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Abstract

Inefficient repair or mis-repair of DNA damage can cause genetic instability, and
defects in some DNA repair genes are associated with rare human cancer-prone
disorders. In the last few years, homologous recombination has been found to be a key
pathway in human cells for the repair of severe DNA damage such as double-strand
breaks. The RADS51 family of genes, including RAD51 and the five RAD5 I-like genes
(XRCC2, XRCC3, RADS51LI, RAD51L2, RAD51L3) are known to have crucial non-
redundant roles in this pathway. Current knowledge of the functions of the RADS5 1
gene family is reviewed, as well as the evidence for extensive genetic instability
arising from loss of their activity. Reports of potential associations between variants
of RADS5 1 family genes and specific forms of cancer are summarised, but it is seen
that many of these studies have relatively low statistical power. As yet these data
provide only tantalizing suggestions of modified cancer risks arising from
polymorphisms, mutations, or changes in expression of the RAD51 gene family, and
there is still a lot to learn before firm conclusions can be made.

1. Introduction

It is well established that germline mutations in DNA damage-response genes are
linked to cancer susceptibility in humans and animal models. Well-characterized
human examples of defective DNA repair processes associated with cancer
predisposition include DNA mismatch repair with colorectal cancer, nucleotide
excision repair with skin cancer, and homologous recombination repair with breast
and ovarian cancer [1,2]. A less well-established, but prevalent, idea is that genetic
instability created by sporadic loss of damage-response mechanisms is important in
cancer initiation and/or progression. This suggestion has led to much debate over the
driving forces involved in cancer development (for contrasting views see: [3-5]).
However, it is not doubted that tumours carry large numbers of genetic alterations
(e.g., [6]), and that a succession of genetic changes is usually required to achieve the
mature cancer [7]. Therefore there is considerable interest in the cellular mechanisms
that can lead to genetic change, and in particular to genetic instability.

2. DNA repair by homologous recombination
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Several different repair pathways have evolved to cope with DNA damage from both
endogenous (e.g., oxidative radicals) and exogenous sources (e.g., radiation,
chemicals). Although characterized initially in micro-organisms, in the last few years
it has been found that repair of damage by homologous recombination (HR) is a key
pathway in somatic mammalian cells. HR is particularly important during and
following DNA replication, when a sister DNA molecule (chromatid) is present as a
template for repair. In eukaryotes the central HR protein is RADS51 which catalyses
strand transfer between a broken sequence and its undamaged homologue to allow re-
synthesis of the damaged region [8]. Unexpectedly, through the cloning of damage-
response genes and sequence-similarity searches, five further genes encoding RADS51-
like proteins were found in human cells (a sixth RAD51-like protein, named DMC1,
functions only in meiosis). These proteins were called XRCC2, XRCC3 (XRCC =
ability to complement X-ray sensitivity), RAD51L1 (RAD51B), RAD51L2
(RAD51C) and RADS1L3 (RADS1D) [review: 9]. The regions of highest sequence
conservation among these proteins is found in the putative ATP-binding domains
[10,11], and conservation elsewhere is limited (note that while these proteins are
commonly termed RADS51 ‘paralogues’, this term should be reserved for proteins
known to be derived from a single gene that was duplicated within a genome [12]). At
the time of their discovery very little was known about the functions of these proteins,
but a combination of biochemical, cellular and animal studies has revealed some
important and sometimes surprising attributes.

