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bstract

Homologous recombination (HR) is one of the main pathways for the repair of DNA double strand breaks (DSBs). To investigate whether
nherited variants in genes encoding proteins that repair DSBs by HR modulate acute myeloid leukaemia (AML) risk, we have examined the
requency of two variants in the 5′ untranslated region (UTR) of RAD51 (RAD51 135 G > C and the RAD51 172 G > T) in a large case–control
tudy of acute myeloid leukaemia (AML). Inheritance of a RAD51 135 C allele was associated with a reduced risk of estimate for AML (odds
atio (OR) 0.56, 95% confidence intervals (CI), 0.38–0.83), while the RAD51 172 T allele was not associated with AML. The RAD51 135
nd 172 variants were in strong linkage disequilibrium, with three out of the four possible haplotypes being observed in the population. The

rotective effect associated with the RAD51 135 C allele was found to be associated with inheritance of the RAD51 135–172 C–G haplotype
cases 3.9% versus controls 6.5%, OR 0.61, 95% CI 0.42–0.90). These data suggest that variants in the RAD51 HR gene may modulate genetic
redisposition to AML.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

DNA damage in the haemopoietic precursor cell is thought
o be an essential prerequisite for the development of acute

yeloid leukaemia (AML). Double strand breaks (DSBs) are

ne of the most deleterious forms of DNA damage, represent-
ng a mechanism by which chromosomal translocations and
ther common molecular events in AML may occur. Due

Abbreviations: AML, acute myeloid leukaemia; DSB, double strand
reak; HR, homologous recombination; NHEJ, non-homologous end join-
ng; FA, Fanconi’s anemia; OR, odds ratio; CI, confidence interval
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o the threat posed by DSBs, eukaryotic cells have evolved
wo main pathways for the repair of DSBs; non-homologous
nd joining (NHEJ) and homologous recombination (HR).
tudies in mice and yeast have shown that the absence of
ither pathway leads to genomic instability [1,2], while cell
ines defective in HR are known to have high rates of sponta-
eous chromosomal abnormalities [3]. In humans, inherited
efects in HR pathways are known to predispose to AML, an
xample of this, Fanconi anemia (FA) [4] is characterized by
pontaneous and mutagen-induced chromosome instability.
ecently BRCA2, was identified as an FA protein, linking

his pathway to HR through the interaction of BRCA2 with

AD51 [5].

HR effects DNA repair through the interaction of free
NA ends with a homologous DNA sequence that is used

s a template for the high fidelity repair of the DSB. HR is

mailto:Sara.Rollinson@manchester.ac.uk
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hought to be particularly important in DNA repair occur-
ing during cellular replication [6–8]. RAD51 is one of the
ey proteins for HR, and functions by forming nucleoprotein
laments on single stranded DNA, mediating homologous
airing and strand exchange reactions between single and
ouble stranded DNA during repair [9]. The central role of
AD51 in maintaining genomic stability is supported by the

act that null mice are embryo lethal [10], while in the chicken
T40 system disruption of the RAD51 gene results in chro-
osome instability [11], a molecular feature commonly seen

n AML. In contrast, over-expression results in increased
esistance to apoptosis induced by ionizing radiation [9], a
ell defined cause of DNA DSBs. The emerging role of HR

n myeloid precursor cells [12] combined with the phenotypic
eatures of cells associated with over- and under-expression
f RAD51 suggest that genetic variation within the gene may
ediate risk of AML.
Two polymorphisms have been described in the 5′ UTR

f RAD51, a G > C substitution at position +135 bp, and a
> T substitution at position +172 bp from the start of the

DNA sequence (NCBI accession number D14134). While
lone neither polymorphism has been associated with risk of
reast or ovarian cancer [13,14], nor an effect on breast can-
er survival [15], the RAD51 135 C allele has been associated
ith an increased risk of breast cancer and a reduced risk of
varian cancer amongst individuals that carry germline muta-
ions in BRCA1 or BRCA2 [16,17]. To examine the effects of
olymorphisms in RAD51 on AML risk, we have examined
he frequency of the RAD51 135 and RAD51 172 variants in
large case–control study of AML.

