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Molecular Genotyping Shows That Ataxia-Telangiectasia
Heterozygotes Are Predisposed to Breast Cancer

Prasanna Athma, Rebecca Rappaport, and Michael Swift

ABSTRACT: About 1.4% of the general population are heterozygous carriers of the gene for alaxio-
telangiectasia (A-T), an autosomal recessive progressive neurologic syndrome in which cancer inci-
dence of homozygotes is approximately 100-feld greater than the general population’s rafes. The
hypothesis that A-T helerozygotes are predisposed to breast cancer was tested by the unbiased staiisti-
cally powerful index-test method based on molecular genelyping. The A-T gene carrier status of 775
blood relatives in 99 A-T fumilies was determined by tracing the A-T gene in cach family through tightly
iinked flanking DNA markers. There were 33 women with breast cancer who could be genotyped; 25 of
these were A-T heterozygotes, compared to an expected 14.9 (odds ratio 3.8, 95% confidence limits 1.7-
8.4, one-sided p = .0001}. This demonstrates that {he A-T gene predisposes helerozygotes to breast can-
cer. For the 21 breast cancers with onset before age 60, the odds ratio was 2.9 (1.1-7.6, p = .009) and for
the 12 cases with onsel at age 60 or older, the odds ratio was 6.4 (1.4-28.8, p = .002}. Thus the breast
cancer risk for A-T heterozygous wemen is not limited fo young women but appears even higher at oider
ages. Of all breast cancers in the Uniled Siates, 6.6% may occur in women who are A-T heterozygoles.
This proportion is several foid greater than the estimated proportion of carriers of BRCA1 mufations in

breast cancer cases with onsel al any age.

INTRODUCTION

Alaxia-lelangiectasia {A-T} is an autosomal recessive syn-
drome characterized by progressive cerebellar ataxia and
oculocutancous lelangiectasia [1]. A-T homozygoltes de-
velop new incident cancers at a rale approximaiely 100
limos the age-specific population rale [2]. Lymphoid can-
cers predominate in childhood, and epithelial cancers, in-
cluding breast cancer, are seen in adolescent and young
adult A-T palicnts [3).

These observations gave rise o the hypothesis thal A-T
heterozygotes might also have an excess risk of cancer [4].
This hypothesis, particularly for female breast cancer, has
been supported by retrospective and prospective studics
of A-T [amilies in the United States and Europe [5-8).
However, it is still regarded by some as “jusl a hypothesis”
[10), a “conlroversial suggestion” [11], or a “possibility”
112, 13]. Thus, it is important 1o confirm this hypothesis
using the best available genetic methods.
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Highly polymorphic tightly linked flanking markers
[14] make it possible to accurately genotype blood rela-
tives in families of A-T homozygoles. Such molecular
genolyping of bloed relalives with breast cancer in A-T
familics, analyzed by the index-test method [15]. now
demonstrates unequivocally that female A-T helerozygoles
are predisposcd to breasl cancer.

MATERIALS AND METHODS

For genotyping we oblained DNA samples (from blood or
lixed tissue) from A-T homozygotes, who are the index
individuals, their nuclear families, and all available bloed
relatives in their extended families. Informed consent was
obtained from each study participan! under a protocol
approved by the New York Medical College Committee for
the Protection of the Rights of Human Subjects. When
DNA from a grandmother was nol available, but DNA from
her husband was, we genotyped the grandmother as a car-
rier when her husband was not, and vice versa. The requi-
sile DNA samples for determining A-T gene carrier stalus
were available for 99 oul of the 261 A-T families parlici-
pating in our continuing prospective study of mortality
and cancer incidence.

Using standard procedures DNA was extracted from the
blood lymphaocytes of the A-T family members. From par-
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affin-embedded tissue we directly amplified without a
xylene deparaffinizatlion step or DNA extraction [16].
Genotyping was done through CA repeat markers D11S1778
and D1181819 [14] closely flanking the A-T gene locus. In
15 families in which haplotypes based on these two
marker loci were not fully informative, D1151818 [14] and
D115384 [17] also were determined. The CA strand primer
was end-labeled with (y-?P)ATP and polymerase chain reac-
tion (PCR) was performed using standard condilions. The
PCR products were analyzed on a 6% polyacrylamide se-
quencing gel, and autoradiographs were read after 2 1o 4
hours of exposure.

