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Abstract

Purpose—To investigate germline mutation rate at eight minisatellite loci in 24 Danish families,
where one parent is the survivor of childhood or adolescent cancer treated with radiotherapy.

Materials and methods—Parents and offspring were profiled for eight hypervariable
minisatellite loci (B6.7, CEB1, CEB15, CEB25, CEB36, MS1, MS31, MS32) by Southern blotting.

Results—Seven paternal mutations were observed for 130 informative alleles in 18 offspring from
11 radiation-exposed fathers (mean preconceptional dose for offspring 0.29 Gy, range <0.01 - 1.2
Gy), compared to six mutations for 146 informative alleles in 21 offspring from 13 unexposed fathers.
No statistically significant difference between the total paternal mutation rates was observed (5.4%
for exposed fathers and 4.1% for unexposed fathers). Three maternal mutations were observed for
148 informative alleles in 21 offspring from 13 radiation-exposed mothers (mean preconceptional
dose for offspring 0.71 Gy, range <0.01 - 9.2 Gy), compared to one mutation for 130 informative
alleles in 18 offspring from 11 unexposed mothers. Again, no statistically significant difference was
observed between the total maternal mutation rates (2.0% for exposed mothers and 0.8% for
unexposed mothers).

Conclusions—The data from this pilot study demonstrate no statistically significant increase in
germline minisatellite mutation rate associated with radiotherapy for childhood and adolescent
cancer.
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Introduction

To date, epidemiological studies have demonstrated no convincing or consistent evidence for
radiation-induced germline mutation in humans and risks of radiation-induced genetic disease
have had to rely on extrapolation from mouse data (United Nations Scientific Committee on
the Effects of Atomic Radiation [UNSCEAR] 2001). The low frequency of spontaneous
mutations at loci associated with genetic disease means that changes in the germline mutation
rate are difficult to detect. Therefore, in practical terms, very large population sizes are required
to determine mutations which manifest as a clinical phenotype. It has recently been suggested
that detection of germline mutations at hypervariable minisatellite loci may provide a new
approach to the study of radiation-induced human germline mutation, since the high
spontaneous mutation rate at such loci enables mutation detection in relatively small
populations (Dubrova 2003). Minisatellites are tandemly repeated regions of DNA, consisting
of repeat units of 6 - 100 bp in length, which occur with a high frequency throughout the
genome. Minisatellite mutations usually consist of gains or losses of one or more repeat units
and mutations at hypervariable minisatellite loci are up to 1000 times more common than
mutations in protein coding genes (Debrauwere et al. 1997).

Initial studies on populations living in areas of Belarus (Dubrova et al. 1996, 1997) and Ukraine
(Dubrova et al. 2002a) contaminated by radioactive debris from the Chernobyl accident
reported significant increases in minisatellite mutation rates which correlated with
environmental contamination with radionuclides. An increased rate of minisatellite mutations,
which extended to the subsequent generation, was also observed in a population living around
the Semipalatinsk nuclear test site in Kazakhstan (Dubrova et al. 2002b). In contrast, two other
studies using the same single locus probes failed to reveal significant increases in the rate of
minisatellite mutation in offspring of Ukrainian (Livshits et al. 2001) and Estonian (Kiuru et
al. 2003) Chernoby! clean-up workers. Two further studies of Chernobyl clean-up workers
using related techniques also reported no significant increase in germline mutations using
multi-locus minisatellite probes (Slebos et al. 2004) and microsatellite markers (Furitsu et al.
2005).

An early study of the offspring of Japanese atomic bomb survivors also failed to detect an
increase in the germline mutation rate (Kodaira et al. 1995) and this was confirmed in a
subsequent study (Kodaira et al. 2004) which evaluated the same eight hypervariable
minisatellite loci used in the studies of populations from the former Soviet Union. Furthermore,
no increase in minisatellite mutations has been observed in a study of germline cells from
seminoma patients treated with radiotherapy, when pre-treatment sperm DNA was compared
with post-treatment sperm DNA derived from irradiated pre-meiotic, meiotic and postmeiotic
cells (May et al. 2000).

