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Abstract
Purpose—To investigate minisatellite germline mutation rates in survivors of childhood and
young adult cancer who received radiotherapy.

Materials and Methods—DNA samples from 100 families, where one parent was a cancer
survivor, were analysed for mutations at eight hypervariable minisatellite loci (B6.7, CEB1,
CEB15, CEB25, CEB36, MS1, MS31, MS32) by Southern hybridisation.

Results—No significant difference was observed between the paternal mutation rate of 5.6% in
exposed fathers with a mean preconceptional testicular dose of 1.23 Gy (56 mutations in 998
informative alleles) and that of 5.8% in unexposed fathers (17 in 295 informative alleles).
Subgrouping the exposed fathers into dose groups of <0.10 Gy, 0.10 – 0.99 Gy, 1.00 – 1.99 Gy, ≥
2.00 Gy revealed no significant differences in paternal mutation rate in comparison with the
unexposed fathers. Maternal mutation rates of 1.6% in cancer survivor mothers with a mean
preconceptional ovarian dose of 0.58 Gy (five mutations in 304 informative alleles) and 2.1% in
unexposed mothers (21 in 987 informative alleles) were not significantly different. There were no
differences in minisatellite mutation rates associated with treatment with chemotherapeutic agents.
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Conclusions—This study provides evidence that preconception radiotherapy for childhood or
early adulthood cancer does not increase the germline minisatellite mutation rate.
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Introduction
Although there is considerable evidence for radiation-induced germline mutation in animal
experimental models, to date, radiation has not been confirmed as a germinal mutagen
causing genetic disease in humans (United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) 2001, Biological Effects of Ionizing Radiation (BEIR) VII
2006, International Commission on Radiological Protection (ICRP) 2007, Wyrobek et al.
2007). Epidemiological studies on a range of adverse pregnancy outcomes have shown no
evidence of germline mutagenesis in the atomic bomb survivors (Neel et al. 1990) or in
cancer survivors treated with radiotherapy (Boice et al. 2003). In addition, a recent review of
studies of radiation workers concludes that there is no increased risk of leukaemia or other
childhood cancers associated with occupational paternal preconception exposure (Draper
2008). Consequently, in the absence of direct data, risks of radiation-induced genetic disease
in humans have been derived by applying mouse data on radiation-induced mutation rates to
human data on spontaneous frequencies of genetic diseases (UNSCEAR 2001, BEIR VII
2006, ICRP 2007).

Spontaneous mutation rates at loci associated with human genetic diseases are very low and
technological limitations in identifying such low frequency events are likely to have
hampered their detection, rather than a human resistance to their induction (Wyrobek et al.
2007). This has led to a search for other genetic markers of radiation-induced germline
mutation, which might allow a quantification of radiation genetic risk. Minisatellite
mutations at hypervariable loci have been suggested as a model for the study of radiation-
induced human germline mutation (Dubrova 2003a, Dubrova 2006), as mutations in
minisatellite regions are approximately 1000 times more common than mutations in genes
that code for proteins (Debrauwere et al. 1997). Minisatellites are tandemly repeated regions
of DNA which occur at a high frequency throughout the genome and some of these repeat
DNA sequences exhibit high frequencies of spontaneous germline mutations to new allele
lengths. Screening for length changes provides the opportunity to detect induced germline
mutations using relatively small population samples.

Initial studies of populations contaminated by the Chernobyl accident living in Belarus
(Dubrova et al. 1996, 1997) and Ukraine (Dubrova et al. 2002a) reported statistically
significant increases in paternal, but not maternal, minisatellite mutation rates in the
offspring of those exposed, which correlated with estimated environmental contamination
with radionuclides. In a similar study, a significantly increased rate of paternal minisatellite
mutation, which extended to a second generation, was observed in a population living
around the Semipalatinsk nuclear test site in Kazakhstan (Dubrova et al. 2002b). A
population living along the Techa river, contaminated by discharges from the Russian
Mayak plutonium facility, also demonstrated a statistically significant increase in the
germline mutation rate of exposed fathers (Dubrova et al. 2006).

In contrast, other studies of radiation-exposed populations have failed to demonstrate
increases in the rate of minisatellite mutations. No statistical differences in minisatellite
mutation rates were observed among children of Ukrainian (Livshits et al. 2001) and
Estonian (Kiuru et al. 2003) Chernobyl cleanup workers conceived before the accident
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compared with children born after the accident. Two further studies of Chernobyl cleanup
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). A study of Japanese atomic bomb survivors and their offspring, using
the same eight hypervariable minisatellite loci analysed in studies by Dubrova and
colleagues, failed to detect an increase in the germline mutation rate (Kodaira et al. 1995,
2004). An analysis of sperm DNA from seminoma patients taken both before and after
radiotherapy treatment also failed to find an increase in minisatellite mutations (May et al.
2000). Similarly, in a forerunner to the present work, no increase in minisatellite mutations
was observed in a pilot study of childhood cancer survivors and their families, which
compared those survivors treated with radiotherapy with their unexposed partners (Rees et
al. 2006). Finally, the hypothesis that a proportion of childhood leukaemia cases might be
associated with an increase in minisatellite germline mutations resulting from parental
exposure could not be sustained, when no increase in inherited germline minisatellite
mutations was found in children with leukaemia (Davies et al. 2007).

The failure to find an increase in maternal minisatellite mutations in previous studies is
thought to reflect the difference in gametogenesis between the two sexes (Dubrova et al.
2002a, 2006). In males the stem cell spermatogonia continue to undergo meiosis to produce
mature sperm throughout adult life, whereas in females oocytes are formed during
embryogenesis and remain arrested until the onset of puberty. Thus it is postulated that
radiation induction of minisatellite mutations in the maternal germline will only be detected
in females irradiated during the early stages of gestation. The present study has, therefore,
concentrated on male cancer survivors, and extends from 24 families to 100 families an
earlier pilot study (Rees et al. 2006), in order to obtain a more precise assessment of the
impact of pre-conception gonadal exposure to radiation on minisatellite mutation. The work
is part of an ongoing international study investigating adverse reproductive outcomes in
childhood and young adult cancer survivors (Boice et al. 2003, www.gcct.org).

