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ABSTRACT

We have measured the sensitivity to -y-ray inactivation of
diploid skin fibroblasts cultured from 10 persons in four families
with ataxia telangiectasia (AT), a rare autosomal recessive
syndrome characterized by neunovascular and immunological
changes, predisposition to cancer, and hypersensitivity to ra
diotherapy. Persons heterozygous for AT, including parents of
afflicted patients, are not as yet detectable by any specific
clinical or laboratory marker but are believed to constitute a
substantial portion of the middle-aged cancer population. In
one AT family, fibroblast strains from both parents exhibited a
colony-forming ability after hypoxic irradiation which was inter
mediate between that displayed by five control strains from
normal children and that from the affected child. In the remain
ing three families, cultures from only one parent were available;
one parental strain displayed an intermediate survival capacity
as above, whereas the other two responded normally. The
homozygous recessive strains from the five afflicted children in
the four families were all equally hypersensitive to hypoxic â€˜y
ray inactivation. The three presumed AT hetenozygous strains
that displayed intermediate radiosensitivity also carried out â€˜k'
ray-induced DNA repair replication to an extent intermediate
between those in normals and AT homozygotes. The same
three heterozygotes, however, exhibited normal sensitivity to
oxic irradiation. These findings suggest that a numerically
significant, cancer-prone subpopulation of humans carrying
one normal and one abnormal AT gene may also be moderately
sensitive to lethal effects of hypoxic -y-raysdue to a defect in
the enzymatic repair of DNA.

INTRODUCTION

AT4 (Louis-Bar syndrome) is one of several rare hereditary
syndromes in which impaired chromosome stability and anom
alies in the enzymatic repair of DNA in vitro are associated with
predisposition to neoplasia in vivo (2, 22, 28, 37). Progressive
cerebellar ataxia, oculocutaneous telangiectases, and recur
rent sinopulmonary infections form the basis for clinical diag
nosis of AT (reviewed in Refs. 22 and 35). The respiratory
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complications are associated with a variable immune deficient
state involving both the humoral system (e.g., diminished IgA
and IgE serum levels) and the cellular system (e.g. , reduced
skin test reactivity and depressed delayed hypersensitivity
responses) (33); the immunological deficiency has in turn been
attributed to thymic atrophy (33, 35). Additional clinical hall
marks include gonadal hypoplasia, ocular apraxia, elevated
levels of a-fetoprotein, and propensity to specific lymphoprolif
erative cancers (primarily Iymphomas but also lymphatic Ieu
kemias) (22). Approximately one in 10 AT patients develops
cancer, an incidence which is -â€œ-1200-fold greater than that of
an age-matched control population (27). Death usually occurs
in adolescence due to overwhelming infection on, to a lesser
extent, to neoplasia on a combination of both (35).

Hypersensitivity to the harmful effects of ionizing radiation,
observed both in vivo and in vitro, constitutes yet another
characteristic of AT. This unusual feature is manifested clini
cally as a catastrophic, and often fatal, reaction to conventional
X-ray therapy administered for the treatment of solid tumors
(11, 22). In the laboratory, irradiation produces excessive
numbers of gross chromosome aberrations (particularly non
random rearrangements) in peripheral blood lymphocytes from
AT donors (2, 17, 45), and cultured AT fibroblasts exhibit
reduced colony-forming ability in response to radiation treat
ment compared to that displayed by fibroblasts from normal
volunteers (22, 27, 44, 47). Although the precise biochemical
deficiency responsible for the enhanced radiosensitivity of AT
cells has yet to be identified, cumulative subcellular evidence
points to an abnormality in one or more enzymatic processes
mediating the repair of nadiogenic damage to DNA (20, 29, 30,
43, 45).

AT is inherited as a simple Mendelian autosomal recessive
trait; its prevalence is -â€˜-25per million (35). Assuming that the
Hardy-Weinberg equilibrium principle operates, AT heterozy
gotes may comprise as much as 1% of the general population
(40). Thus, the occurrence of homozygous recessive individ
uals is indeed rare, but that of heterozygous carriers is in all
probability relatively common.

There are scattered case reports indicating that AT hetero
zygotes sometimes exhibit some features of the disease. Par
ents of AT patients present with various immune deficits (14,
35) and telangiectases (6, 35), and blood relatives are cancer
prone (34, 40). More specifically, the results of an epidemio
logical study of cancer in 27 AT families led Swift et al. (40) to
estimate that AT heterozygotes less than 45 years old are at
more than 5 times greater risk of dying from a malignant
neoplasm than are members of a control population. Unfortu
nately, it is not possible to measure directly the increased risk
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of cancer mortality associated with heterozygosity for an AT
gene, because there is at present no reliable assay for heter
ozygote detection. We were thus prompted to monitor the
radionesponseof cultured fibroblasts from presumed obligatory
AT heterozygotes, namely, strains derived from parents of AT
children.

In the study reported here, AT homozygous and presumed
heterozygous strains from members of 4 AT families were
compared to control strains from normal persons on the basis
of their relative ability: (a) to form colonies following exposure
to @Â°Coy-rays (a biological end point measuring cell function);
and (b) to carry out -y-ray-induced DNA repair replication (a
molecular end point reflecting the capacity to execute enzy
matic repair of damaged DNA). For both end points, heterozy
gous strains in 2 of the 4 families were found to be moderately
radiosensitive provided that the treatment was delivered under
hypoxic conditions. Preliminary accounts of some of this work
have been reported previously (27, 31).

