DNA SYNTHESIS IN

ATAXIA TELANGIECTASIA

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DCCTOR
IN DE GENEESKUNDE
AAN DE ERASMUS UNIVERSITEIT ROTTERDAM
OP GEZAG VAN DE RECTOR MAGNIFICUS
PROF. DR. M.W. VAN HOF
EN VOLGENS BESLUIT VAN MET COLLEGE VAN DEKANEN.
DE OPENBARE VERDEDIGING ZAL PLAATSVINDEN QP
WOENSDAG 20 NOVEMBER 1885, TE 14.00 UUR

DOOR

NICOLAAS GERARDUS JOSEPH JASPERS

GEBOREN TE HARENKARSPEL

1885

OFFSETDRUKKERIJ KANTERS B.V,,
ALBLASSERDAM



Promotor: Prof. Dr. D. Bootsma
Co-referenten: Prof. Dr. J.F. Koster
Prof. Dr. A.J. van der Eb

Dit proefschrift werd bewerkt binnen de vakgroep Celbiciogie en
Genetica van de Erasmus Universiteit. Het onderzosk ondervond
financiéle steun van de Commissie van Europese Gemeenschappen,
contract nrs. 196-76 BIO N, EUR 200-76 BIO N en BIO-E-404 NL. (G).

De foto op de omslag toont een gefuseerde cel met twee kernen,
afkomstig van verschillende patienten met ataxia telangiectasia. Dit
jaatste is herkenbaar aan de twee verschillende typen plastic bolletjes
die zich in het cytoplasma bevinden. De kernen zijn beide gemarkeerd
met radiocactief thymidine, hier zichtbaar als zwarte korreis.



Chapter 1.

Chapter 2.

»N
—_

[

]

LN

[

Eatd

2]
H . .
CO MM R S RPN O RN N RN RPN W RN D

[y~
]

[t RIS L ]

M

(NS EARVUR WA
PN

.

.
wviuvi v v
P

M

ol Sl =

o O O O

e et e |

AVa R A VR LR

v

.

N

A2 I R KR N B

W R =
.

b —

A PO e

wWoR —

CONTENTS
GENERAL [NTRODUCTION

Inherited diseases with hypersensitivity to carcinogens

Cellular responses to ionizing radiation

Types of DNA damage

DNA Repair Processes

Biological Conseguences of DNA Damage
DNA Synthesis in Irradiated Cells

ATAXIA TELANGIECTASIA

Introduction
Clinical Characteristics

Neurological Complications
Immunelogical Abrormalities
Cancer Susceptibility
Cutaneous Manifestations
Developmental Abnormalities

Cytogenetics of AT

Spontanecus Chromosomal Aberrations
Radiaticn-induced Chromosomal Aberrations
The AT Clastogenic Factor

Chromosomes and Cancer

Cellular Hypersensitivity to Mutagens

Radiesensitivity
Chemical Mutagen Sensitivity
FPotential Lethal Damage Recovery

DNA Repair Characteristics and Mutagenesis

Radiation~induced DNA Damage
Chemically induced DNA Damage
Enzymology of ONA Repair
Mutagenesis

Repalr Defect in AT?

Cell Cycle Progression

Growth of AT Cells in Culture
DNA Synthesis in Damaged AT Cells
Mitotic Delay

Chromatin Anomalies inm AT?

Genetics of AT

Complementation Analysis
AT Heterozygotes
Genetic Counselling

Concluding Remarks

The Primary Defect in AT

(%o

W I~ g O

it

11
11
12

12

13
1%
14

15

15
17
19
290
22
22
23
25
27
27
23
31
31
32
33

33
38
39
k2

42
Ly
49

51
51



Chapter 3.

Appendix

Paper i

Paper 11

Paper 11

Paper 1V

Paper V

SUMMARY AND INTRODUCTION TO THE PAPERS 53
SAMENVATTING EN INLEIDING TOT DE PUBLICATIES 55
LI TERATURE 58
CURRICULUM VITAE 81
NAWOORD 82
PUBLISHED PAPERS

J. de Wit, N.G.J. Jaspers and D. Bootsma {1981) 83
Mutation Research 80, 22i-226. The rate of DNA synthesis

in normal human and ataxia telangiectasia cells after
exposure to X- irradiation.

N.G.J. Jaspers, J. de Wit, M.R. Regulski and D. Bootsma 91
(1982). cancer Research 42, 335-341. Abnermal regulation

of DNA replication and increased lethality in ataxia
telangiectasia cells exposed to carcinogenic agents.

N.G.J. Jaspers, J.M.J.C. Scheres, J. de Wit and D. Bootsma 101
{1981). Lancet 2, L73. Rapid diagnostic test for ataxia
telangiectasia.

N.G.J. Jaspers and D. Beotsma (3982). Proc.Natl.Acad.Sci. 105
USA 73, 2641-2644. Genetic heterogeneity in ataxia
telangiectasia studied by cell fusion.

N.G.J. Jaspers and D. Boorsma (1982). Mutation Research 111
92, 439-446. Abnormal levels of UV-induced unscheduled

DNA synthesis In ataxia telangiectasia cells after ex-

posure to ionizing radiation.



i. GENERAL INTRQDUCTION

1.1 Inherited diseases with hypersensitivity to carcinogens

The principle that genetic changes are the basis of mest human
cancers, was Tirst postulated by Boveri (1914). fdentification and charac-
terization of these changes is the main goal for geneticists studying
cancer today. A strategy to identify genes involved in tumorigenesis can
be the study of germinal mutations that are responsible for hereditary
cancer. At least 200 human single gene traits are known that predispose to
some form of neoplasia (Mulvihill, 1977). Most of these inherited condit-
ions are rare and generally the neoplasia is only one of many other clinic-
al manifestations. Apparently, environmental factors contribute to the
appearance of the tumors in these disorders. (f those factors, physicai
and chemical agents that are known to cause cancer in normal individuals
are of special interest. The majority of these carcinogenic agents are
sble to interact with the DNA., This results in DNA damage, that may ulti-
mately give rise to genetic changes which initiate malignant transformat-
ion of the cell.

A number of human inherited disorders exist that combine cancer-
proneness with an abnermal response to DNA damaging agents. The best cha-
racterized are xeroderma pigmentosum (XP), ataxia telangiectasia (AT)
Fanconi's anemia (FA) and Bloom's syndrome (BS). The study of these syn-
dromes can be expected to provide insight in the processes that are res=-
pensible for the production of genetic changes that are the basis of human
cancer.

Patients having XP are very sensitive to sunlight exposure and have
an increased risk of skin carcinoma. The cells from most XP patients have
a reduced ability to repair a specific type of DNA damage induced by ultra-
violet light. Because of this defect these cells become hypersensitive to
UV light. Cell death occurs already at low doses, and the surviving cells
become mutated or transformed with relatively high frequency. These obser~
vations indicate that genes governing DNA repair processes are an example
of inherited factors that can play a role in tumorigeénesis.

Fanconi's anemia, ataxia telangiectasia and Bloom's syndrome are
characterized by a propensity to many types of tumours, predominantly of
the lymphoreticular system. Cells from these patients show enhanced fre~

quencies of chromosomai damage and are hypersensitive to mitomycin C (FA,



B$), ionizing radiation (FA, AT), UV light (BS) or DNA-alkylating agents
{BS,AT?). In none of these diseases the primary genetic defect could be
identified yet.

This thesis will deal with ataxia telangiectasia (AT), a disorder
with clinical hypersensitivity to therapeutic X-rays and many other abnor-
malities in various tissues, Including the nervous and endocrine systems,
the immunological apparatus and the skin. Because the clinical radiosensi-
tivity in the patients s also expressed at the cellular level, the study
of cultured AT cells provides an experimental system that will help to
identify the genss and gene products that are involved in the response to

ionizing radiation.

1.2 Cellular responses to ionizing radiation

1.2.1 Types of DA dwnage

Unlike most chemical mutagenic agents, that directly interact with
molecular structures in the DNA, the action of ionizing radiation is lar-
gely indirect. Since water Is the most abundant cellular constituent, the
ionizing action of radiation primarily produces reactive intermediates de-
rived from HZO' These intermediates, mostly radicals, are unstable and re-
act with other molecules in the cells. The result is a broad spectrum of
damage in various cell components. This contrasts with the much more de~
fined types of lesions produced by most chemical mutagens. With respect to
DNA, almost every chemical bond may be affected by ionizing radiation ex-
posure and the relative frequencies of the different types of DNA lesions
are influenced by other factors, such as the partial oxygen pressure, or
the presence of radical scavengers.

