, it was only 700 bp, short enough that spontaneous
recombinants were extremely rare (/22). More recent experiments have demonstrated
that DSB-induced recombinants can be detected with as little as 69 bp of homology,
despite the fact that the 18 bp I-Scel site interrupts this very short length of homology
(C. Richardson, J. Winderbaum, and M. Jasin, unpublished results). The I-Scel cleavage
site is cleanly removed from the chromosome during recombination and converted to
the sequence of the incoming DNA. By modifying the targeting fragment, it has been
possible to introduce single bp changes into the chromosome at frequencies approach-
ing 0.1% of transfected cells (35,122). Expression cassettes for foreign genes have also
been introduced into the genome in this manner (22). Some of these experiments were
performed in embryonic stem (ES) cell lines (35,/31), which are used for creating
mutant mice (/5). Targeting has been performed with linear or circular DNA. With lin-
ear fragments, targeting events have been recovered in which homologous recombina-
tion occurred at both ends of the fragment whereas other events had a homologous
event at one end and a nonhomologous rejoining event the other end (/22). The propor-
tion of these two types of events suggested that homologous recombination was nearly
as frequent as nonhomologous repair of DSBs (see Subheading 5). Interestingly, the
proportion of targeting events with coupled nonhomologous events was much lower in
ES cells (131).

3.3. DSB-Induced Gene Targeting at Endogenous Loci

The recombinogenicity of DSBs in ES cells suggests that DSB-promoted gene tar-
geting may be useful for efficiently altering the mouse genome. One round of gene tar-
geting by conventional methods is necessary to introduce the I-Scel site at the locus to
be modified. If this first round of targeting brings in a marker that can be selected
against, subsequent targeting events should be readily selectable and occur at high fre-
quency upon break induction (63). The utility of this approach requires that the recom-
binogenicity of DSBs is not limited to randomly integrated I-Scel sites, but that it is
also found at I-Scel sites targeted to specific chromosomal loci. This has indeed been
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found at the pim-1 locus on chromosome 17 (118) and the hprt locus on the X chromo-
some (32). At the hprt locus, gene targeting frequencies of 1% have been achieved
using efficient calcium phosphate transfection protocols. In this case, the targeting frag-
ment was 5.5 kb and included small palindromic insertions (32). One case of a “gene
exchange” has been performed at an endogenous locus in ES cells in which an ezrin
gene mutant was integrated at the villin locus at high efficiency using DSB-promoted
gene targeting (23). This type of approach may provide a controlled means of expres-
sion of introduced genes, as described for the lox/Cre recombination system (43).

4. RECOMBINATIONAL REPAIR: INTRACHROMOSOMAL
RECOMBINATION

The ability of a chromosomal DSB to stimulate gene targeting suggested that a DSB
would also induce recombination between two homologous chromosomal sequences.
This was first addressed by examining recombination between closely linked homolo-
gous sequences in the mammalian genome, i.e., intrachromosomal recombination. Sub-
strates to measure intrachromosomal recombination typically have two homologous
sequences oriented as direct repeats (Fig. 2). The direct repeats, consisting of differen-
tially mutated selectable marker genes and located within a few kb of each other, can
recombine either by intrachromatid or sister chromatid recombination. Spontaneous
recombination between such repeats occurs at a low but detectable frequency, generally
10~ to 1070 (84,132). Although described as “spontaneous,” it is likely that a lesion in
the chromosome triggers these recombination events. DSBs introduced by I-Scel
increased recombination between the direct repeats (32,79,81,123,140). As with gene
targeting, the induction of recombination was substantial, usually two to three orders of
magnitude, resulting in a recombination frequency of > 102 to 10-3.

Some direct-repeat recombination systems can differentiate between two different
products, a deletion or a simple gene conversion. In one system, a deletion is the only
repair product that can be selected owing to the marker-gene configuration (32). In this
case the I-Scel cleavage site is between the 5" and 3" portions of the Aprt gene and a
deletion at the repeats is required to produce Aprt* colonies. In three other systems,
either recombination product can be selected (79,123,140), as shown in Fig. 2. The rel-
ative proportion of the two products differs in the three systems. In Taghian and Nick-
oloff (140), simple gene conversions predominate (97%), whereas in Liang et al. (79),
deletion products predominate, with gene conversions only 25-30% of total recombi-
nants. Both of these systems are composed of neo gene repeats separated by a spacer
and the experiments were performed in hamster cells. The flip-flop in the relative recov-
ery of the two recombination products may reflect differences in the lengths of the
repeats or in the composition or lengths of the spacer sequences. The third system gives
results intermediate between these two (79,123, 140).

The relative frequency of the deletion and gene-conversion products is important
both mechanistically as well as for the consequence to the cell. Conversion events with-
out crossovers are less mutagenic because deletions, by definition, result in loss of
sequence information. In considering mechanisms for these events, single-strand
annealing, as described earlier for plasmid recombination, would give rise to deletion
events. Alternatively, DSB repair by a classical conservative recombination model pro-
posed for yeast predicts an equal frequency of crossover (deletion) and noncrossover
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Fig. 2. Direct repeat recombination substrate for DSB repair. Two defective neo genes are in
direct orientation. DSB-induced recombination results in two different types of products, a dele-
tion or a noncrossover gene conversion. In both cases, the DSB site is converted to an Ncol
restriction site. The deletion product can occur by single-strand annealing or by a gene conver-
sion with an associated crossover (see text).

events (/37). Another conservative recombination model has also been proposed in
yeast and other organisms in which DSB-promoted recombination is tightly coupled to
replication, resulting in a predominance of noncrossover gene conversion events (see
Subheading 8.4. and 59). This latter model, at least in broad outline, would be consis-
tent with the results of Taghian and Nickoloff (/40), whereas the results of Liang et al.
(79) are best explained by the use of two different recombination pathways. Single-
strand annealing could give rise to the predominance of deletion products and non-
crossover conservative recombination could give rise to simple gene-conversion events.