MATERIALS AND METHODS

Fibroblast Strains. The experimentspresented here were
carried out with a total of 15 diploid fibnoblast strains of human
origin; the fibroblast cultures were initiated from skin biopsies
of 5 clinically normal children and 10 members of 4 unrelated
families with AT (i.e. , 5 affected children and 5 presumed
parents). Pertinent data on these strains and their donors are
given in Table 1. The nomenclature adopted to designate
strains from AT patients and their parents conforms with that
widely used to denote strains from patients with the UV-sensi
tive skin disorder, XP; details are given in Table 1.

Fibroblast Cultivation. Usingstandardcell cultivationtech
niques, monolayer cultures of each strain were grown in Ham's
Fl 2 medium (15) fortified with 15% heat-inactivated fetal calf
serum, glutamine (1 mM), and penicillin-streptomycin (100 lU
each per ml) (henceforth denoted as growth medium). All
culture supplies were purchased from Microbiological Associ
ates, Inc., Walkersville, Md. Cultures were routinely incubated
at 37Â°in a humidified (75 to 85%) atmosphere of 5% CO2 in
air. Stock cultures and experimental cultures to be used for y
ray survival assays were grown in 150-sq cm polystyrene
culture flasks (Corning Glass Works, Corning, N. V.); cultures
required for -y-ray-induced DNA repair replication assays were
cultivated in 15- x 1.5-cm Petni dishes (Lux Scientific Corp.,
Newbury Park, Calif.). In both assays, cells were in late loga
rithmic growth phase at the time of radiation treatment.

-y-RaySurvival. The protocol routinely used to assess the
reproductive capacity of a given strain after â€˜y-irradiationwas
an adaptation of the feeder layer technique of Cox and Masson
(10). The construction of each survival curve required -â€˜-4x
106 cells. These were normally obtained from 2 culture flasks;
the contents of one were used for radiation exposures, and
those of the second were used for feeder layers.

The experimental culture was washed twice with 5 ml of
prewarmed Hanks' balanced salt solution (16) lacking Mg2'@'
and Ca2@,detached by incubation for 5 mm with 2 ml of the
same buffer supplemented with 0.25% (w/v) trypsin, counted
using a hemocytometer, and then resuspended in growth me
dium at 2 x 10@cells/mI. Two-mI samples were placed in each
of five 15-mI polystyrene centrifuge tubes (Conning Glass
Works) in ice; in all subsequent steps up to and including
seeding of the cells, the samples were kept in ice. In most

Table1
Generalpropertiesof diploidfibroblaststrainsderivedfromskinbiopsiesof normaldonorsand

membersof 4 AT families

a Origin of the strains: first 2 normal strains, American Type Culture Collection, Rockville, Md. ; second 2 normals,

Institute for Medical Research, Camden, N. J.; last normal, Meloy Laboratories, Inc., Springfield, Va.; all strains from
members of AT families kindly provided by Dr. M. Buchwald, The Hospital for Sick Children, Toronto, Ontario, Canada.
Nomenclature: normal strains, that of the supplier; strains from AT patients, AT-number-letters (e.g.,
AT432CTOâ€”AT432CanadaTOronto);strains from presumed obligatory AT heterozygotes (i.e., parents of proband),
ATH-number-letters (e.g., ATH433CTO) [The designation of AT homozygous and heterozygous strains follows that
proposed at the Second International Workshop on DNA Repair Mechanisms in Mammalian Cells, Noordwijkerhout,
Holland, May 2 to 6, 1976(24).]

b Given as cumulative cell population doublings since establishment of primary culture: cultures passaged every 3

to 6 days, usually at a split ratio of 1:3.
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instances, the cells were y-nay-treated under hypoxic condi
tions achieved by passing a stream of N2 (99.98% pure, <10
ppm 02; Air Products, Brampton, Ontario, Canada) over the
cell suspensions for 15 mm prior to and during radiation
exposure. In one set of experiments, the cells were irradiated
in equilibrium with air. The samples were exposed to varying
acute doses of @Â°Coâ€˜y-raysfrom a Gammabeam 150 (Atomic
Energy of Canada, Limited, Ottawa, Ontario, Canada) at a dose
rate of 85 to 110 rads/min, as measured by thermoluminescent
dosimetry (5). Upon the completion of hypoxic irradiation,
growth medium was added to each sample to replace that lost
through evaporation during N2 gassing (0.3 to 0.5 ml was
normally required to restore the original volume). After appro
pniate dilution in growth medium, the cells were seeded in 10-
x 1.5-cm Petnidishes(Lux ScientificCorp.); 3 replicateswere
made for each of the 4 irradiated samples, and 6 replicates
were made for the sham-irradiated (control) sample.