In two families there was a single recombination be-
tween D1151778 and D1151819; in both families the hap-
lotype of the A-T chromosome was specified uniquely by
D115384, which shows zero recombination with the A-T
locus [17] and D1181778. Neither of these recombinations
affected the genotyping of breast cancer cases. Marker de-
terminations, haplotypes, and carrier status were reviewed
independently three different times. Of the 775 A-T blood
relatives (not obligate heterozygotes or homozygotes) whao
were genotyped in 99 A-T families, 390 were found 1o be
carriers and 385 noncarriers. The expected numbers were
397.275 and 377.725, respeclively.

In the 99 genotyped families, 43 {emale relatives with
breast cancer were identified from our previcusly pub-
lished studies [5-7], from the retrospective dala for A-T
families incorporated into this study subsequent to those
studies, and from our ongoing prospective observation of
A-T families. Hospital records from each presumed case
were reviewed, prior to knowing the carrier status of the
case, to confirm the diagnosis of breast cancer. Ten cascs
were excluded: 2 with lobular in situ carcinoma, 6 for
which the marker leci did not amplify cleanly from Lheir
tissue sample, and 2 whose carrier status depended di-
rectly on that of another test subject with breast cancer.

Testing the association of A-T heterozygosity will
breast cancer Lhrough the index-test method requires, in
A-T families, determining the A-T gene carrier status of
blood relatives with previously identified breasl cancers,
These Lest relatives cannot be homozygotes or obligate het-
erozypotes, whose genolypes are fixed. Both the A-T gene
carrier status and relationship of each breas! cancer case to
the proband in each family were entered inlo a spreadsheet
that calculated the odds ratio, 95% confidence limits, and
t-statistic, as previously described [15]. These calculations
were based on comparing the observed number of carriers
to the number expected on the basis of Mendelian inberit-
ance and the population frequency of the A-T gene. The
prior probability of heterozygosity for the A-T pene is ap-
proximately 0.67 for siblings, 0.5 for aunts and grandmoth-
ers, and 0.25 for first cousins of the homozygotes.

RESULTS

In the 99 genotyped families we were able to determine
the A-T gene carrier status for 26 women with breast con-
cer from blood samples, 5 from fixed tissues, and 2 others
using DNA from the husbands. Thus, 33 breast cancer
cases in 28 families were genotyped. Seventeen of these
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Table 1 Age at diagnosis for genotyped breast cancers in
A-T blood relatives

Age al diagnosis A-T heterozygotes Noncarriers
30-34 2 o
35-39 0 o
4044 1 2
4549 5 0
50-54 3 3
55-59 4 1
G0-f4 1 0
65-69 G 1
70-74 2 0
75-79 1 1
80+ U] 0
Total 25 8

cases had been reported previously [5-7]. Only 1 of the 6
tissue samples for which PCR was unsuccessful came from
an operalion in 1980 or later, and 4 of the 5 successfully
amplified specimens came from operations in 1980 or
later {p = .07).

Of the 33 women with invasive breast cancer, 25 were
found to be A-T heterozygotes (Table 1). Ages at the onset
of the cancers ranged from 31 to 77. These cancers were
diagnosed between 1953 and 1995. Twelve of the breast
cancers had occurred in aunts, 13 in grandmaothers, 5 in
great-aunls, and 1 in a sibling, a cousin, and a great-grand-
mother of an A-T proband. All eight of the noncarrier
women, and 17 of the 25 A-T heterozygotes with breast
cancer, were living as of October 1, 1995. Five of the car-
ricr women {20%) and 2 of the noncarriers {25%]) had bi-
lateral breasl cancer.