3. The RADS1 family: roles in early and late stages of HR?

As noted above, RADS]1 itself has the core function of strand invasion: that is,
polymerizing onto a 3° DNA end and mediating the transfer and annealing of the
resulting nucleoprotein filament to a complementary homologous strand on the intact
chromatid. This invasion displaces the non-complementary intact strand, forming a
‘D-loop’ which enlarges as new DNA synthesis progresses across the break site.
Finally enzymatic resolution of the cross-stranded structure (Holliday junction) must
occur (Fig.1). In addition to these intricate steps, the HR process has to overcome
internal DNA bonding forces to unwind and separate DNA strands, as well as
competing with other DNA binding proteins. These complexities predict a
requirement for a number of other specialized proteins in addition to the 5 RADS51-
like proteins, to complete the task. Relevant proteins include RADS52 and RAD54,
although in neither case is their function fully understood, as well as the breast-cancer
predisposition proteins BRCA1 and BRCA2 [13]. Recent structural studies suggest a
mechanism for the regulation of RADS1 activity by BRCA2, and cancer-associated
mutations affecting the domain where RADS51 binds to BRCA2 disrupt this
interaction [14]. Although the RADS51-like proteins have overall homology to
RADSI, structural studies suggest that they have diverged sufficiently so that they
would not bind BRCA?2 at this domain [15].

In the search for the role of the RADS51-like proteins, 2-hybrid interactions [16] and
protein co-immunoprecipitation indicated that the RADS51-like proteins form
heterodimers: XRCC2 with RADS1L3 [17], RADS1L1 with RADS51L2 [18,19], and
XRCC3 with RADS1L2 [20-22]. It is noteworthy that RAD51L2 is involved in two
different heterodimers, and that subsequent studies showed the existence of a
heterotetrameric complex of RAD51L1/RADS5S1L2/RADS51L3/XRCC2 in an

approximately 1:1:1:1 stochiometry [19,23,24].

Fig.1 Homologous recombination repair of a DNA double-strand break (simplified). The HR process
is shown in several stages, with attendant proteins (in reality these steps will be integrated and the
proteins may function at more than one stage). 3’ single-stranded tails formed by resection of break



ends are coated with RADS1 following displacement of single-stranded binding protein (RPA)
probably with the assistance of RADS2 (with strand-annealing activity) and the RAD51-like protein
heterotetramer (see text). A 3” end (grey molecule) invades an unbroken (black) molecule, displacing a
strand (D-loop) that acts as a repair template. RADS54 appears to have both pre- and post-invasion
roles, to facilitate the opening up of DNA and perhaps the removal of proteins by translocation along
DNA. Following repair synthesis and strand migration, recent data suggest that the cross-stranded
structures formed are resolved by the XRCC3/RADS51L2 heterodimer (see text).

What do these RADS51-like protein complexes do? Most of the RADS1-like
proteins have been shown to have DNA-stimulated ATPase activity and preferentially
bind single-stranded DNA [17,18,20,23,25]. However, where mutant cell lines were
available to test function of the proteins, site-directed mutagenesis of key residues in
the ATP-binding domain showed that for one protein (XRCC2) function is unaffected
[26], while for another (RADS51L2) function is severely reduced [27]. It might have
been expected that some or all of these complexes interact with RADS1, but the
evidence to date suggests that any interactions are relatively weak or not stable
[16,19,22-25]. This is curious since it has been shown that XRCC3 [28], XRCC2 [26]
and RADS51L2 [29,30] are required for formation of induced RADS51 foci
(accumulation of RADS1 protein at sites of DNA damage) in cell nuclei.

In vitro reactions that attempt to mimic the RADS51-mediated strand
transfer/displacement process — using linear single-stranded (ss) and circular double-
stranded (ds) DNA with purified proteins - suggested that both XRCC3/RADS5S1L2
[21] and XRCC2/RADS51L3 [31] complexes catalyze DNA strand pairing and
displacement activity. In contrast, using similar methods, strand transfer/displacement
activity by XRCC3/RADS51L2 was not found [20]. However, when ss-DNA binding
protein (RPA) was present in a reaction between ss circular and ds linear DNA, the
presence of the RADS1L1/RADS51L2 complex was found to improve RAD51-
mediated strand exchange [18]. Further, in reactions between ss and ds
oligonuclotides, RAD51L2 but not RAD51L1, was shown to have DNA melting and
strand-separation activity rather than strand exchange activity [25]. While some of
these data suggest therefore that at least RADS51L2 has activity at an early
recombination step, they also show that the in vitro modelling of recombination
reactions has some way to go to reproduce in vivo conditions.