Materials and Methods
Study Cohort

Blood samples were collected from Danish survivors of childhood and young adult cancer
treated with radiation, their partners and offspring. Patients were identified from the Danish
Childhood Cancer Survivor Cohort as previously described (Rees et al. 2006), although for
the present study age at cancer diagnosis was increased from 20 to 35 years or under. All
participating families gave informed consent. In the pilot study, samples were collected from
28 families and 24 families were successfully screened for minisatellite mutations (Rees et
al. 2006). Samples from a further 76 families were obtained in two separate collections of 30
and 46 families. Whole blood was frozen within three hours of collection and shipped to
Westlakes Research Institute, UK, for DNA extraction using standard techniques
(FlexiGene, Qiagen, West Sussex, UK).

To ensure anonymity, all family samples were coded at the time of collection. Each of the
76 families in this study extension was assigned a study number (T29 – T106), and each
sample given an additional suffix -01 and -02 for parents and -03, -04, -05 and so on for
offspring. Two families, T69 and T88, who were initially identified, failed to provide
samples. All samples were analysed blinded as to which parent was the cancer survivor.
Approval for the study was obtained from the Danish Scientific Ethical Committee and the
Danish Data Protection Agency.

A different method was adopted for confirmation of maternity, paternity and sample identity
to that used previously. Briefly, for families T01 – T28 in the pilot study (Rees et al. 2006) a

Tawn et al. Page 3

Int J Radiat Biol. Author manuscript; available in PMC 2013 September 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.gcct.org


polymerase chain reaction (PCR) based assay utilising four stable minisatellite loci,
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) was implemented. However, for families T29 – T106, the Applied Biosystems
(Warrington, UK) AmpFlSTR COfiler PCR amplification kit, which amplifies six
tetranucleotide short tandem repeat loci (D3S1358, D16S539, TH01, TPOX, CSF1PO,
D7S820) plus a segment of the sex-specific amelogenin locus was utilised. Semi-automated
analysis of PCR products was carried out on an ABI 310 genetic analyser platform, the data
files generated were then analysed using Genotyper 2.X software (Applied Biosystems). For
both procedures, a mismatch between parent and offspring at two or more loci was
considered to be a non-paternity or non-maternity. No mismatches were found.

In the final collection of 46 families, where all the cancer survivors were male, identification
analysis was carried out after minisatellite mutation analysis to avoid any bias when scoring
mutations. There were no exclusions based on non-paternity or non-maternity and all 76
families were included. The final study population, including the 24 families from the pilot
study, comprised 100 families with 170 offspring: 75 fathers were cancer survivors with 129
offspring and 25 mothers were cancer survivors with 41 offspring. Family T92 consisted of
a cancer survivor father who had two offspring with his first wife and two offspring with his
second wife. This is reflected in the final data set as 75 male cancer survivors with 76
unexposed partners.

Testicular or ovarian 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 modeling
(Stovall et al. 2004).

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 (20q13), 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 provided by
Professor Yuri Dubrova, University of Leicester, UK. PCR products were purified and
ligated into the cloning vector pGEM-T easy (Promega, Southampton, 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, West Sussex, UK) and probe purified by restriction digest with Eco RI (New
England Biolabs, Hitchin, UK) followed by gel extraction using a QiaQuick gel extraction
kit (Qiagen). MS probes were a gift from Professor Alec Jeffreys, University of Leicester,
UK.

Minisatellite mutation analysis
Five micrograms of genomic DNA was digested with restriction enzyme Alu I (New
England Biolabs) and electrophoresed on a 30 cm 0.8% agarose gel in 1x Tris-Borate-EDTA
(ethylenediaminetetraacetic acid) (TBE) buffer (Sigma-Aldrich Company Ltd, Dorset, UK)
containing 0.5 μg/ml ethidium bromide (Sigma-Aldrich) overnight at 110V to separate. The
DNA was then denatured, neutralised and transferred to a nylon membrane (Magnacharge,
Genetic Research Instrumentation, Braintree, UK) where it was fixed by ultra-violet (UV)
cross-linking. Minisatellite probes were random prime labelled using a BioPrime DNA
labelling system (Invitrogen, Paisley,UK) and hybridised to the immobilised DNA/nylon
membrane during an overnight incubation at 42°C. Detection and visualisation of the
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resulting DNA bands was achieved using a KPL Detector AP Chemiluminescent Blotting
Kit (Insight Biotechnology Limited, Wembley, UK) and exposing the membranes to
Hyperfilm (Amersham Biosciences, Little Chalfont, UK) for exposure times of 5 minutes to
6 hours. Blots were independently scored by two different assessors and also digitally using
Phoretix 1D software (Non-Linear Dynamics, Newcastle upon Tyne, UK) using a 1 Kb
ladder (Promega, Southampton, UK) for size reference across the well resolved 1 – 23 Kb
region. Following exposure, membranes were stripped of the hybridised probe in 1 litre of
boiling 0.1% sodium dodecyl sulphate (SDS) (Sigma-Aldrich) and stored in 0.03 M sodium
citrate, 0.3 M sodium chloride, pH 7 (2xSSC) (Sigma-Aldrich).

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. Any small suspected mutations
were run on a second gel for a longer time period to resolve the size difference between
parental and offspring bands.

Statistical Analysis
The distribution of mutations was tested for evidence against a Poisson distribution using a
χ2 test. 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, and then
dividing by the total number of loci analysed. Individual locus and total mutation rates were
compared using Fisher's exact test (two-tailed).