The aim of this pilot study is to investigate changes in the germline minisatellite mutation rate
at the eight most commonly studied hypervariable loci in survivors of childhood and adolescent
cancer treated with radiotherapy for whom accurate doses to the gonads have been modelled.
The work forms part of a larger project investigating adverse reproductive outcomes in cancer
survivors (Boice et al. 2003, Winther et al. 2004). Maternal and paternal mutations were
identified in offspring by comparison with parental alleles and mutation frequencies in
radiation exposed parents compared with those in unexposed parents.
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Methods

Study cohort

Twenty-eight cancer survivors who had received radiotherapy were identified from the Danish
Childhood Cancer Survivor Cohort. This cohort comprises 4,676 survivors notified to the
Danish Cancer Registry with cancer at age <20 years between 1943 and 1996 who survived
until onset of fertility (age 15 years). Survivors had to be alive on or born after April 1, 1968,
when the national Central Population Register (CPR) was established and a unique personal
identification number was assigned for all citizens. A search in the CPR identified offspring
and partners. Blood samples were taken from 28 survivors and their families for a pilot study
aimed at investigating a range of genetic endpoints associated with germ cell mutagenesis and
cancer susceptibility (Boice et al. 2003, Tawn et al. 2005, Curwen et al. 2005). Information on
cancer in relatives, smoking habits and medication was obtained from a short questionnaire
completed by the cancer survivors and their partners. Approval for the study was obtained from
the Danish Scientific Ethical Committee and the Danish Data Protection Agency.

All family samples were coded at the time of collection with the suffix -01 and -02 for parents
and -03, -04, -05 for offspring. Samples were successfully taken from 28 cancer survivors, 28
partners and 44 offspring. For one family it was not possible to obtain a sample from the
offspring and this family was excluded from the study group. DNA was extracted from whole
blood or lymphocytes using a Nucleon BACC3 kit (Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK). All 27 families with offspring blood samples were analysed for
minisatellite mutations, but samples from three families failed due to degraded DNA. In two
families with three offspring (T05, T09) a single offspring sample failed due to degraded DNA
or weak signal and was excluded. The final study population comprised 24 families with 39
offspring, where 11 fathers were cancer survivors with 18 offspring and 13 mothers were cancer
survivors with 21 offspring.

Organ doses for individual patients were reconstructed based on information available in
radiotherapy records. The records were submitted to The University of Texas M. D. Anderson
Cancer Center, Houston, Texas, USA, for data abstraction and dose modelling (Boice et al.
2003, Winther et al. 2004, Stovall et al. 2004). Individual data on cancer type, age at treatment,
radiation dose to the gonads, chemotherapy treatment and number of offspring analysed per
family are presented in Table I, together with the mean preconceptional doses for the offspring
of exposed fathers and exposed mothers. Mean paternal and maternal ages at birth of offspring
were 29 for male cancer survivors (exposed fathers) and 28 for their partners (unexposed
mothers); 28 for female cancer survivors (exposed mothers) and 29 for their partners
(unexposed fathers).

Confirmation of maternity and paternity

Maternity, paternity and sample identity were confirmed using polymerase chain reaction
(PCR) based assays utilizing four stable minisatellite loci selected for their low background
mutation frequency. Apolipoprotein b (apoB) (2p23-p24) (Boerwinkle et al. 1989), HRAS
(11p15.5) (Lindstedt et al. 1999), MCOB19 (D19S20) (Tully et al. 1993) and YNZ22 (D17S5)
(Ugozzoli et al. 1991) were amplified using a Qiagen multiplex PCR kit (Qiagen, Crawley,
West Sussex, UK) and separated on 0.8% agarose gels in 0.09 M Tris-Borate, 0.002 M EDTA
(1 x TBE). PCR products were sized in comparison to a 1 Kb ladder (Promega, Southampton,
Hampshire, UK) using Gene Tools software (Syngene, Cambridge, UK). Non-maternity/
paternity/sample mix up was confirmed if two or more of the four minisatellite loci analysed
had an allele inconsistent with the parent. No cases of non-maternity or non-paternity were
identified in this study group.
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Preparation of minisatellite probes

