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doses of IR, perhaps as a result of haploin-
sufficiency of Atm. Longevity after IR was
decreased in Atm*/~ mice, yet these ani-
mals died from similar causes (tumours
and/or infections) as Atm*/* mice. Prema-
ture greying was observed over the entire
body of Atm*/~ mice, whereas Atm*/* mice
displayed minimal, localized greying. Cell
lines from Atm*~ mice? as well as Atm*/-
thymocytes® showed intermediate levels of
checkpoint function after IR compared
with cell lines from Atm*/* or Atm~~ mice.
Other cancer susceptibility genes in which
haploinsufficiency has been proposed to
have a role are those encoding p53, TGF(3
and p27, which show effects that may be
the result of cell-cycle functions of these
molecules®8. Our data support the
hypothesis that heterozygosity of some
cancer susceptibility genes may result in
phenotypes caused by dosage reduction,
perhaps due to decreases in cell-cycle
checkpoint function.

We do not know if these findings are rel-
evant to human AT carriers. There are
conflicting data on the role of ATM het-
erozygosity in cancer risk%13,  We
observed no differences in tumour spectra
between irradiated Atm*~ and Atm*/-

mice. In addition, there does not appear to
be an increase in ATM mutations in
patients with extreme reactions to radia-
tion therapy4. Consistent with this is the
fact that Atm*/~ mice showed no evidence
of increased acute radiation toxicity, but
did display premature greying and
decreased survival at higher sublethal
doses of 4 Gy (400 Rad). By way of com-
parison, a standard diagnostic chest x-ray
is 0.004 Rad (1 Rad = 1/100 Gy), and the
maximum permitted annual dose to radi-
ation workers is 5 Rad. If these data are
extrapolated to humans, then human car-
riers of ATM mutations may display
increased sensitivity to relatively high sub-
lethal doses of IR.
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Loss of information due to
ambiguous haplotyping of SNPs

Astring of tightly linked diallelic loci
(SNPs), with number of loci equal
to k, might appear equivalent to a single
locus with 2¥ alleles, because 2% distinct
haplotypes can be formed. These haplo-
types, however, cannot always be identi-
fied in an individual, even with parental
genotyping (Fig. 1); that is, one cannot
always determine which SNP alleles occur
together on a chromosome. Thus, the
information available from k SNPs may be
less than that from one 2X-allele locus.
This potential loss of information, which
we demonstrate in the absence of linkage
disequilibrium (LD), can be expected to
increase sample size requirements and
reduce power of SNPs for association and
linkage studies of genetic diseases!2.

To quantify the extent of haplotype
(phase) ambiguity, we assume k diallelic
loci, Hardy-Weinberg equilibrium and
linkage equilibrium. We denote the alleles
at the it locus as A; and B;, with frequen-
cies p; and gi=1—p;, respectively. The total
number of possible genotypes (ignoring
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linkage phase) is 3K, because there are three
possibilities (A;A;, A;B;, B;B;) at each locus.

An ‘ambiguous individual’ is one whose
haplotypes cannot be inferred with cer-
tainty. For example, an A;B;,B,B,A3B;
individual may be haplotyped as

a

A1A1, A2B2, A3A3 | A1B1, B2B2, B3B3

A1B1, B2B2, A3B3

Parents resolve ambiguity,
because offspring's haplotypes must be:

A1 | B1
B2 | B2
A3 | B3
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AB,A3/B1B,B; or A;B,Bs/BB,A; and is
thus ambiguous. An individual is ambigu-
ous if, and only if, s/he is heterozygous at
two or more loci. The number of ambiguous
k-locus genotypes is found by subtracting
from 3k the number of genotypes homozy-
gous at all k loci (2¥) or at exactly k-1 loci
(k2¥Yy, yielding 3k—2k—k2k-1 (for example,
for k=3, there are 7 ambiguous genotypes:
A1B1ABY AAG AB1 ABy BB ARy Aoy AdBy
AiBy BBy AB AL ABy AR BBy ARy AdBy;
AB1AB, ASB).

b

A1A1, B2B2, A3B3 B1B1, B2B2, A3B3

A1B1, B2B2, A3B3

Parents do not resolve ambiguity,
because offspring's haplotypes could be:

A1]B1 or A1]|B1
B2 |B2 B2 | B2
A3|B3 B3 |A3

Fig. 1 Examples of an unambiguous (a) and an ambiguous (b) triad.
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Table 1 « Counts and population frequencies of ambiguous individuals and triads, for k SNPs