Fibroblasts of the same strain were similarly harvested from
the second culture flask and suspended in precooled growth
medium at â€˜â€”8x 104/ml. The culture was then exposed at 4Â°
under oxia to 5 kilorads of y-rays; the irradiation was delivered
in a Gammacell 220 (Atomic Energy of Canada Limited) at a
dose rate of 17 to 22.5 kilorads/min, as calibrated by ferrous
sulfate dosimetry (4). Varying amounts of these feeder cells
were added to each of the 18 dishes to give â€”8x 1O@total
cells/dish.

Two additional seeding regimens were used to test the effect
of feeder cell concentration on the shape of a survival curve.
In one experiment, involving oxic â€˜y-irradiationof 2 normal
strains (GM 38 and CRL 1141) and the 3 strains from members
of AT Family 1, the combined number of irradiated and feeder
cells was reduced 8-fold to -â€˜-104/dish; in the second experi
ment, GM 38 and AT95CTO cells were exposed to hypoxic -y
rays, and survival was measured in the presence and absence
of feeder cells. In neither experiment was there any indication
that the feeder layer influenced the general shape of any of the
survival curves.5 [Note: The density of feeder cells did, how
ever, modify the plating efficiencies of the cell strains tested;
in keeping with the findings of others (10), the efficiency for
each strain was highest at a density of â€”8x 1O@cells/dish.5]

The irradiated cultures in the Petnidishes were incubated for
18 to 28 days with biweekly replenishment of growth medium.
Incubation periods were generally shorten for the normal and
the presumed AT heterozygous strains than for the AT homo
zygous strains. When colonies had developed sufficiently, as
determined microscopically, the growth medium was removed
by aspiration; the cultures were then washed with 0.9% (w/v)
NaCI solution and treated for 5 to 10 mm with Bouin's fixative
(32). Following repeated rinsing with tap water, the cultures
were stained for 1 hr with Harris's hematoxylin (32), rinsed
again with tap water, drained, and left to dry. The numbers of
colonies were then scored with the aid of a dissecting micro
scope. By definition, a colony containing an aggregate of 100
or more cells represented a surviving cell. The arithmetic mean
Â±S.E. of the number of colonies was calculated for each dose.

Finally, a survival curve was constructed by plotting y-ray dose
against the log of colony-forming ability, expressed as a per
centage of the sham-irradiated control set at 100%. In most

5 M. C. Paterson, A. K. Anderson, B. P. Smith, and P. J. Smith, unpublished

data.

studies, replicative survival experiments were conducted for
each strain by different individuals over a 2-year period. In
these cases, the means of the percentage of colony-forming
ability at each dose were pooled, and composite means Â±SE.
were computed. Thus, the data points for the majority of the
survival curves presented here represent the mean of the mean
surviving fractions after a given dose, as ascertained from 3 or
more independent determinations.

Since the curves for the normal control strains were typically
characterized by a shoulder at low doses merging into an
exponential slope at high doses (e.g. , Chart 1), 3 conventional
parameters have been calculated to define the shape of a given
curve. These are: n, the number on the ordinate (expressed as
surviving fraction) obtained by extrapolating the exponential
region of the curve to zero dose; D0,the dose (rads) needed to
reduce survival to 37% in the exponential region; and D10,the
dose (nads) reducing survival to 10%. For each strain, n, D0,
and D10with their associated S.E.'s were determined by pooling
from multiple experiments the mean surviving fractions oven
the exponential region and their corresponding doses and
applying least-squares linear regression analysis. The curve of
a representative â€˜â€˜normal'â€˜strain has been defined by perform
ing linear regression analysis on the composite survival data
for all normal strains used. To determine whether the radiosen
sitivity of a strain from an AT family member differs significantly
from normal, the D10was compared to that of the normal strain,
using the standard error of a difference (25) as the statistical
test and p@ 0.05 as the criterion of significant difference.

-y-Ray-induced DNA Repair Replication. This molecular hall
mark of DNA repair is operationally defined by the incorporation
of radioactive nucleotides into damaged DNA during incubation
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Chart 1. Percentage of survival of colony-forming ability of 5 control fibroblast
strains (from normal children) as a function of @Â°Coy-irradiation administered in
N2. Experimental details were as given in â€˜â€˜Materialsand Methods.â€˜â€˜The expo
nential region of each curve was drawn using least-squares linear regression
analysis. Bars (SE.) are presented where 3 or more independent experiments
were conducted. Range of plating efficiency (P.E., the percentage of the total
unirradiated cells plated out that give rise to colonies) and number of independent
experiments (EXP5.) carried out for each strain are indicated.

7-RAY DOSE (rod, in N2)
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Table 2

Parameters of hypoxic y-ray survival curves for fibrob!ast strains from normal donors and

a Data derived from Charts 1 to 5.

b Indicated strain compared to normal strain.
C@ modifying factor; ratio of the D@ value (597 rads) of the normal strain to that of the indicated strain.
d Average survival response of the 5 normal control strains listed here, as determined by least-squares

linear regression analysis of the pooled survival data (i.e., mean surviving fraction at 400, 800, and 1200
rads of the normal control strains, as plotted in Chart 1).

