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reports

Abstract
Recent experiments show that properly controlled recombination between homologous DNA
molecules is essential for the maintenance of genome stability and for the prevention of tumorigenesis.
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Discontinuities in double-stranded DNA, particularly DNA
double-strand breaks, are prime instigators of homologous
recombination. Homologous recombination restores the
continuity of a broken DNA molecule by using an intact and
homologous DNA molecule (usually the sister chromatid) as
a template (see Figure 1) [3]. To copy information from the
template, the DNA ends at the break site are first processed
into single-stranded DNA tails with 3 extensions, presumably by the combined action of helicases and/or nucleases.
These tails are the substrate onto which monomers of the
Rad51 recombinase polymerize to form a nucleoprotein filament. This filament executes the central functions in homologous recombination: the search for a homologous template
DNA and the formation of a joint heteroduplex molecule
between the damaged DNA and the undamaged template. In
addition to Rad51, these steps require the coordinated action
of a number of other homologous-recombination proteins,
including the RP-A protein, which binds single-stranded
DNA, Rad52, which can bind DNA ends and anneal complementary single-stranded DNA molecules [5], and a number
of Rad51 paralogs (see Table 1). The joint heteroduplex molecule provides the substrate for DNA synthesis, and this
requires at least one DNA polymerase and its accessory
factors to restore the missing information. The continuity of
the strands is established by a DNA ligase. Migration of the
branch-point of the crossed DNA strands (known as Holliday junctions) allows the generation of genuine heteroduplex DNA, consisting of one strand from each of the parental
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In spite of these important biological functions, homologous
recombination was for a long time considered to be a minor
and rather inefficient process in mammalian cells. This view
has radically changed during the past few years. The widespread role of homologous recombination in the repair of
DNA damage in mammalian cells is now firmly established.
Furthermore, a growing list of genome-destabilizing human
genetic diseases and syndromes that confer increased susceptibility to cancer have been linked to aberrant homologous recombination [4]. Here, we highlight recent findings
concerning regulatory and mechanistic aspects of homologous recombination in mammalian cells.

Homologous recombination: the core reaction
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Exchange of sequence information between two homologous
DNA molecules, referred to as homologous recombination,
makes a major contribution to the repair of DNA damage
and thereby contributes to the preservation of genome
integrity [1]. In particular, double-strand breaks or gaps in
the DNA of sister chromatids can be repaired flawlessly by
homologous recombination. In addition, accurate replication of the genome is intimately coupled to homologous
recombination [2], because imperfections in the DNA template often lead to arrest and breakdown of the replication
fork. The resulting DNA intermediates are acted upon by
homologous-recombination factors that rebuild a functional replication fork. Finally, homologous recombination
contributes to the generation of genetic diversity and the
faithful germline transmission of genetic information
during meiosis [3].
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Figure 1
Schematic representation of the critical steps of homologous recombination. The early steps of the reaction consist of
processing the substrate DNA. Indicated in red is a DNA molecule with a double-stranded break. The DNA ends are
processed to form 3’ single-stranded tails. During the middle steps, the tails are used by Rad51 and its accessory proteins to
search for, and invade, a homologous DNA template (green). In the resulting joint molecules, extension and annealing of
DNA strands by de novo synthesis (blue) restores the continuity of the broken DNA. During the late steps, the branched
Holliday junctions are resolved into two duplex DNAs. For simplicity, only one outcome of the resolution process is shown.
DNA molecules. Finally, the recombined molecules are separated into intact duplex DNAs, in a process called resolution (Figure 1).

Genome projects reveal species differences in
the complement of recombination proteins
Although it is clear that the key player in homologous
recombination, the Rad51 recombinase, is conserved from
bacteriophages to humans, recent whole-genome sequencing
projects have yielded a more complete insight into the conservation of Rad51-accessory proteins. Interestingly, different organisms seem to get by with a different sets of
accessory proteins. In particular, the difference in the conservation of Rad52 and the Rad51 paralogs is striking (see
Table 1). Although conserved in yeast and mammals, Rad52
appears to be lacking from Drosophila and Caenorhabditis
elegans. Furthermore, the C. elegans genome sequence contains no candidate genes that could encode Rad51 paralogs.
The yeast Saccharomyces cerevisiae Rad52 protein and the
heterodimeric complex of the Rad51 paralogs Rad55 and
Rad57 have been implicated in overcoming the inhibitory
effect that RP-A has on DNA-strand exchange catalyzed by
Rad51 [6-9]. RP-A is required for efficient DNA-strand
exchange, and it is presumed to act by removing secondary
structure from the single-stranded DNA to promote efficient

formation of the Rad51 nucleoprotein filament [10]. RP-A is
a much more tenacious single-stranded-DNA-binding
protein than Rad51, however. Because of this property, RP-A
can cause inhibition of DNA-strand exchange, but this inhibition can be alleviated by Rad52 or the Rad55-Rad57 heterodimer. Human Rad52 protein has also been shown to
stimulate the formation of the joint heteroduplex DNA generated by human Rad51 [11]. The role of the mammalian
Table 1
Rad51 and its accessory proteins in different organisms
Organism