The DNA lesions can be classified according to the overall effect
they have on the DNA melecule: (i) lesiens that interrupt the continuity
of the sugar-phosphate backbone: DNA single-strand and double-strand
breaks of various types. Those that can be sealed directly by the action
of Tigase are called ‘clean' breaks. The seaiing of most breaks ('dirty
breaks') requires additional complex enzymatic reactions. (ii) Base damage.
Examples are ring-cpened structures or glycols, such as the dihydrodihy-
droxythymine adducts. Generally the basepairing is disrupted at the site
of these lesions. (i1i} Apurinic/apyrimidinic sites can be produced sither

directly or after enzymatic processing of base damage. (iv) Chemical cross-



Tinks may produce topological anchorage with other DNA components or with

proteins.

1.2.2 DNA repair processes

tn living cells enzymatic mechanisms exist, that can repair many of
the DNA lesions produced by the action of physical or chemical agents.

The result of these enzymatic reactions is the disappearance of DNA damage
after some time. The molecular nature of DNA repair processes in mammalian
cells Is largely unknown. Most of the models are adopted from microbial
genetics, where more details of DNA repair mechanisms have been elucidated
(for reviews see Lehmann and Karran, 1981; Friedberg, 1984). Using such
models two types of repair pathways can be discriminated:

A. The DNA lesion is enzymatically reversed without any reactions involving
the rest of the DNA molecule. Examples are photoenzymatic monomerization of
pyrimidine dimers, lesions that are caused by short-wave UV Iight, or the
methylitransferase reaction, where the methyl group of a methylated base is
transferred to an acceptor protein.

B. The other pathway can be followed for the removal of many types of DNA
damage. It is cailed excision repair because it invelves the seguential
cutting of the DNA-backbone near the damaged site by lesion-specific endo-
nucieases, and exonucleclytic removal of a number of nucleotides from the
damaged strand. The size of the excised patch depends on the type of damage:
for most lesions oroduced by ienizing radiation it appears to be less than
10 nuclectides. The resulting single-strand gap is subsequently filled in
and resealed by polymerase and ligase reactions, respectively.

In the case of excision repair this description is oversimpliified.
Genetic studies of cells from patients with xeroderma pigmentosum indicate,
that in repair of UV-damage complex enzymatic reactions precede the endo-
nucleclytic step. Also, evidence has been cbtained for preferential repair

of some regions in the genome of memmalian cells.

1.2.3 Biclogical consequences of DNA damage

Cells exposed to radiation display an abnormal behaviour in many
respects. Only some of the biological effects of ionizing radiation will

be mentioned here.



An early effect of radiation exposure is a delay in cell cycle pro-
gression. This results in a reduced growth rate and appears to occur
during all phases of the cell cycle. The duration of the delay is dependent
en {he radiation dose and is not the same in a1l phases. The GZ-phase ap-
pears to be the most sensitive in this respect.

When after some delay irradiated ceils start to divide again, the
chromosomes that are formed during mitosis are frequently damaged. These
aberrations can affect one or both chromatids, dependent on the phase of
the cell cycle in which the radiation was administered. Many types of
chromosomal damage can be observed: there are the simple cnes, such as
gaps and breaks; acentric, dicentric and ring chromosomes are examples
of complex rearrangements.

The uitimate radiation effect Is cell killing. Cellular death can be
defined in many ways, but for cells that proliferate in culture it has be-
come common practice to measure celluiar survival as the ability to re-
produce and form a ¢olony. ln this way also effects on the following cell
cycles are taken into account. However, the parameter cell death (described
as inability to survive] is not clearly defined with respect toc the ‘kil-
iing event'. This may be 3 compiete desintegration of the cell, a detach~
ment from the substratum or a long-lasting block in cell cycle progression
with continued metabeolic activity. Because the ability to proliferate is
influenced by many factors the cellular survival will be dependent on the
conditions of culture and of the type of cell studied.

Finally, the cells that survive after a radiation treatment may have
undergone persistent genetic changes, that can become apparent as chromo-
somal abnormalities (numerical changes or rearrangements), gere mutations,
morpholegical changes or altered growth characteristics.

One approach to elucidate the molecular mechanisms of the radiation
response is to investigate the effects of DNA damage on DNA structure and
function. In this approach the replication of DNA is an important para-
meter.



1.2.4 DNA synthesis in trradiated cells

The slowing down of progression through the S-phase of the cell cycle
after exposure to ionizing radiation is reflected by a decreased overall
rate of DNA synthesis (for a review, see Walters and Enger, 1976). A typic-
al dose-response curve for the inhibition of DNA replication in cultured
human fibreblasts Is shown in Fig.1. 1t follows a biphasic pattern.

The first component is believed to be caused by the inhibition of replicon
initiation. Since this is a coordinated event in & number of adjacent re-
plicons, the target-size for radiation-induced inhibition of replicon-ini-
tiation is relatively large {(Watanabe, 1974; Makino and Okada, 1974;
Painter and Young, 1975, 1976; Povirk, 1977). The second component of the
inhibition curve Is thought to represent interference in replication fork
movement ('chain elongation'] directly caused by damaged sites in the DNA,
since the target-size roughly corresponds with that of a single average
replicon (Painter and Young, 1975, 1576).

The contrel of replicon initiation is determined by the higher order
structure of chromatin (Mattern and Painter, 1979). The nuclear matrix, a
threedimensiconal networklike structure made from fibrous proteins is an Im-
portant part of this. The nuclear DNA is attached to the matrix at distances
of about 75 um (Mc Cready et al., 1389) resulting in supercoiled loops of
the size of several replicons (Cook and Brazell, 1975; Benyajati and Worcel,
1976; Paulson and Laemmli, 1976; Comings and Okada, 1976). Because the re-

plication of DNA occurs physically linked to the nuclear matrix {Mc Cready
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Fig. 1. The rate of DNA synthesis after exposure to X-rays.
Normal Auman fibroblasts were exposed to different doses of radiation and
incubated for two hours in the presence of tritiated thymidine. Cells were
harvested and rodicactivity was counted by liquid seimtillation spectro—
metry.
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et al., 1980; Vogelstein et al., 1980) it has been hypothesized that the
loop structures correspond te the cocordinately initiated replicon domains.
The fact that ionizing radiation inhibits replicon initiation suggests
that an alteration of the chromatin affecting the loop structures is in-
volved. The exact nature of this structural change and the type of DNA
lesion that may be responsible for it are unknown.

The subject of this thesis Is the study of the replication of DNA in
cells from patients with ataxia telangiectasia. In the experimental work
described in the appendix it is shown that in AT cells exposed to icnizing
radiation DNA replication proceeds with a rate that differs from that in

irradiated cells from normal individuals.
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2. ATAX!A TELANGIECTASIA

2.1 Introduction

Ataxia telangiectasia (AT, McKusick number 20890) is a human genetic
disease with an autosomal recessive inheritance pattern (Taljoedin and
Fraser, 1965). According to the latest estimates the overall incidence is
around 1 in 100.000 (see Harnden and Bridges, 1982). The clinical symptoms
are expressed in a wide variety of tissues, including the skin, the ner-
vous and endocrine systems and the immunological apparatus. Scme of the
manifestations of the disease can be traced back to early abnormalities
in fetal development. The syndrome is also characterized by a strong pre-
disposition to cancer combined with an excessive clinical sensitivity to
therapeutic X-ray deses (Gotoff et al., 1967; Morgan et al., 1968; Cunliffe
et al., 1975; Roberts and Ward, 1975; Pritchard et al., 1982).

In 1975 it was shown by two collaborating British groups thar cultured
fibroblasts from patients with AT are hypersensitive to ifonizing radiation
(Taylor et al., 1875). In the last decade extensive molecular and cell bio-
Togical studies have aimed at a better characterization of the response of
cultured AT cells to ionizing radiation and to other mutagenic agents.
These efforts have not resulted yet in the identification of the primary
genetic defect, but merely to the notion that the manner in which cells
respend to ionizing radiation is extremely compiex.

The purpose of this chapter is to provide a summary of the c¢linical
characteristics of the AT syndrome and a critical update of the cellular
and molecular studies. This overview does not pretend to be exhaustive
and for additional information the reader is referred to a number of re-
views (Sedgwick and Boder, 1972; Paterson et al., 1979, 1980; Friedberg et
al., 1979; Lehmann, 1977, 1982a; Bridges, 1981; Huang and Sheridan, 1981;
Weichselbaum and Little, 1980; Gatti and Hall, 1983) and two excelient mo-
nographs (Bridges and Harnden, 1982; Gatti and Swift, 1985),

2.2 Clinical characteristics

The first clinical description of AT patients was made by Syllaba
and Henner in 1926. lLater the disease has been 'rediscovered' by Louis-Bar
(1941). The first extensive clinical studies were from Boder and associates

{1957). The following sections summarize the most important clinical symp=



toms of the AT syndrome; detailed information is available from & number
of elaborate treatises (Boder and Sedgwick, 1958, 1963, 1377; Kraemer,
1977; McFarlin et al., 1972; Thieffy et al., 1861; Sedgwick and Beder,
1972).

