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vidence of genotype specific selection at the BRCA2
polymorphism N372H was originally reported by Healey
et al.1 These workers found significant evidence of a
heterozygous excess in women control samples when studying the polymorphism for breast cancer association. They
then genotyped a large series of newborn boys and girls to
examine if this effect was also seen at birth. The newborn
girls were consistent with the women but the newborn boys
were significantly different. The genotypes in the boys
appeared to demonstrate a significant deficit of heterozygotes. Healey et al suggested that sex differential viabilities
resulted in a stable allele frequency, but this was not formally
investigated. We wanted to explore further this apparent sex
specific selection in two ways; to refine the estimates of
fitness, and we examined the mathematical properties of the
sex specific selection model to determine if the data were
consistent with a stable equilibrium.
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METHODS
Three control populations were available for additional
genotyping. These were blood donors, colon cancer controls,
and mammography screening control women. Anonymous
blood donors were recruited from the Sheffield Blood
Transfusion Service in 1996, and their ages and sexes were
recorded. Blood DNA samples were obtained for the
mammography screening series of controls from white
women attending for routine mammography screening at
the Sheffield Breast Screening Service between September
2000 and August 2002. Women’s DNA samples were included
in the study if the mammogram showed no evidence of a
breast lesion. All women resident in Sheffield and on the
Community Health Index, who are between the ages of 50
and 65, are invited to attend for screening every three years,
and the uptake in Sheffield is 81.2%. Ethical approval for
this study was obtained from the South Sheffield Research
Ethics Committee and informed written consent was
obtained from all subjects. Colon cancer controls were
selected for the north of England and Scotland colon cancer
study. An age and sex matched control was identified for
each colon cancer patient in the study. A full description of
the ascertainment of the controls (and cases) is described by
Barrett et al.2 We genotyped two male samples, 761 blood
donors and 231 colon cancer controls, and three female
groups, 389 blood donors, 188 colon cancer controls, and 957
mammography screening control women. The genotyping
was carried out using the same protocol as specified in Healey
et al.1 We also searched the literature for further reports of
this polymorphism with the objective of performing a full
joint analysis.
Our literature search (for ‘‘Arg372His’’ or ‘‘N372H’’ or
‘‘BRCA2 polymorphism’’) identified four further publications. One of these3 presented two female control populations. In a second study of three Chinese populations,4
frequencies were not reported by sex. The third study5 used
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Sex specific selection at the BRCA2 N372H locus has
previously been suggested. We have examined the
evidence for sex differential selection at this locus.
Firstly, control samples have been genotyped and
these, together with all published data on the N372H
polymorphism, have been incorporated into a joint
analysis to refine estimates of genotype viability.
Secondly, we consider the properties of a mathematical model for sex differential selection, to ensure that the
estimates are consistent with a stable polymorphism.
We find viabilities which are consistent with a stable
polymorphism.
Examination of the mathematical model indicates that
the dramatic heterozygote disadvantage originally
reported in males would not result in a stable
polymorphism.
There is significant evidence consistent with a heterozygote advantage in females, and no evidence of
genotype specific selection in males.

controls in a breast cancer study that had previously been
reported by Auranen et al3 in a study of ovarian cancer. The
remaining study6 reported previously unpublished frequencies for Japanese female controls.

Statistical methods and definition of terms
The aim of this study is to refine the estimate of the viabilities
using a joint analysis. In the context of this work we use the
terms ‘‘fitness’’ and ‘‘viability’’ to represent the same
quantity, probability of survival. To estimate genotype
viability a population must be observed from birth to some
specific age. Viability is then estimated as the proportion of
deaths occurring in that time frame. However, we do not
have observations over generations. The samples available to
us are all adult controls, who are essentially survivors. We
can only estimate viability relative to some expectation. We
assume that the population frequency of the polymorphism is
at equilibrium and does not change from one generation to
the next. We also expect that at conception or birth the
genotype frequencies will be consistent with random mating
in the adult population. ‘‘Relative viability’’ is the viability of
one genotype relative to another (the ratio of the two
viabilities). These relative viabilities can be estimated from
the observed genotypes counts (for explicit formulae see
Weir7). The relative viabilities reported in this analysis are
relative to the heterozygote viability.
Our analysis will involve the use of a random effects
model. Such a model imposes a structure in that it is assumed

www.jmedgenet.com

J Med Genet: first published as 10.1136/jmg.2003.017293 on 2 July 2004. Downloaded from http://jmg.bmj.com/ on January 21, 2021 by guest. Protected by copyright.