Most DSB-promoted recombination experiments have been performed in rodent
cells. In particular, hamster CHO-K1 cells (79,81,123,140) and mouse 3T3 (122), EC
(22), and ES cells (32,35,99,118,131) have all been utilized with broadly similar
results. Direct repeat recombination has also been examined in human cells, where it
has been found to be stimulated by a DSB (A.J. Pierce and M. Jasin, unpublished
results; /3). An alternative to I-Scel, PI-Scel endonuclease (PI for protein intron; see
48), was used to introduce DSBs in human cells by Brenneman et al. (/3). In this case,
the endonuclease was directly electroporated into cells rather than expressed from an
expression vector. The induction of recombination was only 10-fold, possibly owing to
inefficiencies of enzyme electroporation. Because PI-Scel endonuclease cleaves ineffi-
ciently and also binds avidly to one end after introducing a DSB in vitro, it is unlikely
that this endonuclease will have general utility.

5. RELATIVE CONTRIBUTION OF HOMOLOGOUS
RECOMBINATION AND NONHOMOLOGOUS
END-JOINING IN MAMMALIAN DSB REPAIR

Three lines of evidence suggested that nonhomologous repair is the dominant DSB
repair pathway in mammalian cells (Vol. 2, Chapter 16). When comparing homologous
targeting and random integration of transfected DNA, random integrations were found
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to dominate, in some cases by several orders of magnitude (/5). Secondly, linearized
plasmids transfected into cells were found to be readily rejoined by nonhomologous
end-joining (NHEJ) (120). One study that directly compared NHEJ and homologous
recombination of plasmid substrates nevertheless found that both types of repair
occurred at a similar frequency (67). However, because plasmid recombination may not
directly reflect chromosomal recombination, these studies were not considered to be
conclusive. A third line of evidence came from cell-mutant studies. The first IR-sensi-
tive cell mutants that were examined were found to be defective in NHEJ as demon-
strated by their deficiency in V(D)J recombination (/39). (For more information on
repair proteins in V(D)J recombination, see Chapter 11.) Because these cells were
found to be proficient at homologous recombination between plasmids (87), a role for
homologous recombination in DSB repair was not obvious.

To determine if homologous recombination is a major pathway for repairing chromo-
somal DSBs in mammalian cells, DSBs were introduced by the I-Scel endonuclease in
a direct repeat recombination substrate (Fig. 2). Individual products of repair were ana-
lyzed in clones following nonselective growth and populations of repair products were
analyzed by using polymerase chain reaction (PCR) (79; see also 68a). Both
approaches indicated that 30—50% of DSB repair occurred by homologous recombina-
tion, demonstrating that homologous recombination is a major DSB repair pathway in
mammalian cells. A portion of nonselected cell clones and the PCR products main-
tained the I-Scel site in these experiments. This could indicate incomplete cleavage in
the transfected cell population or retention of the I-Scel site after repair. Restoration of
an intact I-Scel site by DSB repair could occur by either precise ligation of the I-Scel
overhangs (83a) or by equal sister chromatid recombination, as long as the I-Scel site
on the sister chromatid is not also cleaved. As yet, these possibilities cannot be distin-
guished. Nevertheless, they should be considered when evaluating the contributions of
various pathways to DSB repair. In yeast, recent indirect evidence suggests that precise
rejoining of HO endonuclease-induced DSBs may comprise as much as 50% of chro-
mosomal DSB repair (22a).

In several studies using the I-Scel system, NHEJ products have been sequenced
(79,83a,88,122,123). Many of the products showed rejoining of the ends with loss of 1
bp or a few bp from the I-Scel overhang and adjacent sequences. The deletions were
often at short-sequence overlaps, as if the broken ends aligned prior to repair. Insertions
of 1 bp were also recovered (/22). Larger deletions and insertions were obtained less fre-
quently. Larger deletions were found to have similar types of breakpoint junctions as the
smaller deletions (/23). Insertions came from a variety of sources, including single-copy
DNA, repetitive elements in the genome, and the transfected I-Scel expression vector
(79,108,109,123). Microsatellite (GT), repeats in a few instances have been found
directly inserted at the chromosome break site (79, 108), raising the possibility that DSB
repair mechanisms contribute to their spread in the genome (79). As with the deletions,
some insertions occurred at short-sequence overlaps, indicating pairing of a few
nucleotides between the broken end and the sequence to be inserted.

6. REPAIR OF DSBs AND SISTER CHROMATID RECOMBINATION

The robust stimulation of homologous recombination between two chromosomal
sequences suggests a physiological role for recombination in DSB repair. Recombination



Homologous Recombination in Mammalian Cells 215

between closely linked direct repeats in model systems can occur between two repeats on
the same chromatid or, after DNA replication, between two repeats on sister chromatids.
This suggests that sister chromatids and/or natural sequence repeats could be used as
repair templates. The large number of repetitive elements in mammalian genomes sug-
gests a role for sequence repeats, although repetitive elements can often be quite diver-
gent. (The effect of sequence divergence on DSB repair is discussed in Subheading 9.)
Alternatively, sister chromatids are ideal homologous repair templates because they are
identical to each other and they are held in close proximity until anaphase. Sister chro-
matids have been found to be preferred recombination partners for spontaneous recombi-
nation in yeast (70) and in mammalian cells (/7). This section discusses evidence for
sister chromatid recombination during DSB repair in mammalian cells.