. Methods

.1. Study design

Full details of the Leukaemia Research Fund population-
ased AML case–control study are given elsewhere [18].
riefly, acute leukaemia cases aged between 16 and 69 years
ere recruited from the UK, and diagnoses were pathologi-

ally confirmed. For every case that participated in the study,
wo controls of the same sex, race and year of birth were
ecruited from the general practice of the case. All subjects
ncluded in the study gave informed consent, and ethical
pproval was obtained for all study subjects. Briefly, the study
roup comprised 479 cases, of which 424 were classified as
e novo AML, and 55 as secondary AML (defined as a his-
ory of previous malignancy or myelodysplasia (MDS)). The
verage age of the de novo cases was 47.6 years and 54%
ere male, while for the secondary cases the average age
as 51.8 years, and 45.4% were male. The study group also

omprised of 952 age sex matched controls, with an aver-

ge age of 48.1, with 53.5% being male. As the frequency
f alleles has been shown to vary with race [19], the geno-
yping and subsequent analysis was restricted to Caucasian
ubjects.
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.2. Genotyping and assay validation

Genomic DNA was extracted from whole frozen blood
sing a proteinase K treatment, followed by a series of phe-
ol:chloroform extractions and ethanol precipitation [20].
uality checks, using both DNA negative and known geno-

ype control samples, were run with each set of subject DNA
or both assays.

Inheritance of the RAD51 135 and 172 polymorphisms
as determined using TaqmanTM Allelic Discrimination.
rimer and probe sequences were as follows (variant base in

ower case), RAD51 135 forward primer 5′-TCTGGGTTGT-
CGCAGA-3′, reverse primer 5′-CCGCGCTCCGACTT-
A-3′, G allele probe 5′-FAM-AGCGTAAGCCAgGGGC-
TTGG-3′, C allele probe 5′-VIC-GCGTAAGCCAcGGG-
GTTGG-3′. RAD51 172 forward primer 5′-CGAGTAG-
GAAGTGGAGCGTAAGC-3′, reverse primer 5′-CCGCG-
TCCGACTTCA-3′, T allele probe 5′-FAM-CGTGCCA-
tCCCGCGGG-3′, G allele probe 5′-VIC-CGTGCCA-
gCCCGCGGG-3′. All reactions were carried out in 15 �l
olumes using 900 pmol of each primer and 100 nmol of each
robe, using the 2× Applied Biosystems (ABI) (Foster City,
A) universal master mix. Amplification was carried out on
n ABI 9700 using the following amplification conditions for
oth assays; 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C
or 15 s and 61 ◦C for 1 min. Data capture and analysis were
arried out using an ABI PRISM 7700 sequence detector
nd the Sequence Detection Systems software (ABI).

Genotyping results were verified by sequencing 60 ran-
omly chosen samples. A 178 bp fragment of the RAD51
equence surrounding the two variants was amplified using
he following primers and reaction conditions; 10 pmol
ach primer (forward 5′-ACCGAGCCCTAAGGAGAGTG-
′, reverse 5′-CCGCGCTCCGACTTCA-3′), 10 ng of DNA,
× Amplitaq Gold buffer, 200 �mol dNTPs, 1.5 mM MgCl2,
unit Amplitaq Gold DNA polymerase, in a final reaction

olume of 20 �l. Amplification conditions were as follows;
0 min at 95 ◦C, followed by 35 cycles of 95 ◦C 1 min,
6 ◦C 1 min, and 72 ◦C 1 min. Products were run out on
% agarose gels and purified using the QiaQuick system
rom Qiagen (West Sussex, UK). Samples were sequenced
sing ABI PRISM® BigDyeTM Terminator cycle sequenc-
ng, the sequencing products being visualized on an ABI 377
equencer.

To verify the linkage disequilibrium predicted using sta-
istical analysis between the RAD51 172 and RAD51 135
ariants, five samples identified as dual RAD51 172 GT
nd RAD51 135 GC heterozygotes, were blunt-end cloned
nto the pT7Blue-3 Blunt vector following the manufactures
nstructions (Novagen, Germany). Plasmids that contained
nsert were then amplified using the R-20mer primer (Novo-
en) in combination with the reverse primer previously used

or sequencing, and the products were then gel purified and
equenced as described previously.

Out of the 120 genotypes checked by sequencing, all geno-
ypes agreed for the RAD51 135, while 1 genotype (RAD51
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72) differed between the sequencing and genotyping data
98.3% concordance).

.3. Statistical analysis

All analyses were carried out using Stata [21], with Phase
ersion 2.1 used to reconstruct haplotypes from genotype
ata [22,23]. To estimate to the risk of AML associated
ith RAD51 odds ratios and 95% confidence intervals were
erived using conditional logistic regression adjusting for the
atched variables age, sex and region [24].
The study had 90% power (p = 0.05) to detect an odds

atio of 0.5 when the exposure level was 10% in the control
opulation. The power to detect associations for the sec-
ndary cases alone is obviously reduced due to the rarity
f secondary AML. Subgroup analyses were conducted for
e novo and secondary AML. AML cases were considered to
e secondary if prior to their current diagnosis, they were
reated with chemotherapy and/or radiotherapy, or if they
ad been diagnosed with myelodysplastic syndrome, chronic
yeloid leukemia, or a chronic myleoproliferative disorder;

therwise, their diagnosis of AML was designated as de
ovo. Cytogenetic abnormalities among AML cases were
ierarchically classified into one of the following groups;
ormal, reciprocal translocations associated with good prog-
osis (t(15; 17), t(8; 21) or inv (16)), partial or complete
eletion of chromosomes 5 or 7, or trisomy 8.