Heterozygote excess is repeatedly observed in females at
the BRCA2 locus N372H
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ln(a),N(0,1/sigap); sigap,gamma(1000,1000)
ln(c),N(0,1/sigcp); sigcp,gamma(1000,1000)

Each population allele frequency is then sampled from the
same beta distribution, with x and y sampled from uniform(0,1000):

N

pi,Be(x, y)

The natural logarithm of each population viability is sampled
from a normal distribution:

N
N

ln(ai) ,N(ln(a),1/siga); siga,gamma(1000,1000)
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RESULTS
The full set of results for this polymorphism, consisting of 12
female and 3 male control samples, is presented in table 1.
Fig 1 displays the point estimates and 95% confidence
intervals for the estimated viabilities of genotype NN relative
to NH. We have estimated the viability assuming that the
system is at equilibrium so that the allele frequency does not
change from one generation to the next.7 When both sexes
have been studied in the same population, the allele
frequencies are remarkably similar with more variation seen
between than within samples. If the genotype frequencies
observed were as predicted under Hardy-Weinberg equilibrium, then all the genotype viabilities would be close to or
equal 1. Fig 1 shows that 10 of the 12 female populations
have homozygote viability estimates of less than 1. Of the two
additional male samples one shows a heterozygote excess
while the other shows a weak heterozygote deficit. What is
apparent from the figure is that not one of the female
samples alone is statistically significant. Healy et al1 were able
to demonstrate that this heterozygote advantage was a
consistent feature by performing a composite likelihood ratio
test. The only viability that was significantly different from 1
in a single sample was that for newborn boys.
As there was no evidence that sex specific allele frequencies differ we assumed that allele frequency was the same in
both sexes. Therefore the model consists of three random
effects, the allele frequency, and the sex specific relative
viability of genotype NN. The results of fitting such a random
effects model can be seen in fig 2.
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The change in the point estimates and confidence intervals
for each sample population reflects the structure imposed by
the random effects model. The confidence intervals for
population specific relative viability are all slightly smaller.
This is due to some of the variability now being accounted for
by the underlying distribution. There is evidence that the
underlying mean female viability for genotype NN, estimated
to be 0.95, is significantly different from 1, (95% confidence
interval, 0.91–0.99). However the estimate of 1.01 for the
mean underlying fitness of NN in men implies no differential
viability for men but the confidence interval is very wide
(95% confidence interval, 0.89–1.12). The estimate for
underlying population allele frequency was 0.73 (95%
confidence interval, 0.71–0.74) and the relative viabilities
for the genotype HH were 0.87 (95% confidence interval,
0.76–0.97) and 1.02 (95% confidence interval, 0.74–1.31) in
women and men respectively.
These analyses have attempted to estimate the underlying
sex specific viabilities assuming the system is at equilibrium,
in that allele frequencies are not modified at each generation.
The model used is in no way restricted so that parameters
need to be consistent with a stable equilibrium. We therefore
need to explore the parameter space analytically to identify
the conditions under which a stable solution is achieved.
Mathematical analysis of conditions necessary for a
stable polymorphism
In a simple selection model for a single autosomal locus in an
infinite, randomly mating population with constant viabilities that are the same in two sexes, the behaviour is
straightforward.9 Population fitness will increase steadily.
With heterozygote advantage, allele frequencies will be
driven to a stable polymorphism, while heterozygote disadvantage will always lead to fixation of one or other allele.
In the case where there are different viabilities in the two
sexes the dynamics are far more complex. Suppose that in
generation t the frequencies of allele N are p(t) and r(t) in
women and men respectively, (with q(t) = 12p(t) and
s(t) = 12r(t) the frequencies of allele H). The viabilities of
genotypes NN, NH, and HH are a, h, and b in women, and c,
k, and d in men. We can rescale so that h = 1 and k = 1,
which leaves essentially four parameters. In the particular
case where there is no selection in one sex (for example,
c = k = d) then it can be proved that there is a stable
polymorphism if, and only if, h.a, b and that the system will
converge to it.10 In general, the behaviour is more complex. It
has been demonstrated11 that there can be three internal
equilibria either with one of these parameters stable and the
others unstable or vice versa.
Depending on the specific values of the viabilities the
patterns of stable and unstable equilibria fall into one of six
types. Since if we list the equilibria in sequence of increasing
p they must be alternately stable and unstable (assuming
there are no neutral equilibria which can occur in pathological cases), we can represent the possible systems as a list
of Us (unstable) and Ss (stable), with the first entry for p = 0
and the last for p = 1—that is, US( = SU), USU, SUS,
USUS( = SUSU), USUSU, and SUSUS where the equalities
just reflect swapping alleles N and H and do not create
qualitatively different systems. The qualitative dynamic
behaviour of p(t) and r(t) is shown in fig 3. It has been
shown that the system will converge to an equilibrium,
irrespective of the starting position.12 In general that will be a
stable equilibrium but convergence to an unstable equilibrium will occur if the initial allele frequencies are precisely
on the separatrix (the lines which separate the basins of
attraction for the stable equilibria). Which of the six pictures
is appropriate for any particular set of viabilities can be
determined relatively easily. The possible internal equilibria
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that the true mean viability for each sampled population is
itself sampled from an underlying distribution. Viewing the
problem in this way enables us to make inferences about
the mean and variance of this underlying distribution. This
is effectively our main interest in this analysis, to see if
the underlying relative viabilities are significantly different
from 1.
These random effects models were fitted using WinBUGS
1.3.8 Fitting such a model requires specification of prior
distributions for all model parameters as follows:
The model assumes that each population genotype viability
and population allele frequency has been drawn from an
underlying distribution. In female populations let ai denote
the viability (relative to genotype NH) for genotype NN in
population i, and let bi denote the female viability for
genotype HH in population i. Similarly cj and dj denote the
viabilities for genotypes NN and HH relative to genotype NH
in males in population j.
The prior distributions and basic model were specified as
follows:
The prior distributions of the logarithms of the underlying
relative viabilities a and c are as follows, with mean 0, and
large variance:
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Table 1 Sex specific genotype frequencies and fitness estimates
NN