6.1. S-Phase Radiation Resistance

Classical radiation studies have suggested a role for sister chromatids in DSB repair
because cells irradiated at different points in the cell cycle show different sensitivities to
IR (142). Using drug synchronization or elutriation, it has been found that cells in S
phase can be fivefold more resistant to killing than cells in G1, depending on dose. The
S-phase radiation resistance suggests that the presence of sister chromatids protects
cells from killing by acting as a homologous repair template for DSB repair. However,
it is also possible that expression of repair proteins is induced during DNA replication.
Cells in S phase then would more efficiently repair lesions in DNA but by the same
nonhomologous mechanisms that are used at other times in the cell cycle.

6.2. Direct Repeat Recombination as a Model for Sister
Chromatid Recombination

Sister chromatid recombination can restore a damaged chromatid to its original
sequence. This type of event is considered to be “equal” because it occurs between
equivalently positioned sequences on sister chromatids. As a result of the precise nature
of the repair, such events go undetected. However, unequal sister chromatid recombina-
tion can be detected by arranging repeats opposite to that shown in Fig. 2, so that 3" neo
is upstream of the neo gene. In this case, unequal sister chromatid recombination can
create a neo* product that is part of a neo gene triplication. DSB-promoted recombina-
tion events leading to triplications have been readily observed with this substrate
(68a,68b), conclusively demonstrating a role for sister chromatids in DSB repair in
mammalian cells, and consistent with a role for sister chromatid recombinational repair
in S-phase radiation resistance. Although it is still possible that increased expression of
proteins involved NHEJ contributes to S-phase radiation resistance, NHEJ mutants
show normal levels of survival in S phase (47), arguing against a strong contribution of
NHE]J repair to S-phase radiation resistance.

7. RECOMBINATION BETWEEN HOMOLOGOUS CHROMOSOMES

7.1. Homologs as Potential Templates for Recombinational Repair

Homologs, like sister chromatids, are potential homologous repair templates for
chromosomal sequences with the exception of non-pseudoautosomal regions of the X-
Y pair. Although homologs may be somewhat diverged, unlike sister chromatids, they
are present throughout the cell cycle and, therefore, provide homology in mitotic cells
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at any stage of the cell cycle as well as in nondividing cells. One key difference between
homologs and sister chromatids is proximity. Sister chromatids are attached to each
other by cohesion proteins until mitosis (93). It is believed that cohesion proteins are
assembled during DNA replication and disassemble at the metaphase/anaphase transi-
tion. With the exception of the specialized homolog pairing that occurs during meiosis
(106), homologs, despite their sequence homology, are generally not any closer to each
other than to heterologs (40). There may be exceptions to this, for example, the region
of chromosome 15 in humans which is subject to parental imprinting (74). Therefore,
chromosome organization in the nucleus does not appear to be random, and during the
G1 to G2 transition there is extensive chromosome movement (40). In addition, homol-
ogous recombination enzymes may promote a genome-wide homology search, as
occurs during yeast meiosis, bringing homologs into close proximity to allow the repair
of damaged DNA.

7.2. Evidence for Recombination Between Homologs

Evidence for mitotic recombination between homologs has come from analysis of
loss of heterozygosity (LOH) in tumor cells and in model systems (64). LOH results in
the genetic information of a particular locus or chromosomal region being derived from
only one parent. This can unmask deleterious mutations, as seen with tumor-suppressor
genes. LOH can occur by many mechanisms but somatic recombination of homologs
has a particularly important contribution (/9). LOH arising from recombination
between homologs has also been observed in normal tissues where it can encompass
large portions of chromosome arms (64). It is unknown whether the frequency of LOH
is elevated in tumor tissues, or whether normal cells that undergo LOH of tumor-sup-
pressor genes gain a selective advantage.

LOH can be detected by loss of function of a marker that starts heterozygous but
becomes homozygous. Recombination can lead to LOH if a crossover occurs between
the centromere and the marker locus at G1 and the two mutant loci cosegregate in the
next mitosis. The frequency of these events in normal tissues was found to be as high as
10~ to 10~ (64). Recombination between homologs was also detected in a cell line that
is a compound heterozygote for mutations at the 7K locus. Restoration of a TK* gene
by recombination in this case required that recombination occurred between the two
closeby TK mutations. TK* revertants were selected and those arising from homolog
recombination were identified by LOH of linked markers at a frequency of approx 10-2
(9). In a follow-up study, it was demonstrated that IR can induce recombination
between the TK genes in a dose-dependent manner (8).