2.2.1 Neurological complications

The most commen neurcliogical abnormalities that occur in AT are cere-
bellar ataxia and, to 2 lesser extent, extrapyramidal disorder. The abnor-
malities become apparent usually at the age of 2 to 8 years and are siowly
progressive. There are difficulties with gait, posture, speech and eye move-
ment. When the disease progresses the patient will very often become con-
fined to a wheel chair. Mental sbilities of the patient appear normal, but
an arrest in cognitive development at the age-level of 10-11 years is com-
mon (Sedgwick, 1982; Boder and Sedgwick, 1972).

The ataxic features are caused by cerebellar athrophy. The Purkinje
cells are much reduced in number and those still present are often atrophic
or displaced into the granular layer {(Paula-Barbosa et zl., 1983; Vinters,
1985}, It is believed that the degeneration of the Purkinje-cells sets in
already early in fetal development (Rakic, 1985). Other large cells of the
nervous system, such as the anterior horn cells, also may degenerate.

Abnormalities in peripheral nerves occur as well.

2.2.2 Immmologieal abnormalities

The majority of the AT patients suffer from recurrent respiratory
tract infections, mainly of bacterial origin. Viral challenges (eg. vacci-
nations) are tolerated normally. |t can be expected that this Immunologic
incompetence 1s related to some profound defects in both humoral and cel-
JuTar immunity that are seen in most (but not all} patients. (Mc Farlin
et al., 1972; Dutau et al., 1975; Keller et at., 1978; Jason and Gelfand,
1979; Gatti et ai., 1982; Fiorilli et al., 1983; Waldmann et al., 1983).

With respect to the humoral immunity, there are marked deficiencies
in IgA, IgEk and 1962, caused by a failure to synthesize these species,

(Mc Farlin et al., 1972; Strober et al., 1968; Yount, 1982; Oxelius et al.
1982). The antibody response to bacterial or viral antigens is usually
poor (Sedgwick and Boder, 1972; Waldmann, 1982), which is believed to be

caused by defective T-helper cell functions (Levis et al., 1978; Waldmann



et al., 1983). However, intrinsic B-cell defects were found as well in
some patients (Weisbart et al., 1980; Mitsuya et al., 1981; Waldmann et al.,
1983b). Molecular genetic analysis of the Ca and {u gene regions in IgA
deficient AT patients revealed no apparent abnormalities (Waldmann, 1982;
Waldmann et al., 1983b).

Defective T-cell functien is also believed to be involved in cellular
immunodeficiency. Skin graft rejection {Kuan et al., 1974} and delayed
type hypersensitivity reactions may be depressed (Rosenthal et al., 1965;
Schuler et al., 1972), and there are poor in vitro responses to mizogens
{(1ike phytohaemagglutinin) or antigens. The latter appears to be caused
not by a3 failure of recognition or receptor binding but rather an inability
to respond to the membrane signal (McFarlin and Oppenheim, 1969; 0’'Connor
and Linthicum, 1980). Finally, a reduced ability to generate virus-specific
MHC-restricted cytotoxic¢ lymphecytes was reported (Nelson, 1980).

The exact mechanism of the Immune dysfunction in AT is still unclear.
Most probably many of the features will be related to an early abnormaiity
in AT, that is the fact that the patients show an underdeveloped, rudimen-
tary or even absent thymus and gut-associated lymphoid tissue (Petersen
et al., 1966; McFariin et al., 1972). This firding has been the basis for
the hypothesis that the immunclogical problems in AT are caused by defects

in embryonic organ maturation (Waldmann et al., 1983z2).

£.8.3 Cancer susceptibility

Another major clinical hallmark of AT is the increased risk of the
patients to develop malignancies. The overall incidence of cancer in AT
is about 10%, which Is high since practically all of these cancers arise
during the first two decades of life (Levin and Perlov, 1871; McFarlin et
al., 1972; Kersey et al., 1973; Berkel and Ersoy, 197h4; Aiuti et al., 1978;
Spector et al., 1978, 1982). The majority of the tumors are of lymphoreti-
cular eorigin (Hodgkin and non-Hedgkin lymphomas, leukemias) but carcinomas
are also frequent, mainly in the stomach, the ovaries and the liver
(Spector et al., 1882). The survival of AT patients with cancer Is relati-
vely short (4-7 months), and the therapy of the patients is complicated by
their excessive responses to radiotherapy or chemotherapy regimens
(Pritchard et al., 1982; Spector et al., 1982; Abadir and Hakami, 1983),

and serious pneumonia.
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The types of tumours that occur in AT patients and their relative
freguencies are different from those cobserved In children that were exposed
to radiation. This suggests that environmental exposure te radiation or
radiomimetic chemical agents is not the only factor that plays a role in
the tumorigenesis in AT,

There are alsc differences in malignancy patterns between AT patients
and children with immunodeficiency. Moreover, the tumour spectrum in AT
patients with and without Immunological incompetence is similar, suggesting
that cancer-proneness and immunodeficiency are also not simply causally re-
lated in AT,

2.2.4 Cuteneous mamifestations

A characteristic feature of AT is the development of telangiectasia
(small diiated bicodvessels). Such skin changes are common in healthy aged
individuals, but in AT patients they already appear at an age of 2 to 8
years. They are most prominent on the conjunctivae of the eyes and across
the butterfly area of the face. With increasing age telangiectasies may
also occur on the rest of the face, the ears and dorsa of hands and feet
(Reed et al., 1966). This skin pattern is suggestive for an involvement
of sumexposure and has alsc been regarded as a manifestation of premature
aging in AT. Other skin abnormalities are disturbances in pigmentation
(e.g. café-au-lait spots), warts and eczema.

[t is possible that the abnormal response of some cultured AT fibro-
blast strains to longwave UV-light {Paterson and Smith, 1978) is related

to some of these clinical findings.

2.2.5 Developmental abmormalities

An zpparent impairment of tissue differentiation is another charac-
teristic of AT. Defective organ maturaticn has become evident from a num-
ber of cbservations. Besides the underdevelopment of thymus tissue men-
tioned above, there Is alsc an almost consistent elevation in the plasma
levels of alphafetoprotein, suggesting an abnormal maturation of the liver
(Waldman and Mcintyre, 1972; Richkind et al., 1982; Keller et al., 1978;
Berkel et al., 1985; Simons and Hoskimg, 1974; Ohama and ikuta, 1982).

The level of carcincembryonic antigen, another oncofetal protein produced

by fetal gut, liver and pancreas, is also frequently elevated (Sugimoto
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et at., 1978). In addition, there is cvarian agenesis (Bowden et al., 1963;
Boder and Sedgwick, 1958; Miller and Chatten, 1967) with abnormaily fre-
quent dysgerminomata, a tumor of undifferentiated germ cells (Dunn et al.,
1964; Spector et al., 1982). Finally, AT patients may produce a fetal type
of collagen {(McReynolds et al., 1976).

All these observations have led to the hypothesis that there is a
defect in the interaction between two major germ lines during embryogenesis,
i.e. the entoderm and the mesoderm (McFarlin et al., 1372; Waldmann and
Mcintyre, 1972; Sugimoto et at., 1982). It is believed that this inter-
action is a step in the development of thymic (Auerbach, 1960) and germinal
tissues (Miller and Chatten, 1967) and other organs including gut and liver.
This hypethesis may provide a framework to describe some of the clinical
symptoms of the AT patients. However, the cellular characteristics of AT
{radiosensitivity, chromosomal instability) are difficult to fit in this

description.

2.3 {ytogenetics of AT

One of the characteristics of AT is chromosomal instability. Abnormal
chromosomes In cells of AT patients were first reported by Hecht et al.
(1966), and numerous studies confirming this observation have followed
since then (reviewsd by Harnden, 1973 and by Taylor, 1982). Spentaneous
chromosomal aberrations are not evident in cells from every patient to the
same extent. Consistently found is an elevated jevel of chromosome aber-
rations after exposure to lenizing radiation, in comparison to irradiated

cells from normal individuals.