In addition to these data on early steps of HR processing (Fig.1), there is new
evidence that the RADS51-like proteins may also act at later stages. Analysis of
proteins present in purified fractions and measurement of Holliday junction (HJ)
resolvase activity in radiosensitive cell lines suggested that the XRCC3/RADS51L2
heterodimer is required for HJ resolution [32]. Indirect support for this finding comes
from some other recent data: recombination in XRCC3-deficient cells was found to be
more commonly associated with rearrangements, and the recombined sequence tract
was longer and more discontinuous, when compared to cells expressing XRCC3 [33].
Additionally, based on the phenotype of RADS51L2-deficient cells, a model for the
involvement of this protein in maintaining the integrity of recombination
intermediates at the stage of resolving HJ was proposed [29].

4. Does the RADS1 family ensure genetic stability?

Early studies, undertaken before the genes were cloned, showed that the frequency
of genetic changes was increased in cells lacking XRCC2 and XRCC3 [review: 10],
but it is only recently that extensive studies of genetic stability have been published.
Knocking out RADS1 in mice gave very early embryonic lethality [34,35], while
knockouts of XRCC2 [36], RAD51L1 [37] and RADS51L3 [38] allowed the embryos



to progress until later but no live births were found. Loss of RADS51 also did not allow
cell cultures to be established even in a p53-deficient background [34], and switching
off RAD51 gene expression in chick DT40 cells led to the accumulation of cells in
G2/M with large amounts of chromosomal breakage [39]. Overexpression of RADS51
in cells can stimulate HR [40-43] or reduce HR [44], but can potentially lead to
chromosome rearrangements [45]. However, injection of cells overexpressing RADS5 1
into nude mice did not result in an increased tumour burden, while cells carrying
dominant-negative RADS51 constructs (i.e., mutant forms of the gene inhibiting HR
activity) increased tumorigenesis two-fold [46].

In a recent detailed study of MEFs and ES cells derived from the XRCC2 knockout
mouse, high frequencies of chromosomal instability, with especially high frequencies
of chromosome exchange and aneuploidy were found ([47] and C.S. Griffin & J.
Thacker, submitted). Additionally, MEFs heterozygous for the Xrcc2 knockout
showed increased chromosome aberrations and centrosome fragmentation, suggesting
mild haploinsufficiency. XRCC2- and XRCC3-deficient hamster cells have been
shown to have increased mis-segregation of chromosomes resulting in aneuploidy,
and the centrosome defect was suggested to be linked to this phenotype [48,49]. Very
recently, a role for RADS51L3 in chromosome telomere maintenance has been
proposed, and part of this study showed that mouse cells deficient in both RADS1L3
and p53 have an increased frequency of chromosome aberrations including a small
increase in telomeric end-to-end fusions [50].

It is relevant to note also that loss of the breast cancer-predisposing genes BRCA I
and BRCA?2 leads high levels of chromosomal instability [51,52], as well as to
centrosome defects and aneuploidy [53,54]. It is clear therefore that generally the loss
of genes associated with RAD5 leads to multiple forms of genetic instability. In
particular, the chromosomal segregation defect has not been found for cells deficient
in alternative repair pathways such as simple end-joining of DNA breaks [48,55], and
may have far-reaching consequences, since aneuploidy is commonly associated with
cancer [5].

5. The cancer connection

There are sufficient indications from the above overview to suggest that activities of
the RAD51 gene family may influence carcinogenesis, especially in view of the links
between RADS51 and the BRCA genes.