Results
Data on cancer type, age at treatment, radiation dose to the gonads, presence or absence of
chemotherapy, number of offspring analysed per family and time from end of treatment to
birth of offspring, are presented for exposed fathers in Table I and exposed mothers in Table
II. All offspring in this study were conceived after cancer treatment had finished and
therefore the dose to the gonads represents the pre-conception gonadal dose. Time from end
of treatment to birth of offspring is given to the nearest year. Offspring conceived within the
first six months following paternal radiation treatment, and therefore born within 15 months
of treatment ending, will be associated with post-spermatogonial irradiation, whereas those
born later will be the product of sperm derived from stem cell spermatogonial exposure. A
more detailed analysis identified three families of male cancer survivors where one child
was born within 15 months of end of treatment: family T29 had a child born 9 months after
the end of the father's first session of treatment, family T84 a child born 14 months after
treatment and family T87 a child born 9 months after treatment. The first child in family T29
had a paternal mutation as did the later child born three years after completion of all
treatment, but the mutations were different. The offspring from families T84 and T87 had no
mutations. The remaining 126 offspring born to male cancer survivors were the products of
sperm which had developed following spermatogonial irradiation.

Mean parental ages at birth of offspring were similar for the exposed and unexposed parents.
Paternal ages were 33 years (range 23 – 51 years) for male cancer survivors and 30 years
(range 22 – 47 years) for the unexposed partners of female cancer survivors. Maternal ages
were 29 years (range 19 – 36 years) for exposed female cancer survivors and 30 years (range
31 – 42 years) for the unexposed partners of male survivors.
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Minisatellite mutation results for 170 offspring from 100 families are presented in Table III.
In a few families not all loci were informative and this is reflected in differences in the total
number of alleles analysed for each loci. In the study group as a whole, 99 mutations were
identified in 170 offspring. Seventy-three mutations were of paternal origin and 26 of
maternal origin, resulting in a paternal mutation rate of 5.6% (73 mutations in 1293 alleles)
and a maternal mutation rate of 2.0% (26 mutations in 1291 alleles). Of the 73 mutations in
paternal alleles, 56 occurred in offspring of fathers exposed to radiation compared to 17 in
offspring of unexposed fathers (Table III). Comparison of paternal mutation rates of 5.6% in
the exposed fathers (56 mutations in 998 alleles) and 5.8% in the unexposed fathers (17
mutations in 295 alleles) revealed a difference of 0.2% with 95% confidence limits for the
difference of −2.7% and 3.9%. The overall rate ratio was 0.97 (95% CI 0.51–1.68). No
statistically significant difference was found between the groups, either overall (p = 0.89) or
at any single locus (Table III). A mutation rate of 1.6% was observed in the exposed
mothers (5 mutations in 304 alleles) compared with a mutation rate of 2.1% (21 mutations in
987 alleles) in the unexposed mothers (Table III). The difference was 0.5% with 95%
confidence limits of −2.0% and 2.0%. The overall rate ratio was 0.77 (95% CI 0.29–2.05).
Again, there was no significant difference between the two groups (p = 0.82).

The 129 offspring of exposed fathers were divided into four dose groups of roughly equal
numbers with increasing testicular doses (<0.10 Gy, 0.10 – 0.99 Gy, 1.00 – 1.99 Gy, ≥ 2.00
Gy), and the paternal minisatellite mutation rates for the four groups were compared with
that in 41 offspring of unexposed fathers (Table IV). No significant differences from control
offspring were found with p values of 1.00, 0.85, 0.54 and 1.00 respectively. No indication
of a dose-response pattern was seen, i.e., the trend in mutation rates over categories of
testicular dose was negative and the p-value for trend was 0.17. Similarly no difference was
found between the paternal mutation rate in the offspring of unexposed fathers and the rates
in offspring of fathers with additional treatment with chemotherapeutic agents (p = 0.46) or
those whose fathers had only received radiotherapy (p = 0.88) (Table IV). Because the
maternally exposed offspring comprised a much smaller group, no subgrouping into dose
categories was possible. However, a breakdown of maternal mutations in offspring of
mothers who had and had not also received chemotherapy revealed no difference in
mutation rates in comparison with offspring of the control group of unexposed mothers (p =
0.23 and 0.53 respectively) (Table V).

The distribution of mutations between individual offspring is presented in Table VI. For
total mutations there was no deviation from Poisson expectations for the group as a whole (p
= 0.72) nor for offspring of exposed fathers (p = 0.72) or mothers (p = 0.73). Subdivision
into paternal and maternal mutations revealed no deviation from expectations for paternal
mutations for the whole group (p = 0.81) nor was there any difference between the
distributions in offspring of exposed fathers (p = 0.66) and nonexposed fathers (i.e. partners
of exposed mothers) (p = 0.66). However, maternal mutations were overdispersed in the
group as a whole (p = 0.004). For the small group of 41 offspring of exposed mothers, there
were only 5 maternal mutations in total and the test for Poisson distribution did not reach
significance (p = 0.12). However, the distribution of mutations in the larger group of 129
offspring of unexposed mothers (i.e. exposed fathers) did suggest overdispersion (p =
0.016). Table VII presents the distribution of offspring with paternal mutations in families
with two or more offspring. Applying the binomial distribution to derive expected values
indicates no deviation from expectations.

Discussion
In a recent review of available information on the association between radiation exposure
and germline minisatellite mutations in humans, Bouffler et al. (2006) concluded that the
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data are inconsistent and no firm conclusions can be drawn. It is noted that not all studies of
exposed human populations have exhibited raised mutation rates. Those populations with
elevated rates were living in areas contaminated with radionuclides where the accuracy of
dosimetry and the influence of potential confounders are an issue, whereas populations with
predominantly external radiation exposure, with robust dose reconstruction methods applied
to individuals, have not demonstrated raised rates. Moreover, no reliable dose-response
relationships have been demonstrated.

Bouffler et al. (2006) also note that germline mutation at human minisatellite loci is often
the result of multiple mutational changes and that no single model can account for the
different types of mutation. Whilst initiation by DNA double strand breaks has been
postulated, and may therefore indicate a role for radiation exposure, it has also been
suggested that the mutation process is driven by staggered nicks into the repeat array leading
to intra-allelic exchange, or by meiotic recombination.