. Results

The genotype distributions of the RAD51 135 and 172
olymorphisms found in the Caucasian control group are in
greement with those previously published [13–15] (Table 1).
urthermore, both the RAD51 135 and 172 polymorphisms
re in Hardy–Weinberg equilibrium for both the case and
ontrol groups. No association was found with either poly-
orphism when stratified by age at diagnosis or sex (data not

hown).
There were fewer individuals either heterozygous or

omozygous for the RAD51 135 C allele amongst the cases
ompared to the controls (7.5% versus 12.7%; OR 0.56, 95%
I 0.38–0.83), with a similar distribution observed in the
e novo and secondary AML cases (Table 1). An increased
requency of the RAD51 172 homozygous TT genotype was
een in the cases compared to the controls (21.3% versus
7.4%; OR 1.40, 95% CI 1.02–1.94). While a similar fre-
uency was observed for the TT genotype in de novo AML
ases (20.4%), an increased frequency was observed for sec-
ndary AML (28.3%; OR 1.99, 95% CI 0.79–5.01). However,
hen a case–case analysis of de novo versus secondary AML
as performed to control for the association of this polymor-

hism with de novo AML, the results suggest no association
ith secondary AML. Sub-classifying AML by recurrent

ytogenetic abnormality (translocations, 5q/7q−, or trisomy
) did not demonstrate any differences in genotype distribu-
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Table 2
RAD51 135–172 haplotype frequency of AML cases and controls expressed as a percentage, associated odds ratios (OR) and 95% confidence intervals (95%
CI) calculated for each haplotype, generated using conditional logistic regression

135 locus 172 locus Controls All Cases OR 95% CI De novo cases OR 95% CI Secondary cases OR 95% CI

G G 52.4 50.8 1.0 – 51.5 1.0 – 45.2 1.0 –
G T 41.1 45.3 1.13 0.97–1.33 44.5 1.1 0.95–1.35 51.9 1.40 0.86–2.29
C G 6.5 3.9 0.61 0.42–0.90 4.0 0.62 0.43–0.99 2.9 0.44 0.12–1.63
C T 0 0 – – 0 – – 0 – –
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aplotype numbers estimated using PHASE, and OR and 95% CI calculate

ions for either the RAD51 135 or 172 polymorphisms (data
ot shown).

The distribution of combined RAD51 135 and 172 geno-
ypes indicated strong linkage disequilibrium between the
wo polymorphisms. Statistical analysis supported a non-
andom association between the variants (D′ = 0.999, χ2 = 78,
< 0.0001), which was confirmed by direct experimental
nalysis. Five combined RAD51 135 (GC) and 172 (GT) het-
rozygotes were cloned and sequenced, and it was shown
hat the RAD51 135 G > C 172 G > T base substitutions were
n cis (on opposite strands). Therefore, subjects genotyped
s double heterozygotes possess the two RAD51 haplotypes
35–172 C–G and 135–172 G–T. The RAD51 135–172 hap-
otype frequencies (Table 2) suggest that the RAD51 172

> T substitution occurred first, resulting in the common
35–172 G–T haplotype, followed by a second event, the
35 G > C substitution, producing the rarer 135–172 C–G
aplotype. Alternatively the RAD51 135–172 C–G haplotype
ay be seen at a low frequency due to evolutionary selec-

ion against this haplotype. While the estimated frequency
or the RAD51 135–172 C–T haplotype in our study was too
ow to be reported, a frequency of 0.03% has been previ-
usly reported for the RAD51 135–172 C–T haplotype [14].
he rarity of the RAD51 135–172 C–T haplotype may result
ither from limited recombination owing to the close spatial
roximity of the two variants (37 bp), or from the RAD51
35 substitution occurring independently of the RAD51 172
ubstitution.

Significant differences in haplotype frequencies were
bserved between the case and control populations for AML,
uggesting that the RAD51 135–172 C–G haplotype confers
decreased risk of developing AML (cases 3.9% versus con-

rols 6.5%; OR 0.61, 95% CI 0.42–0.90). Similar haplotype
requencies were observed for both the de novo AML and
econdary case populations (Table 2). The frequency of the
AD51 135–172 G–T haplotype was not significantly dif-

erent between the cases and controls for either de novo or
econdary AML.