The induction of homolog recombination by IR suggests that a DSB may be the
lesion that initiates recombination. Because IR causes multiple types of DNA damage,
it is also possible that IR activates the recombination machinery. To determine directly
if a DSB induces recombination between homologs, the I-Scel system has been utilized
in mouse ES cells (99). An I-Scel site was targeted to one allele of chromosome 14, and
a DSB was introduced by transient expression of the I-Scel endonuclease. In this sys-
tem, recombination between homologs at the locus on chromosome 14 was increased
two to three orders of magnitude by a DSB, to approx 1073 to 10-°. Homolog recombi-
nation in these experiments was verified by LOH of a marker a few kb downstream of
the DSB. Polymorphisms were not available further downstream to determine a further
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extent of gene conversion. No evidence was obtained for crossing-over between
homologs in these experiments, although the lack of polymorphisms does not allow an
unequivocal assignment of crossovers and noncrossovers for all recombinants. Interest-
ingly, although the fold-increase is similar to that found with direct repeats, the absolute
frequency of homolog recombination was approx three orders of magnitude lower (99).
Thus, homologs do not appear to be preferred or frequent repair templates.

8. RECOMBINATION BETWEEN HETEROLOGOUS CHROMOSOMES

8.1. Heterolog Recombination and the Risk of Translocations and Other
Chromosomal Abnormalities

Mammalian cells have large numbers of sequence repeats dispersed throughout their
genome. Recombination events between repeats on the same chromosome would lead
to genome scrambling, including deletions and inversions, if they were resolved as
crossovers. If crossovers involved repeats on two different chromosomes (i.e., het-
erologs), chromosomal translocations or acentric/dicentric chromosome pairs would
result. Translocations would occur if the two repeats were oriented in the same direc-
tion relative to their respective centromeres. Acentric/dicentric chromosome pairs
would result if the repeats were oriented in opposite orientations relative to their respec-
tive centromeres, leading to loss of the acentric chromosome and breakage/fusion/
bridge cycles involving the dicentric chromosome in dividing cells, unless one of the
centromeres becomes inactivated.

8.2. DSB-Induced Heterolog Recombination

To determine if sequence repeats on heterologs can be used as repair templates, two
differentially mutated neo genes were targeted to chromosomes 17 and 14 in mouse ES
cells, with the neo gene on chromosome 17 containing an I-Scel site (//8). Sponta-
neous recombination between the neo loci on the two different chromosomes was
extremely low (<10-%) but DSB-induced recombination was readily detectable, occur-
ring at least three orders of magnitude more frequently (10°). Interestingly, the fre-
quency of DSB-induced recombination between heterologs was only slightly below
that for homologs (/18). This is consistent with the observation that homologs are not
generally any nearer to each other than heterologs in the mammalian nucleus (40).

8.3. Translocation Suppression During DSB-Induced Recombination

The repair products of DSB-induced heterolog recombination were examined to
determine if crossovers occurred. The 200 recombinants that were analyzed arose exclu-
sively from gene-conversion events, with no evidence of translocations or other chromo-
somal abnormalities (//8). The majority of events (98%) were simple gene-conversion
events confined to the repeated region, with no overall change to the architecture of the
locus. In these events, a small amount of sequence information was transferred from the
unbroken chromosome to the broken chromosome. The remaining events appeared to
have transferred a larger amount of sequence information, extending downstream of the
homology. In these events, NHEJ was predicted to complete the recombination event.

The crossover suppression that is seen in heterolog recombination events contrasts
with the observation of translocations by nonhomologous mechanisms in other systems
(108,151). For example, reciprocal translocations with junctions reflecting NHEJ have
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been induced at the aprt locus in growth-arrested hamster cells by treatment with
bleomycin (/51). Presumably, two contemporaneous chromosome breaks were improp-
erly rejoined to give rise to the reciprocal recombination products (/57), contrasting
with the single DSB induced by I-Secl in the heterolog recombination experiments. It
is possible that translocations are more likely when a cell confronts multiple lesions.
Alternatively, homologous repair may in general be less mutagenic than NHEJ and play
a greater role in protecting the cell from genome rearrangements. Evidence to support
both of these hypotheses has recently been obtained, in which repair of two chromoso-
mal DSBs has been found to lead to frequent translocations using NHEJ and SSA repair
mechanisms (117a).

8.4. Replication-Based Recombination Mechanisms

The lack of translocations thus far observed in DSB-induced heterolog recombination
is not consistent with a recombination model in which both crossover and noncrossover
events are equally probable (/37). Instead the results support a model in which non-
crossover gene conversions are the predominant outcome of recombination (see 49 and
refs. therein). In this model, recombination is coupled to repair DNA synthesis. In one
version (Fig. 3), the 3" end from one side of the DSB invades the homologous sequence
on the other chromosome and primes DNA synthesis, using the homologous sequence as
a template. This leads to a restoration of sequence information originally present at the
DSB site. The extended strand can dissociate and then reanneal to the homologous
sequences on the broken chromosome. If the synthesis extends past the homology, NHEJ
may complete the repair event. Recent evidence lends strong support for this model
(117b). Although crossover events can be accommodated in this model (e.g., 39), the
majority of events are expected to be noncrossover gene-conversion events. The template
remains unchanged during this type of repair.

Similar models have been proposed for yeast (59), Drosophila (49), and Ustilago
(39) recombination, and in bacteriophage T4 replication (4/). Other evidence for this
type of mechanism in mammalian cells comes from experiments in which a gene-tar-
geting vector has been demonstrated to prime synthesis from the target locus, leading to
a correction of the mutation in the targeting vector (/24) and from gap repair experi-
ments of LINE-1 elements (7). The predominance of noncrossover gene conversion
events in somatic cells contrasts with recombination in meiosis. Crossing-over during
meiosis is essential for proper chromosome segregation at the reductional division.
However, no such requirement holds in mitotic cells, which only undergo equational
divisions. Importantly, noncrossover recombination mechanisms in mitotic cells safe-
guard the cell against genome scrambling. Other controls may exist in meiosis to pre-
vent deleterious genome rearrangements.