8 Mean Â± SE.

of irradiated cells. It is taken as a gross measure of the total
number of nucleotides inserted in repair patches which arise at
infrequent intervals from the reconstruction of damaged sites.
In a typical experiment, 2 normal strains (CRL 1141 and CRL
1147) and strains from members of an AT family were assayed
concurrently. A conventional regimen was followed throughout.
Briefly, for each strain 5 cultures (1 to 2 x 106 cells each) in
late logarithmic growth phase were sequentially: (a) incubated
for 1 hr in growth medium supplemented with 6.5 @LMBrdUrd
and 1 j@MFdUrd; (b) exposed to graded doses of y-rays (i.e. , 0,
25, 50, 75, 100 kilorads) administered under hypoxia in a
Gammacell 220; (c) incubated for 2 hr in growth medium
containing [methyl-3HJdThd, 10 @zCi/ml(specific activity of
stock, 41 to 53 Ci/mmol; Amersham, Arlington Heights, Ill.),
6.5 @MBrdUrd, 1 @tMFdUrd, and 1 mM hydroxyurea; and (d)
finally held for an additional 1 hr in growth medium containing
6.5 LMBrdUrd and 1 ,sMFdUrd. [For details on the rationale
behind the design of this complex treatment regimen, consult
the paper of Painter and Young (26).]

After cell lysis and nucleic acid isolation, the preexisting,
, â€˜light' â€˜-density DNA that had undergone repair replication was

physically separated from â€˜â€˜heavy'â€˜-densityDNA that had
arisen from de novo synthesis using the technique of isopyknic
centrifugation in neutral ethidium bromide-sodium iodide gra
dients. To facilitate accurate quantification of repair replication,
light-density DNA was pooled and rebanded once. Following
the second centrifugation, the DNA concentration and tnitium
counts in each fraction were determined; from this, the amount
of repair replication, expressed as dprn/@g of light DNA, was
then calculated for each dose. DNA concentration was ascer
tamed by the fluorescence of the DNA-ethidium bromide corn
plex, using a Farrand Mark I spectrofluorometer (excitation
wavelength, 520 nrn; fluorescence wavelength, 590 nm; Far
rand Optical Co., Inc.; Valhalla, N. Y.) [7.21 Â±0.07 fluores
cence units (background subtracted) corresponded to 1 @g

DNA, using native calf thymus DNA for calibration.]
The above procedure was very similar to that described in

brief elsewhere (30), except that BrdUnd was present in the
growth medium at 6.5 @Mrather than at 65 @LMas in the earlier
studies. Since dThd and its heavier-density analog, BrdUrd,
are incorporated into the DNA of human cells with equal effi
ciency, this reduction in BrdUrd concentration served to en
hance the rate of uptake of [3H]dThd into damaged DNA without
noticeably increasing the contamination ofthis preexisting DNA
with newly synthesized DNA, thereby increasing the sensitivity
of the assay.

RESULTS

Fibroblast Survival after Hypoxic y-Irradiation. Chart 1
shows the dose-effect curves for the 5 normal strains used in
our survey. As is often observed for mammalian cells receiving
acute exposure to sparsely ionizing radiation in N2 (1), the
curves are characterized by a shoulder at low doses followed
by an exponential decline at high doses. Table 2 lists for each
strain values of n and D0, 2 parameters routinely used to
describe survival curves. The curve-to-curve variation is much
greater for n than D0;n ranges from 1.38 (1494T) to 2.42 (CRL
1141), whereas the D0values only vary from 198 rads (1494T)
to 222 rads (GM 38). The curve for the representative normal
strain is characterized by n and D0 values of 1.82 and 206
rads, respectively. We have also presented a D10value for each
strain in Table 2. This parameter is helpful when comparing the
relative â€˜y-raysensitivities of different strains, since it is a
measure of the radionesponse over a biologically meaningful
range; i.e. , it takes into account both the width of the initial
shoulder and the slope of the exponential decline. The D10
values of the curves for the 5 normal strains range from 522
rads (1494T) to 643 rads (GM 38), and the representative
normal strain has a D10value of 597 rads.
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heterozygosity for an AT gene does not always lead to a
significant departure from the norm; the post-'y-ray colony
forming ability of both ATH 96CTO cells (mother, Family 3) and
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Chart 2. Percentage of survival of colony-forming ability of 3 fibroblast strains
derived from members (affected child and parents) of AT Family 1 as a function
of hypoxic rirradiation. The shaded area is bounded by the steepest and
shallowest curves in Chart 1 and thus represents the range of radioresponse of
the 5 normal donor strains. Other chart details are as given in Chart 1. P.E.,
plating efficiency; EXPS., experiments; HET, heterozygous.

Chart 3. Percentage of survival of colony-forming ability of 2 fibroblast strains
The control strains used here have all been derived from derivedfrommembers(afflictedchildandmother)ofATFamily2 asa function

. . â€˜ of hypoxic rirradlatlon. Chart details are as given in Charts 1 and 2. P.E. , plating

normal chIldren (Table 1). In other studIes to be publIshed efficiency;EXPS., experiments;HET,heterozygous.
elsewhere,6 we have found that the â€˜y-raysurvival curves of 3
strains from normal middle-aged adults fall within the area
bounded by the highest and lowest curves in Chart 1. Thus,
the -y-rayresponse of normal strains appears to be independent
of donor age at the time of biopsy, and the survival response
in Chart 1 may also be regarded as representative of strains
from normal adults.