Studies of hereditary effects in the offspring of cancer survivors can provide meaningful
information on radiation risks (Boice et al. 2003). Survivors of childhood and young adult
cancer have detailed dosimetry records that enable accurate assessments of gonadal doses.
Thus, in this study, the mean preconception dose to the testes of 1.23 Gy (range 0.00 – 6.40
Gy) for the male survivors and the mean preconception dose to the ovaries for female
survivors of 0.58 Gy (range 0.01 – 9.20 Gy) (Tables I and II) can be stated with considerable
certainty. However, in an analysis of the mutation rates at the eight most frequently studied
hypervariable minisatellite loci, no increase in germline mutation rate was observed in
parents who had received radiotherapy as part of their treatment for childhood or young
adult cancer. Moreover, detailed analysis of male survivors in four dose groups revealed no
evidence of a dose response, i.e., the trend was negative, with all dose groups having similar
mutation frequencies which did not differ significantly from the control group.

The negative findings are in agreement with those found in other studies of populations
which have been exposed acutely, or within a short time period, and for which the dosimetry
is reasonably well defined (May et al. 2000, Livshits et al. 2001, Kiuru et al. 2003, Kodaira
et al. 1995, 2004, Furitsu et al. 2005). Moreover, the mean frequencies for paternal
mutations in the present study are similar to those obtained in the same laboratory, using the
same technique, in a preliminary analysis of minisatellite mutation rates associated with
paternal occupational exposure to radiation (Rees et al. 2008). The mean mutation rate for
the same eight loci was 5.7% for the control group with a mean occupational preconception
dose of 7.5 mSv (range 0.0 – 40.7 mSv) and 5.1% for the exposed workers with a mean
occupational preconception dose of 192.6 mSv (range 50.8 – 739.1 mSv). In addition to
radiation treatment, some cancer survivors also received treatment with chemotherapeutic
agents (Tables I and II) but this was not found to influence mutation frequencies (Tables IV
and V).

It has been suggested that minisatellite mutation induction, rather than being the result of a
directly targeted insult, may be influenced by a more general genomic instability, which
affects meiosis (Dubrova 2003b). Thus some individuals might be resistant to minisatellite
mutation induction whereas others are more susceptible. If so, it might be expected that the
distribution of mutations between individual offspring may be skewed, with more
individuals having two or more mutations than if the mutations were distributed according to
chance. Consideration of the distribution of all mutations in all offspring revealed no
deviation from Poisson expectations (Table VI). Neither was there any suggestion of
overdispersion when paternal mutations were examined in all offspring nor when offspring
of exposed and nonexposed fathers were considered separately. Our findings for paternal
mutations are in agreement with those of Kodaira et al. (2004) who reported no deviation
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from randomness in the distribution of both paternal and maternal mutations in the offspring
of atomic bomb survivors. In contrast, in the current study, maternal minisatellite mutations
in the group as a whole were significantly overdispersed (Table VI). This deviation from
Poisson expectations was also observed in the offspring of unexposed mothers but the
number of maternal mutations in the group of offspring of exposed mothers was too small to
draw conclusions. The overdispersion observed in maternal mutations between individuals
should be viewed with some caution since it is driven by only a few individuals. However, it
might be productive to explore this further since it could be postulated that this
overdispersion is indicative of individual variation in the stability of the genome during
maternal meiosis. Any influences on this would have had to occur whilst the mother was in
utero since oogenesis occurs during embryogenesis.

Since some families had two or more offspring, the distribution of mutations between
families could be examined, and thus the possibility of familial minisatellite mutations or the
influence of differences in familial genomic stability could be evaluated. The number of
maternal mutations was low and in no family did more than one offspring carry maternal
mutations. Of 58 families with two or more offspring, eight families had two or more
offspring who carried paternal mutations, seven of these had exposed fathers and one had an
exposed mother. However, in no family was the same mutation seen in more than one
offspring and the distribution of offspring with paternal mutations between these 58 families
(Table VII) did not deviate from random expectations. The one outlier was family T56
which comprised four offspring, all with paternal mutations, born to a male cancer survivor
who had been treated for testicular seminoma and received a testicular dose of 0.45 Gy.
Overall, however, there was no suggestion of any familial genomic instability.

In summary, this study found no evidence of an increase in germline minisatellite mutations
associated with radiation treatment for childhood and young adult cancer. The distribution of
paternal mutations between individuals and families did not deviate from random
expectations, suggesting that a more general inherited instability affecting mutation
induction was unlikely. The finding of overdispersion in the distribution of maternal
mutations between individuals, however, may be indicative of a more generalised effect
during female meiosis. In light of the small number of maternal mutations, this finding
should be viewed with caution and needs to be verified in a larger population. In the search
for a measure of radiation-induced germline mutation in man, it is important to develop an
understanding of the mechanisms of mutation induction and how these mechanisms might
be influenced by radiation exposure. Future studies might be better to focus on molecular
genetic changes known to be or suspected as being more specifically associated with
disease, which would give a more direct measure of health risk.

Acknowledgments
We thank the Danish families for participating in this study and Brian Møllgren, Rigshospitalet, for collection of
blood samples. Kelly Johnstone and Laura Carter, Westlakes Research Institute, provided technical assistance.
Dosimetry data were provided by Rita Weathers, Catherine Kasper and Susan Smith, The University of Texas M.D.
Anderson Cancer Center. Statistical advice was given by Robert Tarone, International Epidemiology Institute and
greatly appreciated. Permissions were granted from the Danish Data Protection Agency (2001-41-1113) and the
Danish Scientific Ethical Committee ([KF] 01 – 150/01 & [KF] 11 – 129/02). The work was supported by a grant
from the National Cancer Institute, USA (Grant number 5RO1 CA104666) through Vanderbilt University Medical
Center, USA.