8.5. Relative Contributions of Sister Chromatid, Homolog, and Heterolog
Interactions During DSB-Induced Recombination

DSBs induce sister chromatid, homolog, and heterolog recombination each by
approx two to three orders of magnitude. Clearly different, however, is the absolute
level of recombination of these three substrates, with sister chromatid recombination
occurring two to three orders of magnitude more frequently than either homolog or het-
erolog recombination (68a). Thus, in mammalian cells as in yeast, sister chromatids are
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Fig. 3. Replication-based recombination. After a DSB occurs in one duplex, one of the 3’
ends that is produced invades a region of homology and primes DNA synthesis. A “D-loop” is
formed by the strand invasion. The invaded homology region serves as a template for repair
DNA synthesis, resulting in migration of the D-loop. The extended strand then reanneals to the
other broken strand and the duplexes are sealed by ligation. This is the simplest version of sev-
eral models that have been proposed. See ref. (118) and refs. therein.

preferred substrates for recombinational repair of DSBs, probably owing to their close
proximity.

Interestingly, sister chromatid recombination induced by a DSB also has a predomi-
nately noncrossover outcome, like interchromosomal recombination (68a,118). These
results parallel those obtained in spontaneous recombination experiments. Spontaneous
recombination was measured at an immunoglobulin locus in a mouse hybridoma cell
line. Recombination between direct repeats occurred at a rate of 10~#/cell generation
(4), somewhat higher than that found in other systems. However, recombination
between homologs occurred orders of magnitude less frequently, about 10-8/cell gener-
ation (/30) and recombination between unlinked sequences likely to be on different
chromosomes was also significantly less frequent, about 10-7/cell generation (3). Thus,
although spontaneous recombination is much lower than DSB-promoted recombina-
tion, the relative contribution of sequences located in different chromosomal positions
to recombination rates is broadly similar.
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9. SEQUENCE DIVERGENCE AND DSB REPAIR

9.1. Repetitive Elements in Mammalian Genomes

The large component of repetitive elements in mammalian genomes together with
the observation of recombination between direct repeats raise the possibility that the
endogenous sequence repeats are used for homologous repair of chromosome DSBs. In
humans repetitive elements constitute fully one-third of the genome, with Alu elements,
the most abundant class of dispersed repeat sequences, estimated at 10° copies (125).
Complicating an analysis of recombination between repetitive elements is that elements
within each class display heterogeneity in terms of length and degree of identity. Alu
elements, for example, have 70-98% sequence identity with the consensus Alu
sequence. A few examples of Alu-Alu recombination have been reported that are associ-
ated with the etiology of various diseases (28). Although these recombination events
clearly involve sequence homology, it is not clear if they are bona fide homologous
recombination events involving Rad51 and other recombination proteins (see Subhead-
ing 12.), or nonhomologous events in which the limited sequence identity is used in an
alignment step prior to rejoining. One noncrossover gene conversion between Alu ele-
ments has been reported in what appears to be a bona fide recombination event (71).
Because such conversions within Alu elements would not be expected to lead to gene
mutations, they are likely to be underrepresented in tallies of Alu-Alu recombination
events. At least a portion of events involving Alu elements occur by nonhomologous
mechanisms, i.e., when single Alu elements become joined to unrelated sequences.

In addition to sequence divergence, relative location of Alu elements needs to be con-
sidered in evaluating the potential for Alu-Alu recombination in DSB repair. Alu ele-
ments can be located nearby each other, within a few kb or less, similar to the direct
repeat recombination substrates described above. This suggests that nearby Alu ele-
ments (or other repetitive elements) may be used for recombination if the barrier arising
from sequence divergence can be overcome. Alternatively, the large number of Alu ele-
ments found on other chromosomes or at greater distance on the same chromosome
suggests recombination may be possible between more distantly located elements, as
observed for interchromosomal recombination in ES cells (Subheading 8.2). In the
mouse, recombination between diverged LINE-1 elements has been observed in experi-
ments in which one element is on a transfected plasmid (7,7/6). More recently, a DSB
in a chromosomal LINE element has been shown to be repaired by gene conversion with
various endogenous LINE elements (/42a).

9.2. Effect of Sequence Divergence on Recombination

In model systems examining the effect of sequence heterology, spontaneous recom-
bination rates have been shown to be very dependent on the degree of identity of the
recombining sequences, for both direct repeat chromosomal recombination (/50) and
gene targeting (/41). The effect of sequence heterology on DSB-promoted recombina-
tion has been examined using the I-Scel system (35,740). In DSB-promoted gene tar-
geting in ES cells, increasing numbers of single bp polymorphisms were found to lead
to progressively lower frequencies of recombination (35). The range in the amount of
heterology was narrow, between 0.8 and 1.2%, with the decrease in recombination esti-
mated to be between 2.5- and 6-fold, respectively. Because a 20-fold decrease in spon-
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taneous gene targeting is observed for substrates with an estimated 0.6% divergence
(141), spontaneous gene targeting may be more sensitive to sequence divergence. How-
ever, in these experiments the 0.6% heterology included small sequence insertions and
deletions, which may have a greater effect on recombination than single bp polymor-
phisms. Interestingly, the barrier to recombination between the diverged sequences is
relaxed when the mismatch repair gene msh2 is mutated (30), consistent with results
obtained in other organisms (see e.g., 113).