NH

UK
UK
UK
Germany
Finland
UK
UK
UK
UK

138
631
124
433
277
590
192
98
466

115
493
94
373
152
485
172
72
410

Japan
Australia
Australia

95
139
439

UK
UK
UK

644
381
115

HH

Total

Fitness NN

Fitness HH

Allele frequency N

Healey1
2
Healey
Healey3
4
Healey
5
Healey
Healey6
Blood donors
Colon cancer controls
Mammography screening
control women
Ishitobi
Auranen1
2
Auranen

13
77
10
60
24
75
25
18
81

266
1201
228
866
453
1150
389
188
957

0.86
0.94
0.88
0.92
1.03
0.93
0.89
1.10
0.97

0.63
0.84
0.64
0.81
1.11
0.81
0.73
1.24
0.93

0.73
0.73
0.75
0.72
0.77
0.72
0.71
0.71
0.70

56
123
322

3
20
54

154
282
815

0.86
0.92
0.98

0.43
0.80
0.94

0.80
0.71
0.74

435
329
95

116
51
21

1195
761
231

1.15
0.91
1.02

1.38
0.78
1.05

0.72
0.72
0.70

Males
Healey6
Blood donors
Colon cancer controls

Healey1–6 are the data published in Healey et al.1
6
Ishitobi refers to the data published in Ishitobi et al.
Auranen1 2 are the controls published in Auranen et al.3
The fitness is relative to genotype NH and is computed separately for each sex specific group.
Italics indicate which data came from the original first report.

can be derived as the roots in (0,1) of a certain cubic equation
(derived from the recurrence equations for p(t) and r(t) and
not given here), and the stability of the equilibria at p = r = 0
and p = r = 1 can easily be obtained.13
Equilibrium (p = r = 0) is stable if (h/b+k/d),2 and
unstable if (h/b+k/d).2.
Similarly the solution (p = r = 1) is stable if (h/a+k/c),2
and unstable if (h/a+k/c).2.