To assess the impact of repair gene activity on carcinogenesis, several different
approaches have been used. An important source of potential genetic variants occurs
in naturally-occurring polymorphisms in the human genome. The sequencing of repair
genes from normal individuals has shown that, for each gene, several different amino
acid substitution variants occur, although most of these are found in less than 2% of
individuals [56]. Predictions of the impact of these variants have been made using
different algorithms, suggesting that >30% would be potentially damaging due to
reduced activity [57]. Studies attempting to implicate some of the RADS5 1 family
variants in the modification of cancer risk are listed in Table 1. The potential for harm
of a given variant is mostly shown by an odds ratio: the odds of an event are
calculated as the number of events in the study group divided by the number of events
in the control group (and statistically significant odds ratios should not include 1.0 in
their 95% confidence intervals).

Table 1 Potential associations between RADS51 family sequence variants and cancer



Gene/ Variant' Cancer type Risk association’ Ref.

protein

RADS1 G135C Breast cancer in Increase (both genes: OR 1.6, CI [86]
(5 UTR). BRCAI and BRCA?2 1.0-3.4; BRCA2: OR 3.2, CI 1.4-40)
Frequency carriers
0.05-0.26 Breast cancer in Increase for BRCA2 (BRCAI: OR [87]

BRCAI and BRCA?2 1.2, ns; BRCA2: OR 3.5, 1.4-8.9)

carriers

Breast cancer in Increase for BRCA2 (both genes: OR | [88]

BRCAI and BRCA?2 1.3,CI0.9-1.9; BRCA2 OR 2.1, CI

carriers 1.0-4.2)

Breast cancer in Decrease (OR 0.23, CI 0.1-0.6) [89]

BRCAI carriers

XRCC2 G31479A Breast cancer Marginal increase for all carriers [58]
(Argl88His). (OR 1.3, CI 1.0-1.8) but ns for
Frequency 0.01- homozygous variant (OR 2.1, CI 0.7-
0.07 7.1)

Breast cancer Marginal increase for homozygous [90]
variant (OR 2.6, CI 1.0-6.7), ns for
heterozygote variant

Breast cancer Increase (at low plasma folate levels | [91,92]
only; OR 2.04; CI 1.1-4.0); Overall
ns 1.1 (0.9-1.4)

Skin cancer No effect for melanoma, squamous [93]
cell carcinoma or basal cell
carcinoma

G30833A Basal cell carcinoma® | Increase (OR 1.7 CI 1.1-2.7) [93]
(3’ UTR).
Freq. 0.10

XRCC3 A4552C Basal cell carcinoma | Increase for homozygous variant (OR | [93]
(5> UTR) 22CI11.2-42)
Freq. 0.18
A4541G Breast cancer ns effect 1.2 (1.0-1.4) [92]
(5'-UTR)
Freq. 0.19
A17893G (IVS5- | Breast cancer No effect 1.0 (0.9-1.3)
14)
Freq. 0.31
C18067T Malignant melanoma | Increase (OR 2.36, CI 1.4-3.9) [94]
(Thr241Met). Bladder cancer Increase in carriers with NAT-2 slow | [95]
Frequency 0.07- genotype (OR 3.4, CI 1.5-7.9)
0.45 Lung cancer No effect (OR 0.95, CI1 0.7-1.3) [96]

Malignant melanoma | No effect (OR 0.94, C1 0.7-1.3) [97]

Bladder cancer ns effect (OR 1.3, CI1 0.9-1.9) [98]

Squamous cell ns effect overall (OR 1.4, C1 0.9-2.1); | [99]

carcinoma of the marginal increase for females (OR

head and neck 2.2, CI 1.0-5.0) and smokers (OR
2.3,CI, 1.0-5.0)

Breast cancer No effect (OR 0.9, CI 0.5-1.5) [100]

Lung cancer No overall effect (OR 1.3, C10.7- [101]
2.2) but increase for heavy smokers
(OR 5.2, C1 1.6-17.0)

Basal cell carcinoma | No effect Homozygote OR 0.9 (0.5— | [102]

Lung cancer 1.4)

No effect Homozygote OR 0.9 (0.6—
1.4)
Malignant melanoma | No effect [103]




0.5-0.9) and homozygous variant
(OR 0.6 C10.4-0.9)

Basal cell carcinoma® | Decrease for all carriers (OR 0.7 CI [93]