In addition to the overall amount of heterology, the length of perfect homology is
also important in spontaneous recombination. A decrease from 232 to 134 bp of unin-
terrupted homology decreased recombination 20-fold (/49). There are indications that
this is also true for DSB-promoted events, although less so (35). The position of poly-
morphisms relative to the DSB may also affect recombination, because a single poly-
morphism interrupting the homology adjacent to a DSB was shown to consistently
lower the frequency of recombination (35).

The precise position of the DSB introduced by I-Scel allows a determination of the
extent of gene conversion from a DSB. Similar results have been obtained with direct
repeats (/40) and gene targeting (35). Gene-conversion tract lengths were found to be
short, typically less than 100 bp, even when homology increased from 0.7 kb (35) to
1.4 kb (140). The short tract lengths imply that chromosome ends are protected from
extensive degradation. In homolog recombination, in which homology extends the
length of the chromosome, longer gene-conversion tracts were observed in some
recombinants (99).

10. OTHER FACTORS THAT INFLUENCE RECOMBINATION
10.1. Transcription and DSB-Induced Recombination

Transcription has been shown both in yeast and mammalian cells to stimulate direct-
repeat recombination (/00). It has been postulated that transcription increases the num-
ber of initiating events, either directly by increasing the frequency of lesions or
indirectly by increasing accessibility to recombination enzymes. To address this ques-
tion, the effect of transcription on DSB-induced recombination was examined (/40).
No further stimulation of DSB-induced recombination was found when the recombina-
tion substrates were highly transcribed. In addition, the spectrum of gene-conversion
events was found to be similar under conditions of low and high transcription (/40).
These results are consistent with a role for transcription in increasing the number of ini-
tiating events, rather than affecting later steps in the recombination pathway.

10.2. Hairpin Structures

Hairpin structures in chromosomes are susceptible to strand breakage and, therefore,
are a potential source of genetic instability. These structures can form at the center of
symmetry of perfect inverted repeats (palindromes), inverted repeats separated by spac-
ers, or quasipalindromic sequences such as triplet repeats. Palindromes manifest a
higher degree of instability than imperfect inverted repeats, presumably owing to more
efficient hairpin extrusion and subsequent strand breakage. Single-strand breaks or
DSBs can be introduced at hairpin tips by nicking enzymes which appear to be ubiqui-
tous in mammalian cells (76). The Rad50 complex (see Subheading 12.3.), which has
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been shown to introduce nicks into hairpins in vitro (/04), has been proposed to be
involved in this process in vivo (/). Strand breaks have also been presumed to arise at
the base of hairpins. Because hairpins impede the progression of replication forks,
breaks are likely to arise owing to stalled replication, as described in E. coli and yeast
(50,75). In humans, quasipalindromic triplet repeats are very unstable presumably as a
result of replication slippage at stalled replication forks (2).

In the mouse germline, instability of palindromes leading to both nonhomologous
and homologous rearrangements is observed (/,26). Nonhomologous rearrangements
are frequently deletions at the center of symmetry, consistent with hairpin-induced
strand breaks that are nonhomologously rejoined. Because the deletions are not sym-
metrical, the palindrome is resolved into an imperfect inverted repeat that is genetically
more stable than a perfect palindrome. Homologous recombination is also increased at
palindromes, including gene conversions within the palindromic repeats and other types
of recombination (/).

10.3. Transposable Elements

Transposable element excision in some organisms can be the source of DSBs that
cause genetic instability. For example, P-element excision in Drosophila (36) and Tc 1
excision in C. elegans (111) result in DSBs that induce a high frequency of recombina-
tion between homologs. Although active endogenous transposons have not yet been
identified in mammalian cells, transposable elements of the mariner family have been
suggested to be responsible for creating a recombination hotspot that is responsible for
some inherited neuropathies (/74). Transposable elements in mammalian genomes are
much less abundant than retrotransposable elements such as Alu repeats, and those that
have been identified are transpositionally inactive owing to the accumulation of muta-
tions (72). However, it has been possible to reconstruct an active vertebrate mariner
transposon by eliminating inactivating mutations, raising the possibility that active ele-
ments exist (61).

11. OTHER OUTCOMES OF REPAIR OF INDUCED DSBs
11.1. Telomere Addition

The addition of new telomeres to the ends of broken chromosomes, termed chromo-
some healing, has been extensively studied in organisms such as Tetrahymena. This
process has been shown to be dependent on telomerase (/56). Telomerase, a reverse
transcriptase-like enzyme, has an RNA cofactor that templates the addition of simple
sequence repeats onto the ends of chromosomes (/57). In addition to being required for
proper DNA replication of chromosome ends, telomeres protect chromosomes from
undergoing end-to-end fusions that lead to breakage/fusion/bridge cycles (97) by form-
ing specialized structures, called t loops (53). A telomere binding protein, TRF2, is
apparently critical for this structure because disruption of its binding can lead to end-to-
end fusions of chromosomes in human cells (/45).

To detect chromosome healing after DSB repair in mammalian cells, an I-Scel site
and a TK gene were integrated adjacent to a telomere in ES cells (/33). Upon expres-
sion of I-Scel, terminal deletions were identified by selecting 7K~ cell clones, analysis
of which showed that telomeric repeats were added to the break site, in some cases
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directly to the I-Scel overhang. The number of repeats initially was less than in the
parental cell line, but they increased after continued cell culture. Two different mecha-
nisms of telomere healing are possible: the de novo synthesis of new telomeric repeats
by telomerase, or the addition (or copying) of pre-existing telomeres. The contribution
of these two mechanisms has not conclusively been determined, although results are
consistent with de novo telomere synthesis (133).