Minisatellite mutations were analysed using eight single locus probes by Southern blotting.
Hypervariable loci were selected according to their high background mutation frequency.
Probes used were B6.7 (20913), CEB1 (D2S90), CEB15 (D1S172), CEB25 (D10S180),
CEB36 (D10S473), MS1 (D1S7), MS31 (D7S21) and MS32 (D1S8). B6.7 and CEB probes
were made by PCR amplification of alleles <5kb, according to methods kindly provided by
Professor Yuri Dubrova, University of Leicester, UK. PCR products were purified and ligated
into the cloning vector pGEM-T easy (Promega, Southampton, Hampshire, UK) and
transformed into XL-10 Gold Ultracompetent cells (Stratagene Europe, Amsterdam, The
Netherlands). Plasmid DNA was extracted from 150 ml bacterial cultures using Hi-Speed Maxi
Prep kits (Qiagen, Crawley, West Sussex, UK) and probe purified by restriction digest with
Eco RI (New England Biolabs, Hitchin, Hertfordshire, UK) followed by gel extraction using
a QiaQuick gel extraction kit (Qiagen, Crawley, West Sussex, UK). MS probes were a kind
gift from Professor Alec Jeffreys, University of Leicester, UK.

Minisatellite mutation analysis

Five micrograms of genomic DNA was digested with Alu I (New England Biolabs, Hitchin,
Hertfordshire, UK) and separated on 30 cm 0.8% agarose gels in 1 x TBE, 0.5 ug/ml ethidium
bromide for 18 h at 125 V. DNA was denatured, neutralized and transferred to a nylon
membrane (Magnacharge, Genetic Research Instrumentation, Braintree, Essex, UK) where it
was fixed by UV cross-linking. DNA probes were random prime labelled with fluorescein-11-
dUTP (Gene Images Random Prime, Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK) and hybridized to the sample DNA immobilized on the membrane,
then incubated with an anti-fluorescein-horseradish peroxidase conjugate. Detection utilized
the substrate CDP Star (Gene Images Detection Module with CDP Star, Amersham
Biosciences, Little Chalfont, Buckinghamshire, UK) and bands were visualized by exposing
the nylon membranes to Hyperfilm (Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK) without intensifying screens for 10 min - 48 h. After each exposure,
membranes were stripped of hybridized probe in 1 litre of boiling 0.1% sodium dodecyl
sulphate (SDS) and stored in 0.03 M sodium citrate, 0.3 M sodium chloride, pH 7 (2 x SSC)
at 4°C for re-hybridization.

Blots were scored visually by two independent assessors and digitally using Phoretix 1D
software (Non-Linear Dynamics, Newcastle upon Tyne, UK) using a 1 Kb ladder (Promega,
Southampton, Hampshire, UK) for size reference across the well resolved 1 - 23 Kb region.
Criteria for identification of mutations were taken from previously published studies (Dubrova
et al. 1996, Kiuru et al. 2003), i.e., a mutation was considered to be a band present in the
offspring that was inconsistent with bands from either parent, and was larger or smaller than
the parental band by at least one band-width.

Statistical analysis

Mutation rates were calculated for each locus by dividing the number of mutant bands by the
number of alleles analysed. The total mutation rate for eight loci was calculated by dividing
the total number of mutations by the total alleles analysed. Mean mutation rate was calculated
by adding together individual mutation rates for each locus, then dividing by the total number
of loci analysed. Individual locus and total mutation rates were compared using Fisher’s exact
test (two-tailed). The distribution of mutations was tested against Poisson expectations using
a2 test.
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Minisatellite mutation results for 39 offspring from 24 families are presented in Table II.
Analysis was not possible at all loci for all offspring due to the presence of small alleles, which
migrated out of detection range (1.0 - 23 Kb). In the study group as a whole, 17 mutations were
identified in 39 offspring and these were distributed amongst the offspring according to Poisson
expectations (p = 0.71). Thirteen of the mutations were of paternal and four of maternal origin,
resulting in a paternal mutation rate of 4.7% (13 mutations in 276 alleles tested), and a maternal
mutation rate of 1.4% (four mutations in 278 alleles tested). Of the 13 mutations in paternal
alleles, six occurred in offspring of unexposed fathers and seven in the offspring of exposed
fathers (Table II). Thus there is no statistically significant difference between the mutation rate
of 4.1% in the unexposed fathers and that of 5.4% in the exposed fathers, (p = 0.78). One
mutation was observed in the offspring of unexposed mothers compared to three mutations in
the offspring of exposed mothers (Table I1). Hence, the mutation rates for maternal alleles of
0.8% for unexposed mothers and 2.0% for the exposed mothers were not significantly different
(p = 0.63).