Breast cancer No effect 0.9 (0.8-1.1) [92]

(OR 1.4, CI10.9-2.2) but not for
heterozygote (OR 1.0, C10.7-1.3)

Breast cancer Marginal increase for homozygote [104]

RADSIL3 Glu233Gly Breast cancer Increase (OR 2.6, CI 1.1-6.0) [61]

(RAD5ID) | Freq. 0.02

! Position and change (right-hand base) in DNA sequence, but note that nucleotide numbering will vary
depending on the reference sequence. If the variant is in coding sequence, the protein position/change
is also shown in parenthesis. The range of variant frequency in different groups of normal individuals
is also shown where known.

? Data are given for individuals carrying at least one variant allele, unless otherwise stated. ns = non-
significant; OR = odds ratio (measure of relative risk, where a value of 1.0 shows no alteration of risk);
CI 95% confidence interval.

? no significant change for melanoma or squamous cell carcinoma for YRCC2 G30833A or XRCC3
C18067T; and no increase for other variants for any skin cancer.

It should be noted that many of these studies have examined relatively small
numbers of patients, leading to low statistical power with attendant possibilities of
false positives and negatives. However, overall these data suggest the following:

e BRCA2 mutation carriers (but not BRCA I mutation carriers) are at greater risk

of breast cancer when also carrying the RADS51 variant G135C.

e  XRCC2 codon 188 variant may carry a small increased risk of breast cancer.
While this codon is important for gene function as shown by deletion or
mutation to a non-conservative amino acid (measured by resistance to DNA
damage), the Argl88His variant has only marginal effects on gene function
[58].

e The early report of an association between XRCC3 codon 241 variant and
melanoma has not been substantiated by further studies; marginal effects of
this variant on the incidence of other cancers also need substantiating.
Additionally, two recent studies have shown that this variant gives a similar-
to-wild type response for resistance to DNA damage and homology-dependent
repair [59,60].

e The variant Glu233Gly of RAD51L3 could be a low-penetrance allele in high-
risk breast cancer families without BRCA1/2 mutations [61].

The involvement of RADS51 family members in cancer has also been assessed by
looking at tumours for other consistent genetic alterations (mutations, loss of
heterozygosity) and for gene expression changes. These data can be summarized as
follows:

¢ RADS5I1: Examination of 45 Japanese breast cancer patients showed that two
with synchronous bilateral onset had a G-to-A transition in the second
nucleotide of codon 150 (protein change Argl50GIn). The family history of
these patients was unclear, and the BRCA gene status not recorded, but this
mutation was not found in 200 sporadic breast cancer cases [62]. Several loss-
of-heterozygosity studies in tumour cells have implicated the chromosomal
region including RADS51 (15q15) [63-65], but this region contains many genes
and in at least one case it was shown by further studies that the coding
sequence and methylation status of the RADS51 gene was unaffected [66].
Increased and decreased levels of RADS51 expression in tumours have also
been found. For example, decreased RADS51 expression was found in 30% of




179 breast cancer cases (mostly sporadic, but some BRCA [-associated cases;
[67]). However, in another study histological grading of sporadic invasive
ductal breast cancer was found to correlate significantly with over-expression
of wild-type RAD5 1, while the inverse was true for BRCA 1 expression [68].
Increased RADS5 1 expression was also found in 66% of cases of pancreatic
adenocarcinoma [69]. Microarray profiling of tumours has also detected
alterations in gene expression of RADSI; for example, up-regulation in
pancreatic cancer cell lines [70]. Recently, use of bone marrow samples from
genetically-identical twins has shown down-regulation of RAD51 associated
with multiple myeloma [71].