The survival curves of strains from various members of the
4 AT families are presented in Charts 2 to 5. The colony
forming ability of AT432CTO cells (derived from the affected
child in AT Family 1) is reduced considerably relative to that of
normal cells (Chart 2). Using D10values for comparison, these
AT cells are â€œ3.1times more sensitive than are normal cells to
the lethal effects of hypoxic -y-rays(Table 2). The 2 strains from
the presumed heterozygous parents, ATH433CTO and S
ATH434CTO, display an intermediate response between that
of the AT child and the normal strains; their sensitivities, relative
to the normal strain, are â€”1.5- and -â€˜-1.8-fold greaten, respec
tively. A similar pattern holds true for the fibroblast strains from
the afflicted girl and her mother in AT Family 2 (see Chart 3
and Table 2). Thus, in these 2 AT families, fibroblast strains
established from subjects who presumably carry one normal
and one defective AT gene are significantly more sensitive than
the normal strain to inactivation by hypoxic â€˜y-irradiation(p <
0.001).

Survival data in Charts 4 and 5 indicate, however, that
____________________ Chart4. Percentageofsurvivalofcolony-formingabilityof3 fibroblaststrains

derived from members (2 affected children and mother) of AT Family 3 as a
6 M. C. Paterson, N. T. Bech-Hansen, B. M. Sell, P. J. Smith, and B. P. Smith, function of hypoxic â€˜y-irradiation. Chart details are as given in Charts 1 and 2.

manuscript in preparation. P.E., plating efficiency; EXPS., experiments; HET, heterozygous.

400 600 800 000 200
y-RAY DOSE (rod,in N2)

y-RAY DOSE (rod, in N2)

400 600 800 1000

y-RAY DOSE (rod, in N2)
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Levelsof DNArepairreplicationinducedby hypoxic-y-raytreatment
in fibroblaststrainsfrommembersof 4 ATfamiie?Strain

designa- y-ray-induced DNAbrepair rep
tion AT familyIlcationATH433CTO

1 84
ATH434CTO 1 80
ATH193CTO 278ATH96CTO

3 100
ATH8OCTO 499AT432CTO

1 66
AT194CTO 2 66
AT95CTO 3 70
AT97CTO 3 78
AT81CTO 4 63

M. C. Paterson et al,

Hypoxic â€˜y-Ray-inducedDNA Repair Replication. The profi
ciency with which fibroblast strains from members of the AT
families carry out DNA repair replication after â€˜y-inradiationin
N2 @5illustrated in Charts 6 and 7. Each of the 5 strains from
patients with the disease is partially defective; the levels of
residual capacity range from 63% for AT81CTO to 78% for
AT97CTO (see Table 3). Those 3 AT heterozygous strains
which were found to be moderately radiosensitive in colony
forming ability are also moderately depressed in their ability to
execute repair replication (extending from 78% of normal for
ATH193CTO to 84% for ATH433CTO), whereas those 2 het
erozygotes yielding a normal response to â€˜y-rayinactivation
also perform normal repair replication (Table 3). Parallelism
between these biological and molecular end points from one
strain to another strongly suggests that the capacity to execute
DNA repair replication has functional meaning and does not
merely reflect some pathological response to the radiation
treatment.

The increased sensitivity to hypoxic y-irradiation of the 3 AT
heterozygotes (Charts 2 and 3) that are repair defective (Chart
6) stems largely from a reduction in the shoulder of their
respective survival curves compared to that found for the
curves of the normal control strains. This observation is con

Chart 7. DNA repair replication in indicated strains from 2 normal children
and from members of AT Family 3 (left) and AT Family 4 (right) as a function of
hypoxic Â°Â°Coâ€˜y-lrradiation.Experimental details were as given in â€˜â€˜Materialsand
Methods.â€œPoints, means of 3 or more determinations: SE's were routinely
:si 0%. HET, heterozygous: krad, kilorads.

Table 3
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Chart 5. Percentage of survival of colony-forming ability of 2 fibroblast strains
derived from members (afflicted child and father) of AT Family 4 as a function of
hypoxic rirradiation. Chart details are as given in Charts 1 and 2. P.E., plating
efficiency; EXPS., experiments; HET, heterozygous.
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Chart 6. DNA repair replication in indicated strains from 2 normal children
and from members of AT Family 1 (left) and AT Family 2 (right) as a function of
hypoxic @Â°Coy-irradiation. Experimental details were as given in â€˜â€˜Materialsand
Methods.â€˜â€˜Points, means obtained in 3 or more independent experiments: SE. â€˜s
were routinely @10%. HET, heterozygous; krad, kilorads.

ATH8OCTO cells (father, Family 4) is not significantly different
from that of the normal strain (p@ 0.21 ) (Table 2). On the other
hand, the 3 strains established from AT children in these 2
families exhibit an increase in radiosensitivity comparable to
that found for the other 2 AT homozygous strains (Table 2).