The combined mutation rate for alleles inherited from unexposed parents (seven mutations in
276 alleles = 2.5%) compared to the combined mutation rate for alleles inherited from exposed
parents (10 mutations in 278 alleles = 3.6%) is not significantly different, (p = 0.62).
Furthermore, no statistically significant differences were observed between the exposed and
unexposed parents at any individual locus (Table Il). Restricting the analysis to those with
gonadal doses of >0.2 Gy similarly revealed no statistically significant difference (data not
shown).

The analysis above was based on total mutation rates in all eight loci analysed. However, since
different loci are known to have different mutation rates, and not all loci were informative in
all families, the mean of the mutation rates for all eight loci are also presented (Table I1). These
did not differ significantly from the total mutation rates. Due to the small population size in
this pilot study, comparison of the distribution of parental allele sizes in the offspring and
changes/gains/losses in repeat numbers in mutations would not be statistically meaningful and
was not undertaken.

Discussion

In this pilot study of the offspring of childhood and adolescent cancer survivors, we examined
the mutation rate at the eight most frequently studied hypervariable minisatellite loci, and
observed no evidence of an increased germline mutation rate in parents who had received
radiotherapy as part of their treatment for cancer.

Survivors of childhood or adolescent cancer who have been treated with radiotherapy prior to
having a family are a meaningful group with which to investigate germline minisatellite
mutations, as detailed dosimetry records are available which enable accurate estimation of
doses to the gonads. Thus, we are able to say with some certainty that the mean preconceptional
dose for the offspring of fathers with testicular irradiation is 0.29 Gy (range <0.01 - 1.20 Gy)
and the mean preconceptional dose for the offspring of mothers with ovarian irradiation is 0.71
Gy (range <0.01 - 9.2 Gy) (Table I). As part of their therapy regimes, some of the cancer
survivors had also received chemotherapy (Table I). Detailed modelling of possible gonadal
exposures to chemotherapy agents is not available. However, when the mean mutation rate of
2.8% for the eight minisatellite loci in the families in which the cancer survivor received both
radiotherapy and chemotherapy (n = 15, mean preconceptional dose 0.71 Gy) was compared
to that of 3.4% for the families with a history of radiotherapy, but not chemotherapy (n =9,
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mean preconceptional dose 0.24 Gy), no statistically significant difference was observed (p =
0.80, data not shown).

The results observed in our pilot study are consistent with previous studies using single locus
minisatellite probes which examined the effect of radiation received over a relatively short
time period and for which no increases in minisatellite mutation rate were detected (Kodaira
et al. 1995, Livshits et al. 2001, Kiuru et al. 2003, Kodaira et al. 2004). These studies taken
together cover a wide dose range and encompass the doses received in the present study.
Although the doses received by the Chernobyl cleanup workers are subject to some uncertainty,
maximum doses received by those in the Ukrainian study were thought not likely to exceed
0.15 - 0.2 Sv (Livshits et al. 2001) whilst the mean dose derived for the Estonian cleanup
workers was 0.11 Sv (Littlefield et al. 1998, Kiuru et al. 2003). Both these studies (Livshits et
al. 2001, Kiuru et al. 2003) report no increase in minisatellite mutations associated with
radiation exposure. Similarly, testicular doses ranging from 0.38 - 0.75 Gy, received during
treatment for seminoma, had no influence on the minisatellite mutation rate in sperm (May et
al. 2000). Doses received by survivors of the Japanese atomic bombs studied for minisatellite
mutations were considerably higher, with means of 1.61 Sv for paternal exposure and 1.34 Sv
for maternal exposure but two studies using probes for a total of 10 different loci have failed
to find an increase in the minisatellite mutation rate (Kodaira et al. 1995, 2004).