The expected number of A-T heterozygotes in the 33
breast cancer cases was 14.9. If the cancer incidence of
carriers and that of noncarriers within the same families
were equal, the odds ratio would be approximalely 1, indi-
caling no association. Instead, for all breast cancers in this
sample the odds ratio, which estimates Lhe relative risk of
carriers compared to noncarriers, was 3.8 (95% confi-
dence limits 1.7—8.4, one-sided p = .0001). For the 21
breast cancers with onset before age 60, the odds ratio was
2.9 (1.1-7.6, p = .009) and for the 12 cases with onset at
age 60 or older, the odds ralio was 6.4 (1.4-28.8, p = .002).

DISCUSSION

The finding of 25 A-T gene carriers among 33 breast can-
cer cases in A-T families is compelling evidence that A-T
heterozygoles are predisposed to breast cancer. Therc is
no other explanation for this highly sipnificant excess aver
the 14.9 expected on the basis of Mendelian inheritance
and the A-T gene frequency. Because these data come
from molecular genotyping, they are fully independent of
all previous analyses of breast cancer incidence thot com-
pared blood relalives to spouse controls. Whereas the
comparison of blood relatives to spouse controls relies on
how well these lwo groups are matched and on the fact
that a high proporlion of blood relatives are heterozygotes,
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gene carriers are identified directly with molecular geno-
typing in the index-test method.

The estimaled relative risk, 3.8, of invasive breast can-
cer for A-T gene carriers compared to noncarriers is close
to the most recent previous eslimates from Lhe prospective
comparison of spouse conlrols with all blood relatives,
5.1, or with obligate heterozygoles, 3.8 [7]. The large num-
ber of observed breast cancer cases in A-T blood relatives
in their thirties, forties, and fifties suggested that the ex-
cess breast cancer risk might be especially high for A-T
heterozygoles in that age range [7]. In contrast, molecular
genolyping now shows that the relative risk above age 60
may be more than twice that for younger women.

The frequency of A-T helerozygotes in the U.5. popula-
ton was eslimated by maximum likelihood to be 1.4%,
based on the number of families in which A-T homozy-
gotes appeared in more than one sibship in an extended
family [18). Based on this estimated heterozygote fre-
quency and the estimated relative risks of 2.9 for breast
concers before age 60 and 6.4 for cases with onset after age
60, approximately 6.6% of all breast cancers in the Uniled
States occur in A-T helerozygotes (sce Appendix). If the
risk of female A-T heterozygotes for breast cancer with on-
set from age 60 through age 79 is 6.4, then approximately
B.3% of all breast cancers arising in this age group occur
in A-T heterozygoles.

Two genes, BRCA1 and BRCAZ, that also predispose to
breast cancer have heen identified through molecular
studies of families in which the risk of this cancer is very
high [19]. The gene frequency of BRCA1 is much greater
than that of BRCAZ2. In contrast to the A-T gene, the risk of
breast cancer for BRCA1 gene carriers is highest at young
ages; it has been estimated thal the proportion of breast
cancer cases in the general population due to BRCA1 is
5.3% for onset before age 40 years [20]. For cases with on-
set ages 20-69, the estimated proporlion is 1.7%. Because
about 35% of all breast cancers occur after age 70 [21], the
proportion of BRCA1 carriers in all breast cancer cases is
likely to be 1% or less, several fold lower than the esti-
mated proportion of A-T gene carriers among all cases. A
direct comparison of the impact of BRCA1, BRCA2, and
the A-T gene on breast cancer incidence will be possible
when population screening for mutations at these loci be-
comes praclical.

The estimated relative risk of 3.8 is based on breast can-
cers that occurred in the United States between 1953 and
1995, However, the risk for A-T heterozygotes may vary
with different environmental conditions or the genstic
composition of a population. Because it will be valuable to
attempt to replicate our findings as soon as possible, the
risk estimale from our sample of persons of European ori-
gin could be compared to an independent estimate readily
available through the A-T family registries already eslab-
lished in Europe [8, 9, 22, 23]. It also will be of great inter-
est to collect family medical data and DNA samples in
Africa and Asia to measure this risk in non-European pop-
ulations.