. Discussion
Homologous recombination is one of the major DNA
SB repair mechanisms, and RAD51 a key protein in

his process, promoting homologous pairing and strand

w
b
t
r

Stata. (–) Haplotype too rare to estimate risk accurately.

xchange. Our results suggest a protective association for
he RAD51 135/172 C–G haplotype for AML (OR 0.61, 95%
I 0.42–0.90).

The variants are situated in the 5′ UTR of the RAD51
RNA, which may affect the regulation of transcription,

ranslation or mRNA stability. The functional consequences
f these variants are at present unknown, however data from
reast cancer patients suggests that the 135 C variant may
ncrease RAD51 mRNA levels [25]. The exact mechanism by
hich these variants modulate AML risk is unknown, how-

ver changes in RAD51 expression associated with RAD51
35/172 C–G haplotype status may modulate the fidelity and
ctivity of DNA repair within the target cells.

The linkage within the human genome has been well doc-
mented; as such there exists a possibility that the effect seen
ith this haplotypes is the result of a wider degree of linkage
ithin this genomic area. The genes immediately adjacent to
AD51 on chromosome 5 (within 10,000 kb) the confirmed

ranscripts NM 018145 and Q9BZ58 are both annotated as
aving unknown or ambiguous function. As a result it is
ifficult to make any conclusion on the possible effect hap-
otypes blocks containing these genes might confer, however
he involvement of these transcripts in leukaemogenesis can-
ot be discounted, and warrants further investigation.

Previous studies have linked the RAD51 135 C allele with
ltered susceptibility to both breast and ovarian cancer. In
reast cancer, although no association was seen for the variant
14], Wang et al. [17], report an increased risk of breast cancer
nd a lower risk of ovarian cancer amongst cases also pos-
essing a BRCA2 mutation, however, no association was seen
or individuals known to have a BRCA1 mutation. Apparently
onflicting results have been reported by Jakubowska et al.
16] amongst Polish BRCA1 mutation positive breast cancer
ases, with a protective association for the RAD51 135 C
llele being seen. These differences in associated risk among
or BRCA1 mutation carriers may be due to chance, but also
ould be explained by the nature of the BRCA1 mutations
eported in the two studies. The most common mutation seen
n the Jakubowska study was the 5382insC, which results in a
runcated protein but which retains an intact RAD51 binding
ite [16]. The primary mutation reported in the Wang study

as the 185delAG, which also results in a truncated protein
ut abolishes the BRCA1 RAD51 binding site. This suggests
hat for a protective effect to be seen in BRCA1 mutation car-
iers, the RAD51 interaction site must be present, enabling
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he RAD51 135 C allele to enhance the activity of mutant
RCA1 [16].

An increased risk of breast cancer is associated with the
AD51 135 C allele when BRCA2 mutations are present [17].
RCA2 is required for the orderly assembly of RAD51 on

ingle stranded DNA ends. In the absence of BRCA2, ini-
iation of accurate HR is impaired and repair errors will
apidly accumulate [26]. The increased risk associated with
he RAD51 135 C allele suggests an increase in repair errors.
he biological explanation for this is uncertain but may reflect

he use of an alternative pathway such as NHEJ [27], or may
e a result of error prone HR [28].

This study highlights the importance of the link between
AD51, BRCA1, BRCA2 and a risk for AML. An increased

isk for AML has been noted in patients previously diag-
osed with breast cancer [29]. A positive association has
lso been reported between a family history of breast can-
er and an increase in leukaemia incidence [30,31], exposure
o known leukaemogens further strengthened the associa-
ions seen [32], suggesting genetic factors common to both
iseases. Further evidence linking these molecules with vari-
tion in AML risk comes from the study of Fanconi anemia.
RCA2 has recently been identified as FANC-D1 [33], one of

he eight FA gene products that function in an integrated DNA
amage response pathway [34,35]. Aberrant DNA repair by
oth the NHEJ and HR pathways have been described in
A cells [36–38], supporting the hypothesis that FA cells
ave a defect in the regulation of the pathways that repair
NA DSBs. Both NHEJ and HR repair similar types of DNA
amage, however the repair pathway utilized by the cell is
mportant. NHEJ can be an imprecise pathway, however, it is
ess likely to generate chromosome translocations than HR
39]. While HR is less error prone than NHEJ, the presence of
epetitive DNA sequences throughout the genome results in a
igher probability of oncogenic recombination events occur-
ing during repair. The increased risk for AML in FA carriers
uggests that the HR pathway is important for maintaining
ellular integrity in the myeloid progenitor cell. Impairment
f HR may lead to the use of an error prone pathway that
ould increase the risk of transformation events. The protec-
ive effect we observe for the RAD51 135–172 C–G haplotype
uggests that it may be associated with increased RAD51
xpression, modulating HR and protecting the cells against
berrant DNA repair events, thus reducing the risk of AML.
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