Individuals Triads

Counts Population frequencies?® Counts Population frequencies?
k Ambiguous  Total Ratio p;=0.5¢ p;=0.25 p;=0.1 Ambiguous Total Ratio p;=0.5 p;=0.25 p;i=0.1
2 1 9 0.11 0.25 0.14 0.03 7 100 0.07 0.11 0.05 0.01
3 7 27 0.26 0.50 0.32 0.09 163 108 0.16 0.24 0.11 0.02
4 33 81 0.41 0.69 0.48 0.15 2,575 104 0.26 0.35 0.18 0.03
6 473 729 0.65 0.89 0.73 0.30 4.22x10° 106 0.42 0.53 0.31 0.06
10 5.29x104 5.90x10* 0.90 0.99 0.94 0.56 6.41x10° 1010 0.64 0.73 0.51 0.12
20 3.48x10° 3.49x10° 1.00 1.00 1.00 0.90 8.78x10°  10%°  0.88 0.93 0.77 0.27

apopulation frequencies of ambiguous individuals. ®PPopulation frequencies of triads in which phase of offspring cannot be determined unambiguously from par-

ents. °p; gives frequency of allele A at each locus.

The population frequency of ambiguous
individuals is found by subtracting from
unity the probability of being homozygous
at all k loci or at exactly k-1 loci:

k

k
1- H (1—217,@7) _Z‘l 2P(q€ 11;[/ (l_zpiqf)

When all p; equal a common value p,
this  becomes  1-(1-2pq)*—k(2pq)(1-
2p)%~L. The number of ambiguous geno-
types and their probabilities increase
rapidly with k (Table 1, left).

One approach to resolving the phase
ambiguity is to genotype parents as well.
We define the resulting configuration of
offspring plus parents as an ‘ambiguous
triad” if knowing the offspring and
parental genotypes does not enable identi-
fication of the haplotypes of the offspring
(Fig. 1).

A triad is ambiguous if, and only if, par-
ents and offspring are all heterozygous at
one or more locus, and the offspring is
heterozygous at two or more loci. Possible
configurations are as follows: we define
‘configuration I’ at the it" locus as one
where offspring and both parents are het-
erozygous (this configuration has proba-
bility 2p;?q?); configuration Il has
offspring heterozygous but one or more
parent homozygous (probability 2p;g;—
2p;2q2); and configuration Il has off-
spring homozygous (probability 1-2p;q;).
An unambiguous triad has either no locus
in configuration |, or exactly one locus in
I, but the remaining k-1 in Ill. Subtract-
ing these probabilities from unity yields
the population frequency of triads with
ambiguous offspring haplotypes:

k
1- 111 (1-2p’q?) - X (2p/9,) ,1:[¢ (1-2p;q;)

(=1
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or, when all p; equal a common value: 1-
(1-2p2gA)k—k(2p%g®d) (1-2pg)*~t.  Similar
reasoning reveals that the number of total
possible triads (parental order irrelevant)
is 10k of which 10k-9-k6k~! have
ambiguous offspring haplotypes.

Counts and population frequencies of
ambiguous individuals and triads for
selected values of k and selected allele fre-
quencies are given (Table 1). We note: (i)
the extent of ambiguity increases with
increasing numbers of loci, approaching
unity as k increases; (ii) ambiguity is
more severe when loci are more polymor-
phic; and (iii) triads are less ambiguous
than individuals. Knowledge of parental
genotypes does not, however, resolve
all ambiguity in the offspring (for exam-
ple, more than one-third of triads
can be ambiguous with as few as four
loci). Typing additional relatives (for
example, grandparents or an additional
sibling) would further reduce ambiguity,
but the patterns noted will continue to
hold for any family configuration.

Thus, a k-locus diallelic system is not
equivalent to one locus with 2¥ alleles in
terms of information. This information
loss is analogous to that in dominant or
recessive systems in which multiple geno-
types also result in the same phenotype.
Statistical methods such as the E-M algo-
rithm may be used to partially resolve the
ambiguity34. Alternatively, for very tightly
linked SNPs, the phase ambiguity may be
resolvable experimentally by long-range
allele-specific PCR (refs 5,6), although at
greater cost; this approach may be more
effective than collecting triads as a way to
resolve phase ambiguity.

The above results assume linkage equi-
librium. Currently, the extent and magni-

tude of LD in the human genome are not
well characterized”®, so its full impact
cannot yet be assessed. LD, when it exists,
will mitigate ambiguity partially by mak-
ing some haplotypes a priori more likely
than others. On the other hand, in the
limit of complete disequilibrium, k SNPs
approach a single two-allele locus, so
some information will be lost. In conclu-
sion, k SNPs can and generally will pro-
vide substantial information, but this
information will be less than for a single
2k-allele locus with corresponding allele
frequencies, with or without LD.
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