References
Biological Effects of Ionizing Radiation. BEIR VII Phase 2. National Academies Press; Washington,

USA: 2006. Health Risks from Exposure to Low Levels of Ionizing Radiation.

Tawn et al. Page 8

Int J Radiat Biol. Author manuscript; available in PMC 2013 September 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Boerwinkle E, Xiong W, Fourest E, Chan L. Rapid typing of tandemly repeated hypervariable loci by
the polymerase chain reaction: Application to the apolipoprotein B 3' hypervariable region.
Proceedings of the National Academy of Sciences, USA. 1989; 86:212–216.

Boice JD Jr, Tawn EJ, Winther JF, Donaldson SS, Green DM, Mertens AC, Mulvihill JJ, Olsen JH,
Robison LL, Stovall M. Genetic effects of radiotherapy for childhood cancer. Health Physics. 2003;
85:65–80. [PubMed: 12852473]

Bouffler SD, Bridges BA, Cooper DN, Dubrova YE, McMillan TJ, Thacker J, Wright EG, Waters R.
Assessing radiation-associated mutational risk to the germline: repetitive DNA sequences as
mutational targets and biomarkers. Radiation Research. 2006; 165:249–268. [PubMed: 16494513]

Davies BG, Hussain A, Ring SM, Birch JM, Eden TOB, Reeves M, Dubrova YE, Taylor GM. New
germline mutations in the hypervariable minisatellite CEB1 in the parents of children with
leukaemia. British Journal of Cancer. 2007; 96:1265–1271. [PubMed: 17387343]

Debrauwere H, Gendrel GC, Lechat S, Dutreix M. Differences and similarities between various
tandem repeat sequences: minisatellites and microsatellites. Biochimie. 1997; 79:577–586.
[PubMed: 9466695]

Draper G. Preconception exposures to potential germ-cell mutagens. Radiation Protection Dosimetry.
2008; 132:241–245. [PubMed: 18977774]

Dubrova YE, Nesterov VN, Krouchinsky NG, Ostapenko VA, Neumann R, Neil DL, Jeffreys AJ.
Human minisatellite mutation rate after the Chernobyl accident. Nature. 1996; 380:683–686.
[PubMed: 8614461]

Dubrova YE, Nesterov VN, Krouchinsky NG, Ostapenko, Vergnaud G, Giraudeau F, Buard J, Jeffreys
AJ. Further evidence for elevated human minisatellite mutation rate in Belarus eight years after the
Chernobyl accident. Mutation Research. 1997; 381:267–278. [PubMed: 9434883]

Dubrova YE, Grant G, Chumak AA, Stezhka VA, Karakasian AN. Elevated minisatellite mutation rate
in the post-Chernobyl families from Ukraine. American Journal of Human Genetics. 2002a;
71:801–809. [PubMed: 12226793]

Dubrova YE, Bersimbaev RI, Djansugurova LB, Tankimanova MK, Mamyrbaeva Z, Mustonen R,
Lindholm C, Hulten M, Salomaa S. Nuclear weapons tests and human germline mutation rate.
Science. 2002b; 295:1037. [PubMed: 11834827]

Dubrova YE. Long-term genetic effects of radiation exposure. Mutation Research. 2003a; 544:433–
439. [PubMed: 14644346]

Dubrova YE. Radiation-induced transgenerational instability. Oncogene. 2003b; 22:7087–7093.
[PubMed: 14557814]

Dubrova YE, Ploshchanskaya OG, Kozionova OS, Akleyev AV. Minisatellite germline mutation rate
in the Techa River population. Mutation Research. 2006; 602:74–82. [PubMed: 16959276]

Furitsu K, Ryo H, Yeliseeva KG, Thuy LTT, Kawabata H, Krupnova EV, Trusova VD, Rzheutsky
VA, Nakajima H, Kartel N, Nomura T. Microsatellite mutations show no increases in the children
of the Chernobyl liquidators. Mutation Research. 2005; 581:69–82. [PubMed: 15725606]

International Commission on Radiological Protection. The 2007 Recommendations of the International
Commission on Radiological Protection. In: Valentin, J., editor. Annals of the ICRP. Vol. 37.
2007.

Kiuru A, Auvinen A, Luokkamaki M, Makkonen K, Veidebaum T, Tekkel M, Rahu M, Hakulinen T,
Servomaa K, Rytomaa T, Mustonen R. Hereditary minisatellite mutations among the offspring of
Estonian Chernobyl cleanup workers. Radiation Research. 2003; 159:651–655. [PubMed:
12710876]

Kodaira M, Satoh C, Hiyama K, Toyama K. Lack of effects of atomic bomb radiation on genetic
instability of tandem-repetitive elements in human germ cells. American Journal of Human
Genetics. 1995; 57:1275–1283. [PubMed: 8533756]

Kodaira M, Izumi S, Takahashi N, Nakamura N. No evidence of radiation effect on mutation rates at
hypervariable minisatellite loci in the germ cells of atomic bomb survivors. Radiation Research.
2004; 162:350–356. [PubMed: 15447048]

Lindstedt B-A, Ryberg D, Zienolddiny S, Khan H, Haugen A. Hras1 VNTR alleles as susceptibility
markers for lung cancer: Relationship to microsatellite instability in tumors. Anticancer Research.
1999; 19:5523–5527. [PubMed: 10697610]

Tawn et al. Page 9

Int J Radiat Biol. Author manuscript; available in PMC 2013 September 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Livshits LA, Malyarchuk SG, Kravchenko SA, Matsuka GH, Lukyanova EM, Antipkin YG,
Arabskaya LP, Petit E, Giraudeau F, Gourmelon P, Vergnaud G, Le Guen B. Children of
Chernobyl cleanup workers do not show elevated rates of mutations in minisatellite alleles.
Radiation Research. 2001; 155:74–80. [PubMed: 11121218]