Previously we found evidence that exposure to certain
medical diagnostic X-ray procedurcs increased the risk of
breast cancer for blood relatives in A-T families [5, 6]. If
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breast cancer with onset above age 60 is more closely asso-
ciated with A-T helerozygosity than earlier onsel breast
cancer, as our present data demonstrate, the difference
may be explained by increasing exposure to medical diag-
nostic X-ray procedures with advancing age. Because
some of the blood relatives with breast cancer in previous
studies may have been noncarriers, we plan to reexamine
this issue through a case-control analysis in which the
X-ray exposures of identified carriers with breast cancer
will be compared lo that in malched carrier controls. We
also plan to compare the histopathology or survival of A-T
gene carriers with breast cancer lo that of noncarriers in
the same families. There are no dala showing that bilateral
breast cancer is more frequent among A-T heterozygotes
than among noncarriers.

Unlike previous comparisons of blood relatives to
spouse controls, these molecular findings cannot be ex-
plained by undetected confcunders or unintended bias.
No confounder can affect the result of the index-test
method becausc each individual's genotype is fixed at the
time of conception. Uninlended bias is implausible be-
cause the cases were selected, before genotyping, by the
single criterion of having hospital record confirmation of
breast cancer. The blood relatives did not know Lheir own
carrier stalus at the time they contributed blood samples.
If carriers were more likely, because of some behavioral ef-
fect of the A-T gene, to contribute blood samples for geno-
typing than noncarriers, the proportion of carriers and
noncarriers among all genotyped blood relatives in these
99 A-T families would have deviated significantly rom
the expected proportion. Further, it is not possible that
more samples were available from breast cancer cases who
are carriers because they survive longer because the pro-
portion of living cases was higher among the noncarriers.
If there were an undetected breast cancer risk factor in the
genotyped families, it would have affected breast cancer
incidence in carriers and noncarriers equally and ran-
domly. It is unlikely that the ability lo PCR from stored
fixed tissue influenced our result, as this faclor appeared
to be a function simply of the lenglh of time specimens
were stored.

Carrier determination through highly informative
flanking haplotypes was reliable, as we detected no re-
combination belween the closest markers and the A-T
locus. Currenily available metheds for screening for muta-
tions at this locus are tedious and costly and seem to de-
tect only 50%-60% of all such mutations [12, 24-26].
When population screening for A-T helerozygosity be-
comes practical, A-T heterozygotes found through such
screening could be the index individuals for population—
based assessments, using the index-test method, of Lhe risk
of breast cancer for female A-T hcterozygotes.

The A-T alleles scgregating in the study Farnilies are a
random sample of A-T alleles in the general population, as
the only distinctive feature of the study families is that two
heterozygotes met and had an offspring affecled hy A-T.
Families in which Lhis gene is segregating are ideal for
testing hypothesized gene—disease associations, because
there is matural matching for imporlant risk factors be-
tween carriers and noncarriers in these families. It will be
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of considerable inlerest to measure the proportion of A-T
heterozygoles among breast cancer patients in different
populations when population screening is possible. How-
ever, comparing these proporlions te the general popula-
tion heterozygole requency will be less reliable than the
index-test method as a test of A-T heterozypgote cancer pre-
disposition because of the well-known difficulty in match-
ing populations for confounders, such as cthnicity or
social class, that affect both A-T helerozygote frequency
and breast cancer incidence.

Now that the excess risk of breast cancer for A-T het-
erozygoles has been measured by molecular genotyping
and the index-test methecd, it is imperative to understand
the molecular actions of the A-T gene and to identify the
cnvironmenlal and other genelic factors that interact with
it to produce cancer.
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APPENDIX

If the relative risk of breast cancer is 2.9 cancers with
onset befere age GO and the proportion of A-T heterozy-
goles in the general population is 0.014, then the ratio of
breast cancer cases in A-T heterozygotes to the tolal num-
ber of cases with onsct before age 60 is given by

25 x0.014

7% 0014+ (1 x986) - 0%
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For breast cancers with the onsel at age 60 or older, the rel-
alive risk is 6.4, and the resulting proportion is 0.0833. If
40% of all breast cancers occur before age 60 [21], then

0.4 x0.0395 = 0.01580
0.6 x 0.0833 = 0.04998
0.01580 + 0.04998 = 0.06578

P. Althma et al.

which is the basis for the eslimate thatl 6.6% of all breast
cancer cases occur in A-T heterczygotes.