2.3.1 Spontaneous chromosomal aberrations

The occurrence of abnormal chromoscmes in cells of AT patients can be
due to an increased frequency of virtually all types of aberrations, in=-
cluding gaps, breaks, dicentrics, fragments, rearrangements and interchan-
ges (e.g. Gropp and Flatz, 1967; German, 1972; Hecht et al., 1973; Bochkov
et al., 1974; Pfeiffer, 1970; Cohen et ail., 1973, 1975; Taylor et al.,
1981). Many patients show high numbers of cells with stable chromosomal re-
arrangements (transiocations and inversions) (Harnden, 1974; Oxford et al.,
18975; McCaw et al., 1975; Aurias et al., 1980 and Taylor et al., 1981),

and very often identical patterns are seen in many of these celis within
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an individual patient ('clones'). The breakpoints of the translocations are
highly non-random: transiocations and inversions involving chromosomes 7
and 14 are the most frequent, with a specific invelvement of the chromosome
bands 14q12 and 14g32, 7p14 and 7935 (Hecht et al., 1873; Bochkov et al.,
1974; Lisker and Cobe, 1970; Oxford et al., 1975; Rary et al., 1975; McCaw
et al., 1875; Nelson et al., 1975; Havashi and Schmid 1375; Cohen et al.,
1975;: Hook et al., 1975; Al Saadi et al., 1980; Webb et al., 1977; Jean et
al., 1979; Scheres et al., 1980; Aurias et al., 1980,1983; Aurias, 1981,
0'Connor et al., 1982 and Taylor, 1982). It is interesting that the break-
points involved in translocations that are cccasionally observed in blood
cells from normal individuals occur also often in these two chromosomes

and the same bands appear to be the usuzl sites of rearrangement (Hecht et
al., 1975; Beatty-De $an2, 1975; Welch and Lee, 1975; Aurias et al., 1980,
1982; Zech et al., 1978; Hecht and Kaiser-McCaw, 1982). This parallellism
may be explained in two ways. Either the abnormality in AT refiects an en-
hanced rate of nermal cytogenmetic processes, also occurring in the absence
of 2 defective AT gene (Hecht and Kaiser~McCaw, 1982), or, alternatively,
the apparentiy normal individuals with these transiocations are in fact AT
heterozygetes (¢'Connor et al., 1982}, The frequency of AT heterczygotes
may be high enough to account for this phenomenon (see section 2.7.2).
Moreover, chromosomal instability and rearrangements involving chromosome
14 have also been observed in cells from a few heterozygotes that were in-
vestigated in this respect (Cohen et al., 1975; Oxford et al., 1975; Aurias
et al., 1980; Kohn et al., 13982).

The specific invelvement of chromosomes 7 and 14 may implicate the
existence of hotspots for breakage. fn this respect it is remarkable, that
three of the four specific breskpoints may occur in the vieinity of genes
involved in the immune response. The immunoglobulin heavy-chain gene is
located on band 14q32 (Kirsch et al., 1982; Cox et al., 1982} and the a
and B chains of the human T cell receptor were assigned to Thql1-q12 and

7913~q36, respectively {Collins et al., 1985; Croce et al., 1985; Caccia

et al., 1985). These genes can become rearranged in the course of cell
maturation. The possibility exists, that the double strand breaks generated
during the recombination events are processed improperly in AT (Fiorilli

et al., 1985). If this is so, there must be a reason why preferential break-
age is not observed at the site of the ) and « light chain genes on chro-

mosomes 22 and 2, though instances of such events have been described in
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B cells (Kirsch et al., 198%). Alternatively, it is possible that rearran-
gements in these stretches of the genome confer some growth advantage to
the cells, allowing them to accumulate. The altered Immunological status
of AT patients may promote selective outgrowth of cells with specific types
of chromosomal changes. Oa the other hand, the preferential involvement of
chromosomes 7 and 14 is also evident in cytogenetically abnormal AT fibro-
blasts {Cohen et al., 1873; Aurias et al., 1980) and it is hard to explain
this on the basis of peculiarities of the heavy chain and T-cell receptor
genes.

In contrast with cultured fibroblasts and stimulated lymphocytes of
both T and B cell origin (0'Connor et al., 1882) increased spontaneous
chromosome breakage was not observed in cells derived from bone marrow
(Hecht et al., 1973; Cohen et 2l., 1975; Al Saadi et al., 1980) or in
Epstein Barr virus~transformed B cells (Cohen et 2l., 1979; Kidsen et al.,
1982}, even when these cells were obtained from patients having abnormal
peripheral lymphocytes. While the information on the bone marrow cells
comes from a few single cases only, the varlability with the cell types
may still indicate that the growth properties and/or requirements can
differ between cells with and without aberraticns. Selection may play a
significant rele in culture as well. For instance, in the fibroblast strain
AT5BI, reported te contain cytologically abnormal clones in cone study
(Webb et al., 1977), no abnormalities were observed in our own laboratory

(C.R. Bartram, pers. communication).

2.3.2 Radiation—induced chromosomal aberrations

Mypersensitivity of AT cells to ionizing radiation in terms of chro-
mosome breakage was first reported by Higurashi and Conen {1973). Many re-
ports have confirmed and extended this finding. Upon exposure to gamma-rays,
X-rays, fast neutrons or tritium B-emissions there is an increased level of
chromosomal aberrations in all cell types that were studied (Rary et al.,
1974; Taylor et al., 1976; Taylor, 1%78; Natarajan and Meijers, 1979;
Littlefield et al., 1381; Natarajan et al., 1982; Gianelli et al., 1982;
Taalman et al., 1982; Taylor, 1982; Bender, 1980; Zampetti-Bosseler and
Scott, 1981; Nagasawa and Little, 1983).

The types of induced chromosomal damage are not the same in AT and

normal cells. In the latter, exposure of cells in the G) or G1 phase re-
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sults in chromosome type aberrations {(both chromatids involved) whereas
irradiation in G2 produces chromatid type aberrations only. in AT cells
chromatid type damage is observed after exposure in all three cell cycie
phases {Taylor et al., 18756; Taylor, 1978; Natarajan anc Meijers, 1979;
Bender et al., 1985). This finding has been interpreted by these and other
authors (Lehmann, 1977) as evidence for a defect in the repair of single
strand DNA breaks. Breaks formed in GO/G] would be sufficiently longlived
in AT to be converted into double-strand breaks during DNA replication,
which would cause chromosome breakage. This would fit in the classical hy-
pothesis that chromoscmal aberrations are essentially the result of double~
strand DNA breaks (Evans and Scott, 1963; Kihlman, 1971; Bender et al.,
197L). On the other hand it does not fit easily with biochemical studies,
indicating normal rejoining of DNA breaks in AT (see section 2.5.2).

Recent studies of prematurely condensed chromesomes (PCC) in nen-
proliferating fibroblasts after radiation exposure indicate a time-dependent
decrease in PCC-fragments that is more pronounced in normal cells than in AT
cells (Cornforth and Bedford, 1985). These results suggest a defect in the
processing (repair?) of potentially clastogenic damage in AT, and indicate
that entry Into the S-phase Is not required for the production of chromosom=
al breaks after irradiation in the Gl-phase.

Elevated levels of chromosome breakage were also found in AT cells
after exposure to clastogenic agents such as bleomycin (Taylor et al.,
1979; Kehn et al., 1982; Cohen et al., 1981; Shaham et al., 1983), strepto-
nigrin {Taylor et al., 1983), neocarzinostatin and tallysomycin (Cohen and
Simpson, 1383). Reactive radicals were shown to be invelved in the action
of all of these radiomimetic agents. Combined treatment with furocoumarins
and long-wavelength UV light alsc caused increased chromosome breakage in
one AT cell strain (Natarajan et al., 1981). The significance of this
finding remains to be determined. The responses to an other cross-linking
agent (Mitomycin C) and tec an alkylating compound (MNNG) were normal in AT
lymphoblastoid lines (Cohen and Simpson, 1983}.

The frequencies of spontaneous sister chromatid exchanges (SCE), as
well as those induced by X-rays, bleomycin, EMS, adriamycin or mitomycin C
were the same in AT and normé] cells (Chaganti et al., 1974; Galloway and
Evans, 1975; Hayashi and $chmidt, 1375; Bartram et al., 1976; Hatcher et
al., 1976; Galloway, 1977; Kochn et al., 1980; Kohn et al., 1982; Cohen and
Simpson, 1982; Nagasawa and Little, 1983; Hook and Heddle, 1983). SCEs are
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preferentially produced by agents that inhibit DNA replication by disturb-
ing replication fork movement {Painter, 1580b). The fact that normal levels
of SCEs are induced in AT by radiation and radiomimetic chemicals is com-
patible with the finding that DNA synthesis is not inhibited as strongly

in AT as in normal cells (discussed in section 2.6.2).