May CA, Tamaki K, Neumann R, Wilson G, Zagars G, Pollack A, Dubrova YE, Jeffreys AJ, Meistrich
ML. Minisatellite mutation frequency in human sperm following radiotherapy. Mutation Research.
2000; 453:67–75. [PubMed: 11006413]

Neel JV, Schull WJ, Awa AA, Satoh C, Kato H, Otake M, Yoshimoto Y. The children of parents
exposed to atomic bombs: estimates of the genetic doubling dose of radiation for humans.
American Journal of Human Genetics. 1990; 46:1053–1072. [PubMed: 2339701]

Rees GS, Trikic MZ, Winther JF, Tawn EJ, Stovall M, Olsen JH, Rechnitzer C, Schrøder H, Guldberg
P, Boice JD Jr. A pilot study examining germline minisatellite mutations in the offspring of
Danish childhood and adolescent cancer survivors treated with radiotherapy. International Journal
of Radiation Biology. 2006; 2:153–60. [PubMed: 16638712]

Rees, GS.; Guyatt, L.; Jonas, PA.; Tawn, EJ.; Macgregor, DH. Germline minisatellite mutation rate in
the offspring of radiation workers from Sellafield Nuclear Facility, UK. The 21st International L H
Gray Conference: The Radiobiology/Radiation Protection Interface; Edinburgh, UK. 2008.
Abstract

Slebos RJC, Little RE, Umbach DM, Antipkin Y, Zadaorozhnaja TD, Mendel NA, Sommer CA,
Conway K, Parrish E, Gulino S, Taylor JA. Mini- and microsatellite mutations in children from
Chernobyl accident cleanup workers. Mutation Research. 2004; 559:143–151. [PubMed:
15066582]

Stovall M, Donaldson SS, Weathers RE, Robison LL, Mertens AC, Winther JF, Olsen JH, Boice JD Jr.
Genetic effects of radiotherapy for childhood cancer: Gonadal dose reconstruction. International
Journal of Radiation Oncology, Biology, Physics. 2004; 60:542–552.

Tully G, Sullivan KM, Gill P. Analysis of 6 VNTR loci by `multiplex' PCR and automated fluorescent
detection. Human Genetics. 1993; 92:554–562. [PubMed: 8262515]

Ugozzoli L, Yam P, Petz LD, Ferrara GB, Champlin RE, Forman SJ, Koyal D, Wallace RB.
Amplification by the polymerase chain reaction of hypervariable regions of the human genome for
evaluation of chimerism after bone marrow transplantation. Blood. 1991; 77:1607–1615.
[PubMed: 1672615]

United Nations Scientific Committee on the Effects of Atomic Radiation. UNSCEAR 2001 Report.
United Nations; New York: 2001. Hereditary Effects of Radiation.

Wyrobek AJ, Mulvihill JJ, Wassom JS, Malling HV, Shelby MD, Lewis SE, Witt KL, Preston RJ,
Perreault SD, Allen JW, Demarini DM, Woychik RP, Bishop JB. Assessing human germ-cell
mutatagenesis in the post-genome era: a celebration of the legacy of William Lawson (Bill)
Russell. Environmental and Molecular Mutagenesis. 2007; 48:71–95. [PubMed: 17295306]

Tawn et al. Page 10

Int J Radiat Biol. Author manuscript; available in PMC 2013 September 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tawn et al. Page 11

Table I

Male Cancer Survivors. Data on cancer type, age at treatment, testicular dose, presence or absence of
chemotherapy, number of offspring analysed per family, time from end of treatment to birth of offspring.

Patient ID Cancer type Age at
treatment

(years)

Dose to
testes (Gy)

Chemotherapy (yes/no) Number of
offspring
analysed

Time from
end of

treatment to
offspring

birth (years)

T03 Rhabdomyosarcoma 9 0.25 yes 2 17, 20

T05 Hodgkin's disease 10 1.20 no 2 16, 18

T08 Neuroblastoma <1 0.21 no 1 29

T09 Wilms' tumour 7 0.17 yes 2 21, 22

T14 Ewing's sarcoma 7 0.30 no 2 28, 31

T15 Pineocytoma 19 0.23 no 1 9

T17 Germinoma 17 0.17 yes 1 5

T18 Malignant schwannoma 19 <0.01 no 2 13, 15

T19 Hodgkin's disease 17 0.04 no 2 6, 7

T22 Wilms' tumour 1 0.21 yes 1 27

T23 Wilms' tumour 5 0.20 yes 2 21, 26

T29 Hodgkin's disease* 27 0.04, 0.15 no 2 <1, 3

T30 Hodgkin's disease 14 0.34 yes 2 13, 16

T36 Malignant lymphoma 18 0.04 yes 2 10, 16

T40 Malignant lymphoma 10 0.05 yes 2 17, 22

T42 Hodgkin's disease 27 0.03 no 2 6, 8

T43 Hodgkin's disease 29 0.07 yes 1 10

T44 Malignant lymphoma 17 0.08 no 2 10, 12

T47 Hodgkin's disease 31 0.03 yes 1 4

T48 Hodgkin's disease 20 0.04 yes 3 14, 17, 22

T49 Hodgkin's disease 29 0.03 no 2 7, 9

T50 Hodgkin's disease 5 0.08 yes 2 24, 31

T51 Malignant lymphoma 11 0.02 no 2 16, 18

T52 Hodgkin's disease 14 0.04 no 2 10, 12

T53 Testis (seminoma) 33 1.50 no 2 4, 6

T55 Testis (teratoma) 25 1.70 no 1 3

T56 Testis (seminoma) 28 0.45 no 4 2, 5, 7, 11

T57 Testis (teratocarcinoma) 30 2.40 yes 1 4

T58 Testis (seminoma) 25 4.10 no 2 5, 12

T59 Testis (seminoma) 29 2.00 no 1 2

T60 Testis (seminoma) 28 1.30 no 1 4

T61 Testis (embryonal carcinoma) 29 6.40 no 1 13

T62 Testis (seminoma) 26 1.30 no 2 3, 4

T63 Testis (embryonal carcinoma) 23 2.10 no 3 7, 9, 11

T64 Testis (seminoma) 26 1.80 no 2 2, 5

T65 Hodgkin's disease 17 0.03 no 1 16
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Patient ID Cancer type Age at
treatment