11.2. Gene Amplification

An infrequent outcome of DSB repair is gene amplification. Breaks induced at frag-
ile sites are known to trigger breakage/fusion/bridge cycles, presumably owing to the
fusion of broken sister chromatids (29). After mitosis, the fused sister chromatids break
asymmetrically, doubling the copy number of sequences near the fragile site in one of
the daughter cells (see also 89). Continued rounds of amplification lead to larger copy
numbers. A hallmark of this type of amplification is loss of sequences distal to the break
site.

Taking advantage of the insertion of an I-Scel site distal to the dihydrofolate reduc-
tase gene (DHFR) in hamster cells, it has been possible to select amplification events as
a result of I-Scel-induced DSB repair (109). The structure of the amplification events
after 1-Scel cleavage were compared with those that were induced at a fragile site
located distal to the DHFR gene (29). As with the fragile site, amplifications induced
with I-Scel led to loss of sequences distal to the I-Scel site. Because the I-Scel site is
closer to the DHFR gene than the fragile site, a larger portion of the distal region of the
chromosome was lost with I-Scel-induced amplification, confirming that they were ini-
tiated from the I-Scel site. Thus, it appears that a DSB induced by I-Scel is able to initi-
ate the same sequence of events leading to DHFR amplification as a DSB occurring at a
fragile site. This suggests that amplifications initiated at fragile sites reflect the high
probability of breakage, rather than some other contribution to the amplification
process (109).

12. ANALYSIS OF DSB REPAIR MUTANTS AND OVEREXPRESSION
OF RECOMBINATION PROTEINS

IR-sensitive mammalian cell mutants have been identified that are defective in non-
homologous repair processes (Vol. 2. Chapter 16). The demonstration that homologous
recombination is a major repair pathway implies that some IR-sensitive mutants may
have defects in recombination proteins. This is indeed the case both for mutants
obtained from targeted mutagenesis and from more standard mutant screens for IR-sen-
sitive cell lines.

12.1. Rad51

Rad51 knockout mice display the most severe phenotype to date for disruption of a
purported DSB repair gene. Rad51 is a RecA homolog (98,129), and has strand-trans-
ferase activity (5) which is expected to result in the formation of recombination inter-
mediates (see Chapter 6). Disruption of the mouse Rad5] gene leads to very early
embryonic lethality (82,744). This contrasts with mouse mutants that are defective in
nonhomologous repair process, which exhibit a late embryonic lethality (42,46) or are
viable (45,54,78,101,138). Although cell lines cannot be established from the embryos,
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short-term cultures of cells recovered from the dying Rad51~/~ embryos are IR-sensitive
and have sharply reduced chromosome numbers (82). These results point to a key role
for Rad51 in the repair of endogenous and exogenous DNA damage.

Overexpression studies as well as mouse knockouts are consistent with a role for Rad51
in recombination. Human cell lines immortalized by SV40 T antigen have increased
expression of Rad51 over control lines and a parallel increase in spontaneous intrachromo-
somal recombination, up to seven fold (/53). Similarly, overexpression of hamster Rad51
in CHO cells increases intrachromosomal recombination by 20-fold (147).

12.2 Rad51-Related Proteins

Mammalian Rad51 shares approx 70% sequence identity with the yeast Rad51 pro-
tein. A number of other Rad51-related proteins have been identified in mammalian cells
that share much less sequence identity (see Chapter 15). These proteins have been
shown to interact with each other and with Rad51 in a number of pairwise combinations
(33,86) possibly acting together in a complex (/28a). Three of the Rad51-related pro-
teins, Rad51B (17,115), Rad51C (33), and Rad51D (110), have been identified by data-
base searches and although cell lines mutated for the genes have yet to be reported,
mutation of at least two of the genes results in embryonic lethality (/10a,129a). Two
other Rad51-related proteins, XRCC2 and XRCC3, were identified as being defective
in hamster cell mutants (/8,86). The cell mutants, irs1 and irs1SF exhibit chromosomal
instability, a weak IR sensitivity, and an extreme sensitivity to DNA crosslinking agents
(44,69). These cell lines also have chromosome segregation defects (52a). The XRCC2
mutation in irsl cells is apparently a null allele (86) indicating that, in contrast to
Rad51, the XRCC?2 protein is not necessary for cell viability. DSB-promoted recom-
bination has been examined recently in both the irs1 (68b) and irs1SF (13a,108a) cells
lines and has been found to be significantly reduced in both, although not totally abol-
ished. It is possible that these proteins act as accessory proteins to Rad51 function, sim-
ilar to the Rad51 related proteins in yeast (58,68,135), rather than having Rad51-like
strand transferase activity.

12.3. Other Homologs of Yeast Rad52 Epistasis Group Proteins

In yeast, Rad51 is member of the Rad52 epistasis group of proteins that is involved
in recombinational repair of DSBs (Vol. 1, Chapter 16). Other members of this group,
Rad54 and Rad52, have mammalian homologs that have been disrupted in mice. Dis-
ruption of Rad54 results in IR sensitivity and decreased gene targeting in ES cells,
although Rad54~- mice are viable and fertile (37). A defect in sister chromatid recom-
bination has also been reported recently (33a). Disruption of Rad52 has an even milder
effect than Rad54, with only slightly reduced gene targeting (30% decrease) and no
sensitivity to IR (//9). Overexpression of human Rad52 in monkey CV1 cells results in
a two-fold increase in spontaneous direct repeat recombination, smaller than with
Rad51 overexpression (102).