2.3.3 The AT clastogenic factor

in the sera obtained from AT patients a factor was demonstrated
causing chromosomal aberrations in cultured cells from normal individuals
(Shaham et al., 1980). This 'clastegenic factor' appeared alsc to be pre-
sent in culture medium conditioned by AT fibroblasts, but not by AT lympho-
blastoid ceil lines {Shaham et al., 1980; Cohen and Simpson, 1980b, 1982a).
The factor proved to be a pronase and RNAse resistant heat labile molecule
of a MW between 50C and 1000 Daltons (Shaham and Becker, 1981).

Low MW clastogenic factors were also detected in the sera of patients
suffering from a variety of human disease, including systemic lupus
erythematosus, rheumatoid arthritis, Crohn's iliocolitis and Bloom's syn-
drome {reviewed by Emerit, 1982). The in vitro action of these factors is
suppressed in the presence of anti-oxidants such as fuZn-superoxide dismu-
tase, suggesting that active oxygen species (like 02-) play a role in their
formation. Active oxygen species are not only invelved in the action of
ionizing radiation, but also in that of chemicals like bleomycin, neocar-
zinostatin, adriamycin and tumor promoting phorbol esters (Nagasawa and
Little, 1981; Emerit et al., 1983). They are also produced by normal cel-
lular oxygen metabolism (Fridovitch, 1978). It has been suggested that the
clastogenic factors may all be secondary phenomena in these disorders, but
still contribute to some of the clinical characteristics (Emerit, 1982).

It is not known whether the clastogenic factor in AT resembles those
found in other human discders; data on its sensitivity to anti-oxidants
were not reported. The cellular hypersensitivity in AT to radlation de~
livered under anoxic conditions (see section 2.4.1) argues against a pri-

mary defect in the metabolism of active oxygen species.
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2.3.4 Chromosomes and cancer

In many types of human tumours the involvement of specific karyotypic
abnormalities is evident (Sandberg, 1980). Well-known are chronic myeloid
leukemia (CML) with the typical Philadelphia translocation t(9;22) (g34;q911)
and Burkitt's lymphoma (BL) most often exhibiting a translocation between
chromosomes 8 and 14 (q24;q32) (for reviews see de Klein and Hagemeijer,
198L; Nowell et al., 1984). Molecular amalysis of these specific¢c transloc-
ations at the DNA level has resulted in the isolation of the DNA sequences
from the region of the chromosomal breakpoints. In CML it was found that a
piece of chromosome 9 that is transiocated to chromesome 22, contains &
part of the proto-oncogene ¢-agbl, the cellular hemologue of the gene that
confers oncogenic potential to abelson murine sarcoma virus. By this re-
arrangement, c-abl oncogene sequences are combined with the DNA of a gene
located in the breakpoint region of chromosome 22. Transcription of this
fusion gene results in a modified gene product that may play a role in the
initiation or maintenance of the transformed state of the myeloid cell.

In Burkitt's Tymphoma cells another oncogene c-mye (homologous to a gene

in avian myelocytomatosis virus}, that is normally located on chromosome 8,
is moved to a position on chromesome 14 Tn the immediate vicinity of the
immunoglobulin heavy chain gene. This results in a truncated and activated
version of the e¢-myc gene, that appears to become regulated by DNA seguences
controlling immunoglobulin gene expression.

As menticned above, the band 14932 is often involved in translocations
that occur in AT celis, but it Is not known whether the AT-breakpeint is
alsc in the immunoglebulin chain gene. [gA-deficient AT patients were re-
ported to have normally rearranged heavy chain genes (Waldmann et al.,
1983). However, these patients have not been studied cytogenetically. An-
other recently discovered oncogene called tel-I (Croce et al., 1985} has
also been localized Tn chromosome band 14932 and thus may be involved as
well.

Extensive studies of the chromosomes in the neoplastic cells of AT
patients have not been carried out yet. The few available reports deal
with tumors of lymphoreticular origin and indicate that the specific re-
arrangements invoelving chromosome 14, seen in the non-transformed blood
cell clones, are very common in the malignant cells of leukemic AT patients

as well (Kaiser-McCaw et al., 1975, 1978; Lampert, 1989; Harnden, 1577;
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Levitt et al., 1978; Sparkes et al., 1980; Saxon et al., 1979, 1980;
Bernstein et al., 1981). Kaiser-McCaw and Hecht (1982) reviewed six AT
patients, two with chronic T-lymphocytic leukemia (CLL), two with acute
T-cell leukemia (ALL), one with Burkitt's lymphoma and one with Hodgkin's
disease {HD). In the CLL-patients the leukemic cells appeared to have
arisen from a lymphocytic clone with a t{14;14)(gq12;q32) already present
before any clinical manifestations of the leukemia. In the ALL patients
the leukemic cells did not contain a chromosome 14 abnormality, zlthough
the characteristic t(14:14) was already present in the PHA-stimulated
lymphocytes before clinical onset of the cancer. A similar phenomenon was
reported in a third AT patient with T-ALL (Weke et al., 1982). As expected,
a characteristic t(8;14) was seen in the Burkitt case. Finally, the HD-
cells were monesomic for chromosome 1% but otherwise normal. Such a 14
variant clone was detected in peripheral blood 18 months before the clinic-
al appearance of HD.

1t has been speculated (Kaiser-McCaw et al., 1575) that 2 clone with
an abnormality invelving band 14g12 in AT patients may be considered as
the precursor for neoplastic disease. This may be valid for certain
types of leukemia {CLL), but cannot be generalized to explain the exhanced
frequency of cancer in AT. Studies on more AT cancer patients and on other
types of tumours will be necessary to identify specific abnormalities in the
neoplastic cells. [t will alsoc be important to characterize the breakpoints
involved in the rearrangements more extensively using cytogenetic and mole~
cular techniques. Recently, Aurias et al. (1983) have described an AT pa-
tient, with a lymphocytic clone exhibiting & t{14;14) where one of the
breakpoints was at qll.1-q11.2, clearly different from the site usually
seen in AT patients.

irrespective of whether or not in AT the most frequently observed
chromosomal ancmalies play a role in cancer susceptibility, the hypothesis
that AT chromesomal instability may lead to cells with rearranged genes
governing growth control {e.g. oncogenes) remains attractive. Whether such
cells will develop into a full-blown malignancy may aiso be influenced by
other factors, including the immunologica) status of the patient, the de-
gree of maturation of the cell, or the presence of reactive radicals in
the various organs (Hayashi and Asadaj 1977; Pryor, 1982; Fahl et al.,
198%).
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2.4, Cellular hypersensitivity to mutagens

The cytotoxicity of DNA damaging agents is measured as the effect on
the proliferative activity of cultured cells. The dose-dependent inactivat-
jon curves of colony-forming ability after exposure to radiation are ne-
gatively exponential and grossly in agreement with the target theory of ra-
diation action (Lea, 1§56; Chadwick and Leenhouts, 1973; Gilbert et al.,
1980). 0ften, an initial shoulder is observed, but this can vary with the
experimental conditions. In most cases survival curves cbtained after treat-
ment with chemical mutagens are negatively exponential as well, and the

data are therefore analysed in a similar way.

2.4.1 Radiosemsitivity

The clinical radiohypersensitivity of AT patients is alsc expressed
at the cellular level. Hypersensitivity to jonizing radiation in cultured
AT fibroblasts was discovered by Taylor et al. {1975). In subsequent studies
this observation was confirmed with fibroblast strains and lymphoblastoid
cell lines from at least 50 different AT patients (Friedberg et al., 1979;
Lehmann, 1380) with no exception. Measurement of colony-forming ability of
cultured AT cells was therefore recommended as a diagnostic aid in AT (Cox
et al., 1978). The Do values (the dose equivalent to one lethal hit) were
in the range of 0.40-0.75 Gy, implying that AT cells are 2-3 times more
radiosensitive than cells from normal individuals.

The difference between normal and AT cells is dependent on the type of

3

radiation. On the one hand, X-rays, y-rays and cumulated exposure to
or ]25I~decays all yielded the same sensitivity ratios (Ritter, 1981).

On the other hand, Cox et al. (1982) using accelerated 238Pu a~particles
found evidence for a dependence on the linear energy transfer (LET) of the
radiation type. Upon increasing the LET the difference between AT and nor-
mal cells became less pronounced, a finding confirmed by Paterson et al.
(1982) using high LET-neutrons and by Tobias et al. {1984} with accelerated
neon and argon particles. Since these results were primarily due to a
greater biological effectiveness of high-LET rays in the normal cells, it
was suggested that high-LET radiation induces a higher amount of irreparable
damage than low-LET radiation, which tends to mask the difference between

AT and normal cells (Cox et al., 1982).

trradiation with vy~ or X-rays at atmospheric oxygen pressure results
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in & damage spectrum that differs from that obtained under hypoxia. The
amount of base damage is relatively little affected, but strand breaks are
less frequent than after an aercobic exposure (Paterson and Setlow, 1972).
In normal cells, aerobic irradiation is about 2.2 times more cytotoxic than
anaercbic exposure. in AT cells this ratio is the same (Ritter et al., 1979)
but at & lower survival level (Paterson et al., 1979; Paterson and Smith,
1979; Kinsella et al., 1982). This result was interpreted as evidence in
favour of primary involvement of base damage in the hypersensitivity of AT
cells {Paterson, 1378).