Despite receiving lower doses than those experienced by cancer survivors or atomic bomb
survivors, statistically significant 1.6 - 2-fold increases in the minisatellite mutation rate have
been reported in populations exposed to radiation as a result of fallout from the Chernobyl
accident and atmospheric atomic bomb testing (Dubrova et al. 1996, 1997, 2002a, 2002b). The
mean parental dose due to 137Cs contamination from Chernobyl in the Belarus studies is
estimated at 0.03 Sv (Dubrova et al. 1996, 1997). For the Ukrainian study, doses are thought
not to exceed 0.05 Sv (Dubrova et al. 2002a), although it is noted that these doses do not take
into account the contribution of short-lived radionuclides. Doses received by the study
population from around Semipalatinsk nuclear test site were originally thought to be >1 Sv
(Dubrova et al. 2002b), but could not be confirmed when subsequent retrospective
biodosimetry conducted on the same population showed no increase in stable chromosome
translocations compared with an unexposed population (Salomaa et al. 2002).

It has been postulated that the discrepancy between the negative finding in the offspring of the
Japanese atomic bomb survivors and the increase in mutation rate seen in residents of areas
around Chernoby! could be attributed to the different nature of the exposures (Dubrova et al.
1997). Doses received by the Japanese population came from a single acute exposure whereas
those living in the vicinity of Chernobyl received lower dose chronic exposures as a result of
environmental contamination. However, this theory is not supported by results from animal
studies of radiation-induced minisatellite mutations, which show similar dose response
relationships for acute X-irradiation and chronic gamma exposure, suggesting that the risk
factors for both chronic and acute irradiation are similar (Dubrova & Plumb 2002).

Mutation rates in some of the loci analysed in our study are known to be skewed towards
paternal events (Vergnaud & Denoeud 2000) and this is illustrated in the current study, since
fewer maternal than paternal mutations were observed. Furthermore, a recent re-analysis of
data from studies of families living in areas of Belarus and Ukraine contaminated by the
Chernobyl accident has highlighted that the increase in minisatellite mutations occurred only
in fathers and that the maternal mutation rate was not elevated (Dubrova 2003). Using published
data for the large Centre d’Etudes du Polymorphisme Humain (CEPH, http://www.cephb.fr)
reference population, a combined maternal and paternal mean mutation rate of 3.0% for the
eight loci examined in this study can be derived (Jeffreys et al. 1988, Vergnaud & Denoeud
2000). A similar combined mutation rate of around 2.5% for a control population was reported
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by Dubrova et al. (2002a) for the same set of loci. VValues in line with these are found for the
mean of maternal and paternal mutation rates in this study. Thus, the mean value for families
with paternal radiation exposure is 3.1% compared with 3.1% for the families with maternal
exposure. If the comparison is made between exposed parents and non-exposed parents the
means of the combined maternal and paternal mutation rates for the eight loci are 3.6% and
2.5% respectively.

It is proposed to expand this study with a further 100 families. On the assumption of two
children per family, a total of 250 offspring will have received 500 alleles per individual locus
(250 from the irradiated cancer survivors and 250 from the unirradiated parents) and thus for
eight loci there will be a total of 2000 irradiated and 2000 non-irradiated alleles. Assuming an
average baseline mutation rate of 2.5% for these eight loci (Dubrova et al. 2002a) there will
be sufficient power to detect a 1.6-fold increase in minisatellite mutation rate. This is consistent
with the results from the study of 40 exposed families living in an area contaminated by
atmospheric atomic bomb testing (Dubrova et al. 2002b) and the study of 198 families living
in contaminated areas of the Ukraine, with children conceived after the Chernobyl accident
(Dubrova et al. 2002a).

To conclude, from the results of this small pilot study, we have seen no statistically significant
increase in the germline mutation associated with radiotherapy or chemotherapy as treatment
for childhood or adolescent cancer rate using a panel of the eight most commonly studied
hypervariable minisatellite loci. In the expanded study the emphasis will be on paternal
irradiation, since baseline mutation rates are greater and it seems that a radiation-induced
increase is more likely to be seen following paternal rather than maternal exposure (Dubrova
2003).
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