It can thus be demonstrated that the point estimates for
the sex specific viabilities originally reported1 (that is,
a = 0.93, b = 0.81, c = 1.15, d = 1.38) identify two external
stable equilibria. Moreover there exists a single internal
equilibrium which is therefore unstable (SUS). In fact the
viabilities reported originally were a special case in that they
presupposed that the allele frequencies at equilibrium were
the same in both sexes, which implies that we can write the

Figure 1 Means and confidence intervals for viability of genotype NN relative to NH. BD, blood donors; CC, colon cancer controls; MM,
mammography screening control women; m, male.
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Country of origin
Females
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Figure 3 Representation of the six qualitatively distinct dynamical behaviours of (p(t), r(t)). Arrows indicate movement of (p(t), r(t)) to a stable
polymorphism. Arrows along the curves (separatrices) indicate the (pathological) convergence to an unstable polymorphism.
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Figure 2 Random effects: means and confidence intervals for sex specific viability of genotype NN relative to NH. Each column represents the mean
and confidence interval for the sex specific viability. The first 12 columns correspond to the first 12 rows in table 1, after a random effects model has
been superimposed. Column 13 (Fem-fit-NN) represents the underlying relative viability for genotype NN in women. Columns 14–17 represent the
underlying relative viability for genotype NN in men, corresponding to the last three rows in table 1, after a random effects model has been
superimposed. The final column shows the mean and 95% confidence interval for the underlying relative genotype viability in men. BD, blood donors;
CC, colon cancer controls; MM, mammography screening control women; m, male.
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DISCUSSION
This BRCA2 polymorphism has been studied predominantly
in female populations. The analysis of our own three datasets
plus the nine distinct published female populations presents
evidence that there is a consistent heterozygote advantage in
women, with viabilities for both homozygotes significantly
different from 1. The first report1 found strong evidence that
the frequencies in newborn boys and girls were different.
However, our analysis of the three male populations finds no
evidence that the relative genotype viabilities are significantly
different from 1, and in fact there is no statistical evidence
that the male and female viabilities are different from each
other.
It could be argued that there is some evidence for
differences between the newborn and adult male viabilities.
However, no such difference was seen in the female sex and
such a strong heterozygote deficit in the newborns could not
be swept out of the male population during life as this would
amount to an impossibly high number of deaths. So it is most
likely that much of the apparent differences between the
male samples are due to chance.
What is noteworthy is the apparently stable allele
frequency, which is very similar in all populations examined,
and exhibits little or no sex specific differences. If male
relative viabilities were genuinely different from those seen in
women this would most often result in differential sex
specific allele frequencies maintained at equilibrium. In fact
the allele frequencies can only be the same in both sexes if
the selection were balanced such as outlined for the special
case above. Therefore, we can state with some confidence
that if there is sex differential viability then it cannot be as
dramatic as first reported. Although the point estimates from
the joint analysis indicate no genotype specific selection in
men, the confidence intervals are wide so it is possible that
genotype viability may be the same in both sexes. Genotypes
from further large samples of men are needed to estimate and
model the male genotype viabilities more precisely.
BRCA2 is involved in DNA repair,14 and it is known that
individuals carrying a germline mutation in BRCA2 are at

high risk of breast and ovarian cancer.15 The BRCA2
polymorphism investigated in this paper, specifically the
NN genotype, has previously been shown to be associated
with a moderate but significant increased risk of breast and
ovarian cancer.1 3 5 6 As no other high frequency or associated
single nucleotide polymorphisms have been found in this
region Auranen et al3 suggested that this polymorphism may
result in a structural change in protein, which accounts for
the increased risk in cancer. This structural change may also
be at the root of the suggested genotype specific fetal
viability.1 There are several established examples of heterozygote advantage at various genetic loci,16 17 but thus far no
reports in DNA repair genes or cancer. One possible
explanation is that there is a microdeletion in strong linkage
disequilibrium with the N allele. Such a microdeletion may
be tolerated and possibly favoured in the heterozygote, but
survival of homozygotes may be compromised and they may
be at increased risk of cancer. The N372H nonconservative
polymorphism falls within a region of the gene that has been
shown to interact with histone acetyltransferase P/CAF.18
When more is known about the structural consequences of
this polymorphism the mechanism generating these observations may become clearer.
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