Rad51

Rad51-accessory proteins

recombinase

Rad52

Rad51 paralogs

S. cerevisiae

Present

Present

Rad55, Rad57

C. elegans

Present

Absent

Absent

D. melanogaster

Present

Absent

Rad51C, Rad51D

Chicken

Present

Present

Xrcc2, Xrcc3, Rad51B,
Rad51C, Rad51D

Human

Present

Present

Xrcc2, Xrcc3, Rad51B,
Rad51C, Rad51D

This information was extracted from the Saccharomyces Genome
Database [29], the C. elegans Genome Project [30], the Berkeley
Drosophila Genome Project [31], and the Human Genome Resources
[32]; the databases were accessed in March 2001.
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Regulation of homologous recombination in
mammalian cells
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The involvement of mouse Brca1 in homologous recombination was established by the Jasin [18] and Koller [19] laboratories. They used homologous gene-targeting assays to
measure the efficiency of homologous recombination. They
found that gene targeting in Brca1-deficient mouse embryonic stem cells was reduced by more than 20-fold compared
to Brca1-containing cells. Recently, Moynahan et al. [20]
showed that gene-targeting efficiency was also reduced in
Brca2-deficient cells, but only by a factor of two. Interestingly, even though the efficiencies of homologous gene
targeting showed a 10-fold difference in Brca1- and Brca2deficient cells, the cells were equally deficient in repair of a