(years)

Dose to
testes (Gy)

Chemotherapy (yes/no) Number of
offspring
analysed

Time from
end of

treatment to
offspring

birth (years)

T66 Testis (seminoma) 22 2.00 no 2 3, 6

T67 Hodgkin's disease 21 1.50 no 3 7, 11, 16

T68 Testis (seminoma) 29 1.80 no 1 17

T70 Testis (seminoma) 24 1.80 no 2 4, 6

T71 Malignant lymphoma 7 2.40 no 1 18

T72 Testis (seminoma) 24 2.50 no 1 7

T73 Testis (embryonal carcinoma) 23 2.40 yes 3 4, 6, 9

T74 Testis (seminoma) 27 2.00 no 2 4, 7

T75 Testis (seminoma) 30 1.80 no 2 3, 8

T76 Testis (embryonal carcinoma
with choriocarcinoma)

27 2.20 yes 1 5

T77 Testis (seminoma) 30 4.90 no 1 7

T78 Testis (teratoma) 26 2.20 no 3 4, 8, 10

T79 Testis (seminoma) 26 1.30 no 2 3, 7

T80 Testis (seminoma) 32 0.47 no 2 4, 10

T81 Hodgkin's disease 30 0.02 yes 1 4

T82 Testis (seminoma) 30 1.80 no 1 8

T83 Hodgkin's disease 31 0.07 yes 1 2

T84 Malignant lymphoma 29 0 no 1 1

T85 Testis (seminoma) 27 5.40 no 3 4, 7, 9

T86 Testis (seminoma) 22 High no 2 19, 21

T87 Testis (seminoma) 33 0.52 no 1 <1

T89 Hodgkin's disease 22 0.10 yes 1 6

T90 Testis (seminoma) 32 4.00 no 1 5

T91 Hodgkin's disease 22 0.03 yes 1 12

T92 Hodgkin's disease 28 0.04 no 4** 2, 5, 11, 14

T93 Testis (seminoma) 28 0.45 no 2 2, 4

T94 Testis (seminoma) 31 1.80 no 2 7, 11

T95 Testis (teratocarcinoma) 25 2.50 yes 2 9, 11

T96 Testis (seminoma) 28 4.20 no 1 9

T97 Testis (embryonal carcinoma and
teratoma)

27 0.51 yes 1 4

T98 Testis (embryonal carcinoma) 32 2.40 yes 2 15, 18

T99 Testis (seminoma) 28 1.80 no 2 3, 8

T100 Hodgkin's disease 30 0.02 yes 2 4, 6

T101 Testis (embryonal carcinoma) 25 2.30 yes 2 10, 14

T102 Testis (embryonal carcinoma and
teratoma)

24 2.00 no 1 5

T103 Testis (embryonal carcinoma) 28 2.40 no 1 17

T104 Testis (seminoma) 29 1.80 no 1 3

T105 Hodgkin's disease 23 0.23 no 2 4, 9

Int J Radiat Biol. Author manuscript; available in PMC 2013 September 08.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tawn et al. Page 13

Patient ID Cancer type Age at
treatment

(years)

Dose to
testes (Gy)

Chemotherapy (yes/no) Number of
offspring
analysed

Time from
end of

treatment to
offspring

birth (years)

T106 Testis (seminoma) 30 1.80 no 1 8

Mean age at treatment 23

Mean preconceptional testicular dose for all
offspring (excluding T86)

1.23

Number offspring with parental chemotherapy
yes/no

39/90

Total number of offspring 129

Mean time from treatment to birth of offspring 10

*
First offspring conceived at end of first treatment period, second offspring conceived after all treatment completed.

**
Family 92 consisted of two offspring from each of two mothers.
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Table II

Female Cancer Survivors. Data on cancer type, age at treatment, ovarian dose, presence or absence of
chemotherapy, number of offspring analysed per family, time from end of treatment to birth of offspring.

Patient ID Cancer type Age at
treatment

(years)

Dose to
ovaries

(Gy)

Chemotherapy (yes/no) Number of
offspring
analysed

Time from
end of

treatment
to offspring

birth
(years)

T01 Hodgkin's disease 15 0.28 yes 2 18, 19

T02 Hodgkin's disease 11 0.11 no 2 21, 23

T04 Hodgkin's disease/Thyroid cancer 15/30 0.31* yes/no 1 2

T06 Teratoma <1 <0.01 no 3 18, 24, 27

T07 Hodgkin's disease 19 0.08 yes 1 7

T13 Malignant lymphoma** 20 0.05 no 1 10

T16 Hodgkin's disease 20 0.29 yes 1 8

T20 Hodgkin's disease 17 0.29 yes 2 12, 12***

T21 Hodgkin's disease 19 0.09 yes 1 6

T24 Malignant lymphoma** 14 0.01 yes 2 10, 13

T25 Neuroblastoma 1 9.20 yes 1 26

T26 Hodgkin's disease 19 0.08 yes 2 4, 7

T28 Wilms' tumour 2 1.70 yes 2 28, 28***

T31 Hodgkin's disease 18 0.74 no 2 6, 10

T32 Neuroblastoma 2 0.72 yes 1 25

T33 Malignant lymphoma 10 0.03 no 1 22

T34 Malignant lymphoma 9 3.00 yes 1 20

T35 Malignant lymphoma 9 0.13 no 2 16, 21

T37 Hodgkin's disease 14 0.09 yes 2 9, 11

T38 Hodgkin's disease 15 0.09 yes 2 18, 21

T39 Malignant lymphoma 10 0.03 no 1 17

T41 Hodgkin's disease 19 0.48 no 2 4, 7

T45 Malignant lymphoma 16 0.10 no 1 16

T46 Wilms' tumour 3 0.63 yes 2 22, 28

T54 Hodgkin's disease 16 0.24 no 3 8, 10, 18

Mean age at treatment 13

Mean preconceptional ovarian dose for all offspring 0.58

Number of offspring with parental chemotherapy
yes/no

23/18

Total number of offspring 41

Mean time from treatment to birth of offspring 15

*
Dose to gonads associated with treatment for both malignancies;

**
Diagnoses updated since their inclusion in the pilot study (Rees et al. 2006).

***
Offspring were dizygotic twins.
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Table III

Minisatellite mutations detected at eight hypervariable minisatellite loci for 170 offspring from 100 cancer
survivor families. Is this table somewhat confusing in that the top starts with exposed fathers whereas the
bottom starts with the unexposed mothers? Reverse one?