e RADSIL1 (also known as RAD51B, hREC2): Uterine leiomyomas commonly
have a balanced translocation between chromosomes 12 and 14, with the high
mobility group protein HMGA?2 (also known as HMGIC) implicated as the
chromosome 12 partner. Localization of the translocation on chromosome 14
showed that the breakpoint was within R4AD51L1 resulting in 3’ truncation
[72,73]. The key pathological product involved in these leiomyomas is still
not clear; chimaeric transcripts encoding RADS1L1/HMGA?2 fusion proteins
have been detected in some studies [72,74], but rarely in others [75]. In uterine
leiomyoma presenting with ascites and pleural fluid (pseudo-Meigs'
syndrome) further studies support a 2-step model of tumorigenesis: the
HMGA2/RADS1LI translocation in combination with a loss of the second
RADSILI allele [76]. RADS51L1 has also been shown to be involved in the
frequently-occurring translocation (6;14) in pulmonary chondroid hamartomas
[77].

e RADSI1L2 (also known as RAD51C): The chromosomal region containing
RADS51L2 (17g23) has commonly been found to be amplified in sporadic
breast cancers. Further analysis suggested that this amplification was
associated with overexpression of RADS51L2, as well as several other linked
genes, in a significant proportion of primary tumours [78,79].

e XRCC2: A dominant XRCC2 mutation truncating the gene at codon 132 was
found in a mismatch repair (MMR)-deficient cell line derived from a uterine
sarcoma, but did not occur generally in MMR-deficient cell lines [80].
Screening a further 8 samples of uterine sarcomas revealed that one (a high
grade leiomyosarcoma) had the same XRCC2 mutation. This XRCC2 mutation
conferred HR deficiency and sensitivity to DNA-damaging agents. It was
suggested that the mutator phenotype generated by MMR deficiency will lead
to mutations in ‘susceptible’ genes such as XRCC2, which have
mononucleotide sequence runs of >6 bases, generating further genetic
instability which may be important in tumour progression [81]. In other direct
sequencing studies, further rare heterozygous variants of XRCC2 were not
found to be associated with breast cancer [82].

e XRCC3: A heterozygous mutation in codon 213 (Asp213Asn) was found in
DNA from 3/1577 healthy individuals. This mutation alters the highly
conserved ATP-binding domain and completely abrogates gene function as
shown by resistance to DNA damaging agents. However, Asp213Asn was not
detected among 187 breast cancer families and 1300 unrelated patients with
common cancers, providing no evidence for an influence on cancer risk [60].

These further data show some interesting potential associations of RAD51-like gene
defects with cancer, especially with gynaecological tumours. It may be noted that
there are also reports of an association of specific BRCA /2 mutations with uterine



cancers [83,84]. However, as with the study of natural RAD51 family variants, most
reports need independent verification with larger numbers of patients as well as
laboratory studies to assess function.

6. Conclusions

There is still much to understand about the functions of the RADS51 gene family and
the consequences of their mutation or loss. While advances in the characterization of
their protein activities are likely to be rapid, other relevant studies will take longer to
realize. For example, as yet none of the variant genes has been tested in animal
models, especially following treatment with DN A-damaging agents or in association
with other gene defects. Having said this, the variant genes that have been analysed in
humans do not appear to have dramatic effects on cancer incidence. Does this indicate
that the RADS1 family genes, and perhaps the phenotype of genetic instability, are
not important for cancer (see Introduction)? The reported studies may not be a good
test of these questions, since mostly very subtle variants have been tested, and
laboratory experiments show that these do not always give a detectable change in
gene function. At the other extreme, where high levels of genetic instability occur,
knocking out RAD5 1 family genes is lethal for mice. Therefore it may be that
mutations with an intermediate level of activity (including dominant negatives, as
indicated in some of the above data) are the most influential in late-onset human
conditions including cancer. Similarly, BRCAI or BRCA2 knockout mice show
embryonic lethality, while mice carrying certain hypomorphic mutations in these
genes are susceptible to mammary cancer (review: [85]). Further understanding of the
structure/function relationships of the RADS51 gene family will facilitate prediction of
their role in destabilizing cells, while the use of animal models and more refined
studies of cancer patients should properly define their influence on carcinogenesis.
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