In summary, the strains from the 10 available members in
the 4 AT families fall into 3 groups, based on their â€˜y-raysurvival
properties: (a) AT heterozygotes exhibiting normal sensitivity
(Families 3 and 4); (b) AT heterozygotes exhibiting moderate
sensitivity (Families 1 and 2); and (c) AT homozygotes exhibit
ing extreme sensitivity (all 4 families). In addition to lacking a
shoulder (reflected by n values of 1), the curves for the strains
in the last 2 groups have D0and D10values well below normal
(Table2).

200 400 600 800 1000 200
7- RAY DOSE (rod, in N2)

y-RAY DOSE (krod, in N2)

V-RAY DOSE (krod, in N2)

aDataobtainedfromCharts6and7.
b Expressed as a percentage of the mean level (1 53 dpm/ig DNA) induced

in the normal control strain CRL 1141 by 50. 75, and 100 kilorads of y-irradiation
delivered under hypoxia.
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sistent with the view that the width of the shoulder reflects the
repair capability of a given strain.

Cell Survival after Oxic â€˜y-Irradlation.Since undernormalin
vivo conditions most human organs and tissues are well vas
culanized and thus individual cells are constantly oxygenated,
it is relevant to determine whether the 3 AT heterozygous

strains (ATH433CTO, ATH434CTO, and ATH193CTO) display
ing moderate sensitivity to hypoxic â€˜y-naysare also abnormally
sensitive to oxic â€˜y-rays.The results of this investigation are
shown in Chart 8. As has been reported for mammalian cells in
general (1), the colony-forming ability of 2 normal strains, CAL
1141 and GM 38, is lower when the irradiation is delivered in
air (Table 4) as opposed to N2(Table 2). Their mean D10value
in air is â€”1.7 times lower than that in N2(Table 5). The average
D10 value of the AT heterozygous strains is only â€˜â€”1.2 times
lower than that of the representative normal strain (Table 4);
this contrasts with the â€˜-l.6-fold increase in sensitivity under
hypoxic conditions (Table 2). In fact, the 3 heterozygous strains
do not differ significantly from the normal strain in their sensi
tivity to oxic â€˜y-rayinactivation (p@ 0.07) (Table 4). In contrast,
the 2 corresponding AT homozygous strains, AT432CTO and
AT194CTO, display about the same degree of hypersensitivity
in air (--3.2 times above normal) as in N2 (-@-2.9times above
normal). This 3.2-fold increase in radiosensitivity under oxia is
comparable to that reported by Taylor et al. (44) for fibroblast
strains from different AT patients and substantiates hypersen
sitivity to ionizing radiation as a reliable in vitro marker of the
disease.

Cellular Characteristics of AT Homozygous and Hetero
zygous Strains. The nadioresponseof the diploid fibnoblast
strains as presented above is independent of both their popu
lation-doubling times and their plating efficiencies. Although in
general cells of the AT heterozygous and normal strains repro
duce more quickly (data not shown7) and are inherently more
efficient at forming colonies than those of the AT homozygous
strains (Charts 1 to 5 and 8), there are sufficient exceptions to
rule out any cause-effect relation between these cellular prop
erties and sensitivity to radiation. Strain CRL I 147 is a case in
point; this normal control strain has a doubling time in excess
of 30 hr, a period typical of AT homozygous strains. On the
other hand, AT81CTO is similar to normal and AT heterozygous
strains, both in doubling time (â€”24hr) and in the efficiency with
which unirradiated cells form colonies (16 to 18%) (compare
Charts 1 and 5).

DISCUSSION

The above data on cell survival and DNA repair replication
indicate that diploid skin fibroblasts cultured from some, but
not all, presumed obligatory AT hetenozygotes (i.e.,
ATH433CTO, ATH434CTO, and ATH193CTO, but not
ATH96CTO or ATH8OCTO) exhibit a level of sensitivity to
hypoxic â€˜y-irradiationwhich is intermediate between that dis
played by normal cell strains and AT homozygous strains. The
excellent correlation between the ability to form colonies and
to carry out DNA repair replication after -y-raytreatment impli
cates defective repair of DNA damage as the molecular basis
of the increased radiosensitivity of the 3 AT heterozygous and
5 homozygous strains. Our data do not identify the DNA repair

7 P. J. Smith, M. V. Middlestadt, and M. C. Paterson, unpublished results.
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Chart 8. Percentage of survival of colony-forming ability of fibroblast strains
from 2 normal children and 5 members (2 affected children and 3 parents) of AT
Families 1 and 2 as a function of @Â°Coy-irradiation delivered in air. Chart details
are as given in Chart 1. P.E., plating efficiency; EXPS., experiments; HEr.
heterozygous.

process, much less the precise enzyme or cofactor, which is
altered in the abnormally sensitive AT strains, and thus the
possibility that the mutation is a regulatory rather than a struc
tural gene is not excluded. If a control gene is mutated in a
given strain, then the activity of multiple repair enzymes may
be affected and maybe more than one repair pathway is defec
tive.

Given the levels of enzyme activity in heterozygous carriers
in autosomal recessive â€˜â€˜inborn errors of metabolism, â€˜â€˜such as
galactosemia and acatalasemia (19), the amount of activity of
the affected repair gene product(s) in an AT heterozygous
carrier is expected to be 50% of that present in a normal strain.
It is additionally predicted that this partial deficiency would be
detected only if the gene product(s) is involved in a rate-limiting
step or is present in limiting amounts.