The response of AT cells to non-ionizing radiation is generally normal.
This was clearly shown for UV-C light (254 nm)(LePmann et al, 1977; Arlett,
1977; Weichselbaum et al., 1978; Paterson and Smith, 1979; Scudiero, 1980;
lkenaga et al., 1983) and heat (Raaphorst and Azzam, 1983). W-B light of
313 nm was more cytotoxic to 2 out of L AT cell strains {(Paterson and Smith,
1979; Smith ard Paterson, 1580), but this observation could not be reproduc-
ed using the same cell strains {(Arlett et al., 1982).

Taken together it is clear that AT cells show a consistent hypersensi-
tivity to ionizing radiation, but a normal sensitivity te the non-ionizing

part of the radiation spectrum.

2.4.2 Chemical mutagen sensitivity

After the first observation by Hoar and Sargent (1976) that AT cells
are also hypersensitive to radiomimetic chemical agents, a large amount
of data has accumulated on this subject. The available information is sum-—
marized in Table 1, and contains many conflicting resules. An illustrative
example 1s presented by the cell strain AT4B1. Arlett et al. (1982) found
a normal sensitivity after exposure to the two alkylating agents methyl-
methanesulfonate (MMS) and methylnitronitroscguanidine (MNNG). Scudiero
(1980) reported hypersensitivity to MNNG only, whereas Paterson and Smith
{1973) observed the reverse. Probably, different experimental conditions
are the basis of these discrepancies, but the exact nature of the relevant
factors is not clear. One of these is the use of different culture media,
that vary in the concentration of components like nicotinamide, which is
known to influence the cytotoxicity of some DNA damaging agents (Patefson
et al., 1982; Jaspers et al., 1982a paper 1i)). Subtile differences in

culture conditions may influence the DNA damage spectrum as well, which
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Table 1. HYPERSENSITIVITY TO CHEMICAL MUTAGENS
Chemical Defective $trains  Sensitivity Literature
Ageﬂté) vs Strains Tested Ratiosb) References
MMS 517 c) Hoar and Sargent, 1976
/5 - Scudiero, 1980
3/4 1.5 Paterson and Smith, 197%
/5 - Ariett and Harcourt, 1978
Artett et al., 1982
2/2 1.3 tkenaga et al., 1983
2/3 1.3-1.6  Barfknecht and Littie, 1382
MNNG 2/3 2 Paterson and Smith, 1979
5/5 1.8 Scudiero, 1980
0/3 - Jaspers et al.,1982a (Paper I1!)
a1 - Arlett et al., 1982
0/2 - lkenaga et al., 1983
0/3 - Barfknecht and Littie, 1982
MNU 2/2 1.5 Ariett et al, 1982
Teo and Arlett, 1982
ENU 3/3 1.2-3 Paterson and Smith, 1979
0/2 - Arlett et al., 1982
EMS 0/1 - Arlett et al., 1982
3/3 1.8 Barfknecht and Little, 1982
MMC 476 c) Hoar and Sargent, 1576
0/3 - Arlett and Harcourt, 1978
0/3 - Jaspers et al., 19823 (Paper 1I1)
8/2 - tkenaga et al., 1983
NCS 8/8 2.5 Shilch er al., 1982a,b; 1583a
3/3 c) Tatsumi et al., 1981
2/2 2-3 Babiion et al., 1985
Blecmycin 2/2 1.5 Lehmann and Stevens, 1979
3/3 3 Taylor et al., 1979
Lrh c) Cohen et al., 1981
373 2-4 Paterson et al., 13982
373 2.5-3 Jaspers, unpublished
2/2 4 Ikenaga et al., 1983
4NQO 2/3 2 Paterson and Smith, 1980
. 0/2 d) Arlett et al., 1982
1/2 3 lkenaga et al., 1983
2/3 2.3 Barfknecht and Little, 1982
ActD 8/11 c) Hoar and Sargent, 1976

a} Agents: MMS = methymethanesulphonate: MNNG = N-methyl-N'-nitro=N=-nitrosoguanidine;
MRU = methylnitrosourea; MMC = mitomycin {; 4NQO = 4-nitroquino-
line-1-oxide; NC$ = neocarzinostatin; ActD = Actinomycin D.

b) Sensitivity ratios AT over normal, based on Do or D10 values given by the

authors or derived from their data.
¢) Ratios could not be determined from the data.
d) Large variability between normal cell strains.
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could play a role after exposure to 4NQO (Jaspers et al., 1982a (paper I1)).
Finally, since the ¢loning efficiency may influence the response to muta-
gens (Beverstock and Simons, 1882), it may be of importance that AT cells
were reported to require special serum batches for optimal growth {Shiloh
et al., 1982¢c).

Discrepancies have arisen in the results obtained after exposure to
a crosslinking agent (MMC), alkylating agents {MMS, MNNG, EMS, ENU) and
L5NGO. The response of different AT cell strains to these chemicals varied
and in most cases the observed hypersensitivity ratios did not exceed the
value of 2. This contrasts with the response to ionizing radiation, being
censistent In AT, with a sensitivity ratioc of 2-3.

Hypersensitivity of AT cells te bleomycin, neccarzinestatin and
streptonigrin is a consistent finding in a number of studies. The action of
these three agents is mediated by reactive radicals. In addition, Shiloh et
al. (1983c, 1985) have found hypersensitivity to a number of other agents
of this type, including adrizmycine, HZOZ’ carminomycine and tumor promot-
ing phorbolester TPA. This suggests that the pertinent DNA lesion is a spe-
cial type of strand break, that needs some enzymatic processing in order
to be closed. Some agents that produce relatively low levels of active ra=-
dicals, such as near UV, Mitomycin C and actinomycin D {town et al., 1376;
Parshad et al., 1980) can cause a slight hypersensitivity in AT cells,
which may be difficult to detect because of other chemical reactions with
the DNA. Other reagents of this type, e.g. cadmium chloride {(0chi et al.,
1983) remain to be tested in AT.

2.4.3 Potential lethal damage-recovery

Potential lethal damage (PLD) is defined as DNA damage that becomes
lethal to the cell, unless it is processed (repaired or modified) into a
nen-lethal entity. The concept of PLD thus implicates the existence of two
processes competing for the DNA lesion: one of these leads to cell recovery
and the other is an event that fixes the DNA damage into a structure that
causes cell death. DNA replication is generally considered to be a process
ef the secend type, since it may convert DNA lesions into stable genetic
changes. On the assumption that DNA replication is the eariiest critical
event in converting PLD into lethal damage, experiments can be designed to

selectively measure PLD recovery under conditions of non-proliferation.
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With cultured fibroblasts these conditions are achieved by serum-deprivat-
ion or high cell densitiy, resulting in an arrest of the cells in the &I
phase of the cycle.

In case of irradiation with UV light, temporary Gl-arrest can allow
cultured cells to recover completely, if its duration is sufficientiy long
(see Fig.z). Since PLD~recovery was absent in excision-repair defective
xeroderma pigmentosum cells (Maher et al., 1979; Yang et al., 1980; Simons
1979) it was concluded that here PLD recovery was caused by excision repair.

The same experimental design was applied to the study of PLD recovery
after exposure to ionizing radiation and neocarzinostatin. In this system
AT celis did not show recovery and by analogy with XP this was interpreted
as evidence ‘in favour of a DNA repair defect (Weichselbaum et al., 1980;

Cox et al., 1982; Shiloh et al., 1983; Pritchard et al., 1982; Arlett and
Priestly, 1983, 1384).

However, the recovery pattern in the normal cells is very different
from that observed after UV exposure: the increase in celiular survival is
iimited and lasts only about six hours, irrespective of the damaging dose
(Cox et al., 1982; Shilch et al., 1983)(see Fig. 2)}. This implies that the
assumption of DNA replication being the critical 'fixing' event is incorrect.
Apparently Gl-arrest does not fully protect against killing. Data showing
that inhibition of DNA replication for the first 24 hrs after y-ray expos-
ure does not influence cell survival (Smith and Paterson, 1383) support
this idea (see also 0'Neill and Flint, 1985).