Two other mammalian homologs to Rad52 epistasis group members have been
cloned, Rad50 (317) and Mrell (107). These two proteins are complexed with a third
protein called p95 or NBS1 (76), which is deficient in patients with Nijmegen breakage
syndrome (16,146), one of the chromosome instability syndromes (see Subheading
12.5.). This complex in yeast has multiple functions, being involved in both meiotic and
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mitotic homologous recombination and nonhomologous end-joining (55). It is expected
that its role in mammalian cells will be similarly complex, although little information is
currently available. (For more information about these proteins, see Chapter 7.)

12.4. Chromosome-Instability Syndromes

Cell lines derived from patients with chromosome-instability syndromes (Vol. 2 Chap-
ter 19) provide an additional source of mutants in which to study recombination. Com-
mon to these syndromes is a high frequency of chromosome breakage and IR sensitivity.
For one of these syndromes, ataxia telangiectasia (A-T), a high level of spontaneous intra-
chromosomal recombination has been observed (92). The hyper-recombination pheno-
type may be the result of a higher frequency of chromosome breaks or their longer
persistence, with recombination mechanisms per se not being affected. Further analysis is
necessary to establish this point. Homologous recombination has yet to be examined in
cell lines from patients with the other syndromes. NHEJ is not affected in these syn-
dromes, as extrapolated from proficiency in V(D)J recombination (60).

13. RECOMBINATION GENES AS CARETAKERS AGAINST
TUMORIGENESIS

13.1. Mutator Phenotypes and Cancer

Tumor-suppressor genes can be broadly divided into two groups termed ‘“‘gatekeep-
ers” and “caretakers” (73). Gatekeepers are genes that regulate cell proliferation and
cell death, and, thus, have a direct role in guarding a cell from becoming tumorigenic.
Caretakers play an indirect role by maintaining genetic integrity. Several genetic “hits”
apparently need to occur for a cell to become tumorigenic (96), yet low cellular muta-
tion rates suggest that this should be nearly impossible. However, cells that have
acquired a mutator phenotype, by definition, have higher mutation rates and thus can be
expected to accumulate the necessary number of mutations (87). This is supported by
mutations in caretaker genes in several familial cancer syndromes (/48), including in
genes involved in mismatch repair (colon cancer; /0) and nucleotide excision repair
(skin cancer; 12).

The identification of homologous recombination as a major DNA repair pathway in
mammalian cells implies that disruptions in the recombination machinery might lead to
a mutator phenotype (62). Consistent with this, patients with chromosome-instability
syndromes have increased frequencies of a variety of malignancies (Chapter 19, Vol. 2)
although the role that recombination plays in the etiology of these malignancies has yet
to be established. Several types of mutations may be predicted to occur when homolo-
gous recombination is altered, such as increased frequencies of deletions, insertions,
and possibly translocations, owing to a greater reliance on NHEJ, and unequal sister
chromatid exchanges or LOH, owing to altered outcomes of recombination events. The
latter idea is particularly appealing owing to the observance of LOH in tumor cells (/9).

13.2. Hereditary Breast-Cancer Syndromes

The most striking connection between recombination and tumorigenesis is in
hereditary breast-cancer disease (see Chapter 10). Proteins encoded by the genes
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associated with these cancers, BRCA1 and BRCA2, have been shown to interact
with Rad51. The interaction between BRCA2 and Rad51 is direct, being detected
both by two-hybrid assays (94,1/27) and co-immunoprecipitation (20,21,90). For
BRCAL, the interaction between BRCA1 and Rad51 may be indirect, possibly medi-
ated by BRCA2 (20,126).

Like the Rad51 knockouts, mouse knockouts of BRCA1 and BRCA2 show early
embryonic lethality (52,56,85,127,128,136). When cells are recoverable from these
mutants, they are sensitive to DNA damaging agents and exhibit chromosome abnor-
malities (27,51,97, 103,128,154,155). Taken together, these results strongly suggest
that Rad51-mediated homologous recombination is disrupted in cells with mutated
BRCAI or BRCA2 genes. Direct evidence for a role for BRCA1 homologous recombi-
nation has recently been obtained (99a). It will be important to determine if and how
recombination defects can lead to tumorigenesis. Loss of BRCA1 protein has also been
associated with sporadic breast carcinomas (/52), suggesting that disrupted recombina-
tion may be important in the pathogenesis of both sporadic and hereditary breast and
ovarian cancers.

14. CONCLUSION

The last few years have witnessed a tremendous growth in our understanding of
homologous recombination in mammalian cells. It is now clear that homologous
recombination is a major DNA repair pathway in mammalian cells. Of the available
templates for repair in the cell, sister chromatids are preferred although recombination
can occur between two different chromosomes. The ability of DSBs to stimulate recom-
bination suggests a role for homologous recombination in maintaining genetic integrity
after exposure to DNA damaging agents. A number of the genes involved in recombina-
tion have been identified, either by homology with yeast genes involved in recombina-
tion, or as genes mutated in radiation-sensitive cell lines, and study of these genes will
help elucidate mechanisms of recombination. Finally, a caretaker role appears likely for
homologous repair proteins in preventing cells becoming tumorigenic. Further research
in this area offers much promise in the future for understanding the maintenance of
genomic integrity.
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