We interpret our biological and biochemical observations as
having the following molecular origin. The spectrum and rela
tive yields of DNA lesions produced in human cells by ionizing
radiation is differentially modified depending upon whether the
treatment is given in air or in N2. One class of potentially
cytotoxic radioproducts, denoted as 0-type, predominates un
den oxia; and a second class, termed H-type, predominates
under hypoxia. The proposed ability of the AT heterozygous
and homozygous strains to repair these 2 hypothetical classes
of radioproducts is shown in Table 6. The residual activity of
the affected repair enzyme(s) in the AT heterozygotes of normal
radiosensitivity is sufficient to enable the cells to repair both
classes of radioproducts normally. In the AT heterozygotes of
moderate sensitivity, however, the partial deficiency in enzymic
activity decreases their ability to repair H-type, but not 0-type,
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Parametersof oxic y-raysurvivalcurvesfor fibroblaststrainsfro
members of 2 AT familiesam

normaldonorsandfromStrain

desig
nationAT

tam
ilyn D0 D,@pâ€•D0MFCNormal@@1

.76 Â±O.28e@ 34 Â±4 385 Â±13CRL1141

GM 381.53Â±0.41
133Â±11 364Â±23

2.02 Â±0.37 135 Â± 5 405 Â±160.420.33ATH433CTO

ATH434CTO
ATH193CTO1

1
21.04

Â±0.27 140 Â±17 329 Â±28
1.50 Â±0.15 119 Â± 3 323 Â±32
1.66 Â±0.39 115 Â±20 322 Â±420.07

0.1 1
0.151.17

1.19 1.19
1.20AT432CTO

AT194CTO1 20.93
Â±0.32 49 Â± 3 108 Â±11

0.95 Â±0.18 59 Â± 2 133 Â± 7<0.001<0.0013.53 2.89 3.21

Effect of the presence of oxygen during irradiation on post--y-ray
survival of fibroblast strains from normal donors and from members of

2 AT familiesaD0

Strain designa- Oxygen enhance
tion AT family Air N2 mentratiobCAL

1141 364 638 1.75 1
GM38 405 643 1.59@ 1.67ATH433CTO

1 329 391 1.19
ATH434CTO 1 323 337 0.96 1.14
ATH193CTO 2 322 4121.28AT432CTO

1 109 195 1.79
AT194CTO 2 133 223 1.68@ 1.74

Group of human strainsHypoxic
y-ray

survivalAbility

to repairlesionO@typeaH-typeâ€•Normal

controlsNormal+@+AT
heterozygotes (Families3Normal++and

4)AT
heterozygotes (Families1Moderately+â€”and

2)sensitiveAT
homozygotes (all 4 families)Extremely

sensitive==

M. C. Paterson et a!.

Table4

a Data derived from Chart 8.

b Indicated strain compared to normal strain.

C@ modifying factor; ratio of the D0 value (385 rads) of the normal strain to that of the indicated strain.

d Average survival response of the 2 normal control strains listed here, as determined by least-squares

linear regression analysis of the pooled survival data (i.e. , mean surviving fraction at 200, 400, 800, and
1200 rads of the normal control strains, as plotted in Chart 8).

e Mean Â± SE.

Table 5 air than in N2(27) and would thus constitute good candidates
for 0-type lesions. However, within the resolution of present
physicochemical assays, no abnormality has been found in the
rejoining of either type of strand break (23, 30, 38, 44, 46).
This does not rule out the possibility that AT strains are defec
tive in correcting a critical, although numerically small, subclass
of strand breaks as has been proposed from cytogenetic ob
servations (43, 45). The complexity of these cellular and sub
cellular findings raises the possibility of defects in multiple
repair pathways in AT homozygotes and precludes a simple
explanation of the primary biochemical anomaly.

Irrespective of the uncertainties concerning the molecular
defect in the disease, the results presented here demonstrate
that a significant portion of the human population known to be
cancer prone is also sensitive to hypoxic y-ray inactivation in
vitro. While hypoxic irradiation is not regarded as an important
environmental hazard, the cohypersensitivity of XP and of AT
homozygous strains to a number of different DNA-damaging
agents, both physical and chemical (2, 18, 22, 28, 37), implies
that certain AT heterozygous carriers may also respond abnor
mally to other, as yet unidentified, extrinsic carcinogens.

One implication of our findings to the practice of radiotherapy
deserves brief mention. Assuming that the in vitro observations
can be extrapolated to the clinical situation, it is predicted that
those AT heterozygotes whose cultured cells are particularly
sensitive to hypoxic, compared to oxic, irradiation would re
spond better than normal individuals to conventional radiation
treatment for solid tumors. That is, the hypoxic cells in the
tumor core should be sterilized with greater efficiency in these
heterozygotes than in society-at-large while the oxic cells in
the surrounding tissue should be killed with equal efficiency in
the 2 populations. There may thus exist the seemingly para
doxical situation in which patients carrying 2 defective copies
of an AT gene react severely to radiotherapy whereas the
response of their blood relatives carrying only one defective
copy may be expected to be above average.