Therefore, the results of the PLD-experiments are in line with at
least two alternative interpretations: firstly, AT cells may be defective
in DNA repair and secondly, there is some abnormality in the critical event
in AT. The recovery data suggest that in normal cells there is a radiation=-
induced response that postpones the critical fixing event for some hours,
allowing partial repair of the DNA damage. In AT cells this response appears
to be absent. This last interpretaticn seems more in line with other find-

ings on cell-cycle progression in AT.
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Fig. 2. PLD-recovery in human fibroblasts after exposure to UV-Ilight and
tonizing radiation. Continuous lines represent normal cells ewposed to
different radiation doses, broken lines represent radiation—sensitive cell
strains, either XP or AT. These schematic representations are constructed
on the basis of data obtained by Cox et al. (1982), Maher et al. (1973)
and Yang et al. (1880}.

2.5 DNA Repair Characteristics and Mutagenesis

The most direct measurement of DNA repair is monitoring the time-
dependent disappearance of defined DNA lesions. Since only a limited number
of DNA jesions has been characterized one has often to rely on Tess specific
procedures, such as the incorporation of labelled precursors due to repair
DNA synthesis. Finally, there is the possibility of assaying the activity
of enzymes known to be involved in DNA repair processes. All three options

have been chosen in the various studies of repair in AT.

2.5.1 Radiation-induced DNA damage

The removal of several types of DNA lesions induced by ionizing radia-
tion was investigated in AT cells. Quantitatively the most prominent les-

ions that are produced, the single and double strand DNA breaks, were as-
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sayed using techniques with varying sensitivity, allewing the use of & wide
dose range between 1 and 500 Gy. Mormal rates of repair of DNA breaks were
found using alkaline sucrose gradient centrifugation (Vincent et al., 15753
Taylor et al., 1975; Sheridan and Huang, 1977; Lehmann and Stevens, 19772
Kanter et al., 1980), $1 nuclease digestion (Sheridan and Huang, 1977,
1979) or nucleoid sedimentation (Lavin and Davidson, 1880). Measured with
the sensitive DNA elution techniques {Bradiey and Kohn, 1979; Kohn, 1981;
the repair of single~strand DNA breaks turned out to be either normal
{Fornace and Little, 1980; Hariharan et 21., 1981) or very slightly affect-
ed in only some AT fibrobiast strains (Van der Schans et al., 1980; Jaspers
et al., 1982a{Paper 11)). Similar results were obtained with the double-
strand breaks (Van der Schans et al., 1981; Jaspers et al., 1982z (paper I1);
Cockerelle et al., 1981).

Other defined types of DNA lesions that were repaired with normal
rates in AT cells include 5,5-dlhydroxydihydrothymine (Remsen and Cerutti,
1977) and apurinic/apyrimidinic sites (Sheridan and Huanmg, 1378). Finally,
there exists an uncharacterized type of DNA lesion, that can be recognized
by a crude endonucleclytic enzyme preparatien from Micrococcus luteus
(Paterson et al., 1978). In some AT cell strazins these socalled ‘endonu~
ciease-sensitive sites' were removed less efficiently than in normal cells,
after exposure to very high doses of ionizing radiation (200 Gy) (Paterson
et al., 1976, 1977, 1979). However, in well-controlled experiments these ob-
servations could not be reproduced in another laboratory (Van der Schans et
al., 1982).

lonizing radiation-induced repair DNA synthesis has been studied by
many investigators. Since small patches of DNA are displaced in excision of
ioenizing radiation-Tnduced CONA damage, high radiation doses must be adminis~
tered to obtain significant signal-to-noise ratics. While s number of
authors reperted normal responses (Ford et al., 1981; Henderson and Basilio,
1983; Shiloh et al., 1980}, decreased levels of repair synthesis were ob-
served in some AT cell strains in several other studies (Paterson et al.,
1976, 1977, 1979; Lavin and Kidson, 1978; Vincent et al., 1980; Van der
Schans et al., 1980; Smith and Paterson, 1981; Chen et al., 1578; Taalman
et al., 1982). These observations have resulted in the postulation of two
distinct classes of AT cell strains, called excision-repair proficient (exr™)
and deficient (exr ). The exr’ phenotype was not observed in Iymphoblastoid

cells.
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In the case of irradiation with UV light, al) repair responses appear-
ed to be the same as in normal cells. For instance, thymine dimers were
removed at normal rates (Paterson et al., 1876, 1977; Kentor et al., 1980}
and the levels of repair DNA synthesis were nermal (Kraemer, 1977; Scudiero,
1978; Jaspers and Bootsma, 1982b (paper V); Ahmed and Setlow, 1978; Lehmann
and Stevens, 1980).

2.5.2 Chemically induced DA damage

The early finding of Hoar and Sargent (1976} that AT c¢ells were sensi=~
tive to some chemical mutagens has prompted several investigators to study
the repair of DNA damage in AT after exposure to such compounds. The lite-
rature data, summarized in Table 2, indicate normal repair rates of 'Uv-
type'! DNA adducts (such as those induced by AAF or 4NQG), DNA interstrand
crosslinks caused by mitemycin C, and DNA strand breaks caused by bleomycin
or neocarzinostatin. With respect to the DNA alkylating agents some contro-
versy has arisen in the literature. Whereas all reports agree on a normal
capacity to repair damage induced by MMS, conflicting data were obtained
with methylnitronitrosoguanidine (MNNG). Scudiero (1980) observed defective
repair replication after exposure with MNNG in the exr AT cell strains and
a normal response in the exr’ cells. These results could not be reproduced
by others using the same cell strains (Lehmann, 1982; Lehmann et al., 1882)
or other strains (Shiloh et ai., 1980). Moreover, AT cells appeared to be
proficient in the removal of the six most prominent DNA lesions caused by
MNNG (Shilch and Becker, 1982, 1383) or methylnitrosourea (Medcalf and
Lawley, 1981).

A similar confusing situation exists with respect to the agent 4NQO.
in two out of four AT strains the alkali-stable ('X-ray~like') DNA lesion
was repaired less efficiently than in neormal cells {Smith and Paterson,
1980), but this could not be reproduced by others using the same AT cells
(Lehmann et al., 1982}.

What causes these discrepancies is not clear. [t seems probable that
they have the same basis as the inconsistencies in cellular survival after

exposure to these agents.



30

Table 2. REPAIR OF CHEMICALLY INDUCED DNA DAMAGE IN AT CELLS
Chem. Parameter Techniques Defective Strains Literature
Agenta) Investigated Usedb) /Strains Tested References
AAF Adduct removal Cl 0/1 Amacher and Lieberman,1977
Repair synth, AUT, BP 21 Ahmed and Setlow, 1978
Abmed, 1980
BLM SingStr.8reaks ASG 0/1 Hurt et al., 1983
SingStr.Breaks ASG Lehmann and Stevens, 1979
SingStr.Breaks ATkE] U/Zc) Fornace and Littie, 1980
SingStr Breaks ATKET 2/3 Jaspers and Regulski, unp.
DoubStr.Breaks NeuE} 0/k Van der Schans et al., 1382
$ingStr.Breaks Nucl.Sed. 0/2 Morris et al., 1383
MMC Repair Synth. BNDC 0/6 Shiloh et al., 1980
Repalr Synth. LSC 0/1 Lehmann and Stevens, 1980
MMS Repair Synth. LSC 0/2 Lehmann and Stevens, 1980
Repair Synth. BNDC 0/6 Scudiero, 1980
Repair $ynth, BDG 0/6 Shiloh et al., 1980
Repair Synth. BP 0/1 Ahmed, 1980
EMS Repair Synth. BP 0/1 Ahmed, 1980
MNU Adduct Removal ¢l 0/1 Medcalf and Lawley, 1981
MNNG Repair Synth. BDG 0/1 Henderson and Ribecky,
1980
Repalir Synth. BNDC #/Bd) Scudiero, 1980
Repair Syath. LSC, BDG, BNDC 0/2 Lehmann, 1982
Repair Synth. BNDC 0/6 Shiloh et al., 1980
Shiloh and Becker, 13981
Adduct Removal o 0/6 Shiloh and Becker, 1982
Shiloh et ai., 7983
LNQO Adduct Removal ASG Z/he) Smith and Paterson, 1980
Repair Synth. AUT 0/16) Ahmed, 1980
Repair Synth. AUT 0/13) Jaspers, unp.
Adduct Removal ASG 0/1 Lehmann et al., 1982
NCS Repair Synth. ENDC 0/4 Shiloh et ai., 1982

a} AAF, N-acetoxy-2-acetylaminoflucrene; BLM, bleomycine; MMC, mitomycin C; MMS,

methyimethenesulphonate; EMS, ethylmethaneulphonate; MNU, N-methyl-N-nitrosourea;

MNNG, N-methyl-N*=nitro-N-nitrosoguanidine; 4NQO, 4-nitroguingiine-i-oxide;
NCS, neotarzinostatin.

b} Cl, chromatografic identification; AUT, autcradiography; BP, BUdR-photolysis;
ASE, alkaline sucrose gradient sedimentation; ATKEl, alkaline elution; NeuEl,
neutral elution; BNDC, BND-cellulose chromatography; LSC, liguid scintillation

counting of non-protiferating cell cultures; BDG, buoyznt density centrifugation:

nucl.sed., nucleoid sedimentation.
<) Difference only very slight.
d} Cell strains found defective by Scudiero.
e} Cell strain found defective by Smith and Paterson.
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2.5.5 Enzymology of DNA repair

All enzyme activities believed to play a role in DNA excision repair
that were tested were found to be mormal in AT cells. These include uracil-
DNA-glycosylase (Kuhnlein et al., 1978), apurinic endonuclease (inoue et
al., 1979, 1981; Moses and Beaudet, 1978), the three DNA polvmerases ¢,

B and v (Bertazzoni et zl., 1978). Also superoxide dismutase and catalase
activity, two enzymes that protect the cell against damage were normal
(Sheridan and Huang, 1979; Abeliovitch and Cohen, 1978; Brown and Harnden,
1978). Glutathion-levels were also normal (Kinseliaz et al., 1982).