Although a decrease in homologous recombination was
found in BRCA-deficient cells, an increase in homologous
recombination has recently been linked to tumor susceptibility as well. The Shultz and Bradley laboratories generated
mice that were deficient in the Bloom syndrome gene [23].
This gene encodes a DNA helicase, BLM, of the E. coli RecQ
family, which is implicated in many aspects of DNA metabolism [24]. Cells from Bloom-syndrome patients have an
increase in homologous recombination, and the patients are
predisposed to cancer [24,25]. Luo et al. [23] found that
BLM-deficient mice were also cancer-prone. Using polymorphic microsatellite markers, they provided evidence that the
underlying mechanism of the cancer predisposition is a loss
of heterozygosity resulting from increased homologous
recombination. These studies of BRCA-deficient cells and
BLM-deficient mice underline the importance of accurate
regulation of the levels of homologous recombination in
mammalian cells.
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Whereas the core homologous-recombination machinery is
conserved between yeast and humans, it is now clear that
additional important homologous-recombination proteins,
such as BRCA1 and BRCA2, are present only in mammalian
cells. Germline mutations in the BRCA1 and BRCA2 genes
were first identified because they predispose carriers to
breast cancer [17]. Early on, associations between both
BRCA proteins and human Rad51 were demonstrated, suggesting a link between homologous recombination and the
BRCA proteins [17]. The involvement of the BRCA proteins
in homologous recombination has now been firmly established by recent experiments from a number of laboratories.
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Because of their absence from yeast, the BRCA proteins
are probably not required for the core steps of homologous recombination. Instead, they might be important in
mammalian cells to help solve logistical problems of DNA
repair in a larger genome. An organizational or regulatory
role for BRCA2 in homologous recombination is suggested
by recent experiments from the Stasiak, Venkitaraman
and West laboratories [21]. The formation of joint intermediate molecules made up of the processed broken DNA
ends and the double-stranded template DNA, which is
mediated by Rad51, is at the core of most homologous
recombination (see Figure 1), and so may be a critical
target for regulation. Knowing that BRCA2 can physically
interact with Rad51, Davies et al. [21] explored the biological relevance of this protein-protein interaction. Using
peptides derived from the Rad51-interaction domain of
BRCA2, they showed that interaction with BRCA2 controls
DNA binding by Rad51. When bound to some of the
BRCA2-derived peptides, Rad51 was no longer able to
self-associate and to assemble nucleoprotein filaments on
single-stranded extensions of broken DNA molecules.
Given that the assembly of these filaments is an absolute
prerequisite for the strand invasion reaction that is catalyzed by Rad51 (see middle steps in Figure 1), the results
of Davies et al. [21] point to BRCA2 as an excellent candidate for a key regulator of homologous recombination.
The authors suggest that BRCA2 sequesters Rad51 into an
inactive form that can be relocalized to sites of DNA
damage and activated upon receiving the appropriate
signal. Consistent with this notion, locally increased concentrations of Rad51, found at sites of DNA damage in
BRCA2-containing cells [22], occur much less efficiently
in BRCA2-deficient cells [17].
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Interestingly, the recombination defects seen in RAD52-disruption mutants are much more severe in yeast cells than in
mammalian cells [3,12,13]. Conversely, whereas the recombination phenotype of yeast Rad55/Rad57 mutants is mild,
mouse cells lacking Rad51-paralog genes are not viable
[3,14]. Perhaps, the major contribution to assisting Rad51 in
homologous recombination has shifted from Rad52 in yeast
towards the Rad51 paralogs in mammals. Surprisingly,
C. elegans lacks these Rad51-accessory proteins. The
C. elegans Rad51 protein might have radically different biochemical properties from its mammalian or yeast counterparts, but its high degree of conservation (59% identical to
human Rad51) makes that unlikely. Alternatively, C. elegans
might contain Rad51-accessory proteins that have no
sequence homology to Rad52 or the Rad51 paralogs. It is not
unprecedented that proteins that are not related in aminoacid sequence can nevertheless perform similar functions.
For example, loading of the Escherichia coli Rad51-homolog
RecA onto single-stranded DNA can be stimulated by either
RecBCD or RecOR, according to the particular RecA-dependent subpathway of recombination [15,16]. In sequence
terms, these proteins have no similarity to each other or to
Rad52 or the Rad51 paralogs.
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site-specific chromosomal DNA double-strand break [18,20].
Perhaps, Brca1 and Brca2 contribute differentially to the
various subpathways of homologous recombination [20].
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Rad51 paralogs in this reaction is still unclear, however,
because the biochemical characterization of the mammalian
Rad51 paralogs is still in its infancy.
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Resolution of recombination intermediates
Upon joint-molecule formation and DNA synthesis, branched
DNA structures called Holliday junctions can form as late
intermediates in homologous recombination (see Figure 1).
Holliday junctions can slide, or branch-migrate, along the
joined DNAs. Branch migration extends the heteroduplex
DNA region between identical recombination partners and
might thereby provide a mechanism to prevent recombination between repetitive sequences that are dispersed throughout the genome. Branch migration can be promoted by
specialized helicases such as the bacterial RuvAB proteins
[26]. Completion of recombination requires the resolution of
Holliday junctions, in order to separate the recombining partners. One well-characterized way of resolving Holliday junctions requires the enzymatic action of a resolvase, such as the
bacterial RuvC protein, which interacts with the RuvAB proteins to form a resolvasome [26]. Efforts to identify yeast
and mammalian homologs of the RuvABC proteins by
sequence-homology searches have not led to the identification of a mammalian resolvasome. Mammalian protein
preparations containing an activity analogous to the RuvC
resolvase have been described in the past [27], however, suggesting at least a functional conservation of this mode of resolution in mammalian cells; but no eukaryotic branch
migration activity had been reported until recently.
Now, the West laboratory [28] has pushed the biochemical
characterization of the mammalian resolvase activity a step
forward. Constantinou et al. [28] re-isolated the mammalian
Holliday-junction-resolvase activity, from calf testis, but this
time they managed to co-purify an ATP-dependent branchmigration activity analogous to the RuvAB activity. This
mammalian resolvasome was active not only on synthetic
oligonucleotide-based substrates but also on genuine strandexchange intermediates. In addition, the branch migration
and resolution activities operated in a concerted manner,
just as in the RuvABC resolvasome. The identity of the proteins involved remains to be determined, however. The BLM
and Werner-syndrome genes, both of which encode helicases that can catalyze branch migration in vitro [24], were
potential candidates, but they have been ruled out because
extracts from cell lines isolated from Bloom or Werner syndrome patients were still able to carry out branch migration
and resolution [28].
The study of homologous recombination has traditionally
been the domain of basic biological sciences. Elegant genetic
and biochemical experiments using bacteriophages, bacteria
and fungi resulted in the identification of the major players
and pathways in homologous recombination. A sophisticated
level of understanding of both the protein machinery and the
complex DNA gymnastics underpinning homologous recombination has come from the study of these model organisms.
Recently, however, homologous recombination has moved
into the domain of medical science with the realization of the
importance of properly controlled homologous recombination

in providing genome stability in mammalian cells and its
involvement in the prevention of carcinogenesis. In the next
few years, we can expect considerable new insights to come
from biochemical and cell biological approaches, as well as
from large-scale genomic and proteomic analyses of DNA
damage responses in mammalian cells.
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