Heterogeneity is the norm in human genetic diseases (2, 22,
28), and AT is no exception (27, 35). At the clinical level, AT
patients can be divided into different groups based on the
severity of their immune deficiencies, and only a portion of
afflicted females exhibit ovarian dysfunctions. Likewise, at the
cellular level, cultured fibroblasts can be divided into 2 major

a Taken from Tables 2 and 4.
b Ratio of the D@ value in N2 to that in air.

Table 6

The presumptive DNA repair properties of fibroblast strains derived
from members of 4 A T families

aPutativeclassofDNAlesionsproducedbyoxicy-irradiation.
b Putative class of DNA lesions produced by hypoxic â€˜y-irradiation.

C@ , proficient; â€” , moderately deficient; = , extremely deficient.

lesions below a critical threshold level. The activity is reduced
in the hypersensitive AT homozygous strains to the extent that
their capacity to cope with either class of lesions is markedly
inept.

The chemical nature of the 2 classes of defects is obscure.
In our earlier DNA repair studies on AT homozygotes (29, 30),
the observed deficiency in hypoxic â€˜y-ray-inducedDNA repair
replication was attributed in 2 strains to a malfunction in the
removal of undefined damaged bases; these may possibly be
the putative H-type lesions. Unlike base damage, single- and
double-strand breaks are produced with greater efficiency in
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groups based on a normal or a reduced capacity to perform
DNA repair replication after exposure to hypoxic -y-rays, and
those deficient in this repair property can be further divided
into at least 2 groups based on complementation in cell fusion
studies (presumably representing different genotypes) (29). It
is thus not surprising to observe variability in radiosensitivity
among strains from presumed heterozygous carriers.

In an independent study of AT heterozygotes, Chen et al. (7)
recently reported that virus-transformed lymphoblastoid cell
lines from 8 heterozygous carriers all exhibit hypersensitivity
to killing by oxic â€˜y-irradiation,as assayed either by colony
forming ability or by trypan blue exclusion. Why all of their, but
only some of our, presumed heterozygotes exhibit increased
radiosensitivity is uncertain. Variation in DNA repair ability has
been observed for cell types from different human sources
(28), and it is thus possible that lymphoblast cells may be
inherently better than skin fibroblasts as an in vitro system for
the detection of abnormal radiosensitivity in AT heterozygotes.
Alternatively, genetic heterogeneity may exist between the 2
groups of AT families; at least one AT genotype in the Canadian
group, but none in the Australian group, may give a normal
radioresponse when the gene is present in the heterozygous
state. Genotypic differences between geographically sepa
rated and ethnically diverse populations are not uncommon;
the majority of 70 XP patients studied in Japan belong to one
genotype (Complementation Group A), whereas none have
been assigned to Group C, the most prevalent XP genotype in
the United States and Europe (42). Finally, a simple, although
less likely, explanation is plausible; namely, our AT heterozy
gous strains displaying normal radiosensitivity actually carry 2
normal AT genes and are simply not derived from the true
parents of afflicted patients.

AT is not the only autosomal recessive gene with a putative
role in DNA repair the presence of which in the heterozygous
state can predispose to neoplasia. Persons heterozygous for
either FA or XP are also thought to be at elevated risk of
cancer. The mortality rate from cancer is estimated to be 3-
fold above normal in FA heterozygotes (39), and, in the case
of XP, blood relatives over 40 years of age are estimated to be
4 times more prone to skin cancer than spouse controls.8 The
similarity between AT and these other 2 diseases goes further;
neither FA nor XP heterozygotes exhibit any of the major
clinical hallmarks of afflicted homozygotes. However, FA het
erozygous fibroblasts can also be distinguished from normal
fibroblasts by their increased chromosome fragility upon ex
posure to diepoxybutane (3). The detection of XP hetenozy
gotes in vitro is more difficult. Some, but not all, obligatory
carriers display a reduced capacity to perform DNA repair
replication or unscheduled DNA synthesis after exposure to UV
light (8, 13, 21) whereas others can be identified by deficient
photolyase activity (41). All XP heterozygotes examined to date
display a normal capacity to support the reproduction of UV
damaged adenovirus (12) and herpes simplex virus treated
with the UV-mimetic agent, N-acetoxy-2-acetylaminofluorene
(36).

Continued efforts are needed to detect heterozygosity for
these rare DNA repair-associated genes in the general popu
lation and to evaluate the role of the interaction between these
genetic factors and relevant extrinsic carcinogens in the induc

8 M. Swift and C. Chase, unpublished results (cited in Ref. 22).

tion of common cancers. This evaluation would seem to be
most critical for AT, particularly if, as seems likely, the disease
can arise from a mutation in more than one gene, in which case
the incidence of heterozygotes would be expected to exceed
the present (1%) estimate.
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Note Added in Proof

Cells from members (both parents and their affected child) of another AT
family have now been examined for sensitivity to hypoxic â€˜y-rayinactivation. The
two AT heterozygous strains, AG3057 and AG3059, displayed survival capacities
that were intermediate between that of a control strain, GM38, from a normal
donor and that of the AT homozygous strain, AG3058, from the afflicted offspring
(N. T. Bech-Hansen, B. M. Sell, and M. C. Paterson, unpublished data).
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