Exposed Fathers (n = 75) (Male Cancer Survivors) Unexposed Fathers (n = 25) (Partners of Female
Survivors) p

Locus No. of Mutations No. of Alleles Mutation Rate (%) No. of Mutations No. of Alleles Mutation Rate (%)

B6.7 9 115 7.8 2 36 5.6 1.00

CEB1 25 124 20.2 5 38 13.2 0.47

CEB15 4 125 3.2 2 38 5.3 0.62

CEB25 5 128 3.9 3 37 8.1 0.38

CEB36 3 122 2.5 0 32 0.0 1.00

MS1 6 128 4.7 4 38 10.5 0.24

MS31 4 127 3.1 1 37 2.7 1.00

MS32 0 129 0.0 0 39 0.0 1.00

Total 56 998 5.6 17 295 5.8 0.89

Mean Mutation Rate 5.7 5.7

Unexposed Mothers (n = 76*) (Partners of Male
Survivors)

Exposed Mothers (n = 25) (Female Cancer Survivors)

B6.7 4 117 3.4 1 36 2.8 1.00

CEB1 3 118 2.5 0 38 0.0 1.00

CEB15 2 124 1.6 0 39 0.0 1.00

CEB25 3 126 2.4 0 39 0.0 1.00

CEB36 0 117 0.0 2 38 5.3 0.06

MS1 8 129 6.2 2 39 5.1 1.00

MS31 0 127 0.0 0 37 0.0 1.00

MS32 1 129 0.8 0 38 0.0 1.00

Total 21 987 2.1 5 304 1.6 0.82

Mean Mutation Rate 2.1 1.6

p = probability Fisher's exact test, two-tailed;

*
Family 92 consisted of four offspring from two different mothers
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Table IV

Paternal minisatellite mutation rates in offspring of exposed fathers compared to that in offspring of the
control group of unexposed fathers, by testicular radiation dose and chemotherapy.

Group No. offspring Mean paternal testicular
dose (range) (Gy)

Paternal alleles Paternal mutations Paternal
mutation rate

(%)

p

Control* 41 0.00 295 17 5.8 -

Total paternal exposed 129 1.23 (0.00 – 6.40)** 998 56 5.6 0.89

Chemotherapy

 + chemotherapy 39 0.76 (0.02 – 2.50) 304 13 4.3 0.46

 − chemotherapy 90 1.43 (0.00 – 6.40)** 694 43 6.2 0.88

Testicular dose

 <0.10 Gy 37 0.04 (0.00 – 0.08) 285 17 6.0 1.00

 0.10 – 0.99 Gy 28 0.31 (0.10 – 0.52) 215 14 6.5 0.85

 1.00 – 1.99 Gy 27 1.60 (1.20 – 1.80) 208 9 4.3 0.54

 ≥2.0 Gy 37 2.90 (2.00 – 6.40)** 290 16 5.5 1.00

p = probability Fisher's exact test, two-tailed.

*
Offspring of male partners of exposed mothers;

**
Mean dose calculated excluded two offspring because of the uncertainty in the testicular dose for one male survivor;
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Table V

Maternal minisatellite mutation rates in offspring of exposed mothers compared to that in offspring of the
control group of unexposed mothers.

Group No. offspring Mean maternal ovarian
dose (range) (Gy)

Maternal alleles Maternal mutations Maternal
mutation rate

(%)

p

Control* 129 0.00 987 21 2.1 -

Total maternal exposed 41 0.58 (0.01 – 9.20) 304 5 1.6 0.82

Chemotherapy

 + chemotherapy 23 0.87 (0.01 – 9.20 168 1 0.6 0.23

 − chemotherapy 18 0.22 (0.01 – 0.74) 136 4 2.9 0.53

p = probability Fisher's exact test, two-tailed.

*
Offspring of female partners of exposed fathers;

Int J Radiat Biol. Author manuscript; available in PMC 2013 September 08.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tawn et al. Page 18

Table VI

Distribution of minisatellite mutations between individual offspring.

Study group No. of mutations p

0 1 2 3 4

Total offspring

 all mutations 98 51 16 4 1 0.72

 paternal mutations 112 45 11 2 0.81

 maternal mutations 149 16 5 0.004

Offspring of male cancer survivors

 all mutations 73 40 12 3 1 0.72

 paternal mutations 85 34 8 2 0.66

 maternal mutations 112 13 4 0.016

Offspring of female cancer survivors

 all mutations 25 11 4 1 0.73

 paternal mutations 27 11 3 0.66

 maternal mutations 37 3 1 0.12

p = probability of conforming to Poisson expectations using χ2test.
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Table VII

Numbers of offspring with paternal minisatellite mutations in families with two or more offspring.

Family size Number of families Number of offspring with mutations (expected*)

0 1 2 3 4

2 offspring 48 24 (20.9) 18 (21.5) 6 (5.5)

3 offspring 8 4 (2.3) 3 (3.6) 1 (0.3)

4 offspring 2 0 (0.37) 1 (0.78) 0 (0.6) 0 (0.21) 1 (0.03)

*
expected values based on binomial distribution
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