In bacteria evidence was found for a ‘cleaning exonuclease' that
modifies radiastion-induced strand breaks in such a way, that they can be
used as starting points for the action of DNA polymerase | {lncue and
Kada, 1977). The assay for this 'primer activating activity' was also
applied to human cell extracts and it was found to be considerably reduced
in AT fibroblasts (inoue et al., 1977, 1982). From these data it was pos~
tulated that AT cells may be defective in the repair of some class of
‘dirty’ DNA breaks. A comparable enzyme activity, but at a much lower
level, was demonstrated in human extracts by Edwards et al. (1980). Also
here a reduced activity was seen in AT cells, but other have failed to re-
produce these results (Lehmann, 1982). The enzyme activity has been demon-
strated in extracts of human cells using exogenous purified DNA as a sub-
strate. The exact bielogical role of it in the living cell is still un~

clear.

2.5.4 Mutagenesis

In xeroderma pigmentosum cells a reduced abiiity to remove thymine
dimers is correlated with an enhanced freguency of mutations induced by
UV light {Maher and McCormick, 1976}. Data on the mutagenicity of ionizing
radiation in AT cells were reported by three laboratories. In contrast to
XP, AT cells were found to be either hypomutable by y-rays (Arlett and
Harcourt, 1978) or equally mutable as normal cells (Simons, 1982; Tatsumi
and Takebe, 1985). Spontansous mutation frequencies in AT ceils were normal

in these studies.
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2.5.5 DNA repair defect in AT?

Summarizing the data from the previous sections it appears that un-
equivocal evidence for a DNA repair defect in AT cells is lacking. In
those cases where apparent abnormalities were observed, they were not con-
sistent in AT. This was especially clear with the repair DNA synthesis in-
duced by ionizing radiation. The abnormzlities were confined to a minor
group of AT patients and were only detectable in fibroblasts.

A1l studies involving radiation-induced repair DNA synthesis were per-
formed with high doses of ionizing radiation. Since the dose ranges are
generally two orders of magnitude higher that those used to study chromosome
breakage, cell survival, mutagenesis or cell cycle progression, the biolog-
ical relevance of these repair data remains questionable. In this respect
it may be of interest that Shiloh et 2l. (1980) okserved defective repair
synthesis in cells from an apparently normal individual, which was correlat-
ed with an altered induction of ornithine decarboxylase (another high-dose
phenomenon, BenHur et al., 1981), whereas cell survival was normal.

in ancther study {Jaspers and Bootsma, 1982b (paper V)) it was shown,
that high doses of X-rays affect the rate of UV-induced repair synthesis
in AT cells, but not in normal cells. After exposure to 200 Gy UV-UDS was
slightly stimulated in two exr’ cell strains but inhibited to 65% in two
exr AT cells strains. First of all these data provide strong evidence for
different molecular defects in the two classes of AT, but at the same time
suggest that high radiztion-doses can selectively affect repair processes
in AT that are not directly related to the X-ray response. |t may be that
decreased levels of repair DNA synthesis induced by lonizing radiation in
exr AT cells are rather a consequence of the AT radiosensitivity than the
cause of it.

Taken together, all these data indicate, that DNA repair functicons in
a nermal way in AT cells. This idea is supported by results from studies on
the effects of radiation on cell-cycle progression, discussed in the follow-

ing sections.
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2.6 Cell Cycle Progression

2.6.1 Growth of AT cells in culture

Cultured AT cells have a reputation of sluggish growth and low clening
efficiency (Harnden, 197k4; Hoar, 1975; Elmore and Swift, 19763 Ros, 1975),
but these parameters vary with the cell strains and culture conditions used.
AT cells share this property with cells from patients with Bicom's syndrome
or Fanconi's anemia, so this may well be secondary to fheir intrinstc chro-
mosomal instability.

in one laboratory AT lymphoblastoid cell Tines had significantly
longer doubling times than normal cells, which was mainly accounted for by
a lengthening of the S~phase (Cohen and Simpson, 1980a). In contrast, such
an abnormality was not observed with AT lymphoblasts in two other studies
(Kohn et ai., 1982; Imray and Kidson, 1983). Murnane and Painter {13%82)
found evidence for an increased duration of the S-phase in AT fibroblasts
using cell fusion techniques (discussed in section 2.7.1), but in experi-
ments carried out in our laboratory normal doubling times and S-phase per-
iods were observed in twe of the same fibroblast strains (results see
Table 3).

An explanation for these different observations may be offered by the
results from a more systematic study of this subject by Shiloh et al.
{1982¢c). They, as well as others ({Thompson and Holliday, 1983} noted a
slightly decreased lifespan, which could be related to the progeric skin
changes found in AT patients. In addition, AT fibroblasts had a greater re-
quirement for epidermal growth factor (EGF) and fibroblast growth factor
than normal cells. This made AT cells more susceptible to poor serum-batches.
The authors postulated that there is an abnormality in the processing of
these facters by AT cells In vitro. Since the abnormal response to ionizing
radiation is consistently observed in AT, independent of cell culture con=
ditions, it appears that slow growth in culture is probably nor directly re-
lated to AT radiosensitivity. On the other hand, the growth factor require-
ments of AT cells may play a role in other features of the syndrome. In this
respect it is interesting that the gene coding for the EGF receptor (the
grbB proto-oncogene) is located on chromosome 7pl4-7p11 (Shimizu et al.,
1980; Meera Khan and Smith, 1984}, a region with preferential breakage in
AT (Aurias et al., 1980). One could speculate, that, because of the special

growth factor requirements changes in the expression of this gene (e.g.
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caused by chromoscmal rearrangement) provide selective advantage for AT
cells, which could explain the frequent involvement of this chromosomal

region in the cytogenetically abnormal clones of AT patients.

Table 3. CELL CYCLE PARAMETERS OF NORMAL AND AT FIBROBLASTS
Cell Passage  Apparent Labelling S-Phase
Strain Number Doubling Time (h} index (%) Duration
AT4BI 16 31.8 23.5 9.5
AT5BI] 20 347 23.% 10.4
C5R0 17 38.0 2500 9.1
C7RO T8 28.2 33.6 9.5

Legends: Cells from exponentially 95°WEng cultures were trypsinized and
seeded at a density of 1250 celis/em™ onto plastic petridishes for culture
in Ham's F10 medium supplemented with 15% fetal bovine serum and 20 mM
Hepes pH 7.4. At every 24 h interval 50% of the medium was replaced.

For four days cells were harvested at different times and their number was
estimated by the DNA content of the dishes using Hoechst-33258 fluorescence
spectrometry (Labarca and Paigen, 1980). Apparent doubling times were cal-
culated from the slopes of the semilogaritmic plots of cell number against
culture time, obtaingd by least-square fitting. Parallel cultures were
pulse-labelled with “H-thymidine at 40 hrs after seedinmg and processed for
autoradiography. Labeliling indices were determined by counting 1000 cells
in duplicate cultures. The duration of the S-phase was approximated by the
product of the apparent doubling time and the labelling index.+

C5RO and C7RO are normal cell strains, AT4B] and ATSBI are exr AT cell
strains.

2.8.2. DVA synthesis in damaged AT cells

The ionizing radiation-induced delay in cell cycle progression occurs
during all phases of the cell cycle, but the 62 phase is the most sensitive.
In this phase the block has the longest duration, whereas that in Gl or §
is more transient. A block or slowdown in the progression through the S-
phase is simply measured by the overall rate of DNA replication. The effect
of DNA damage on the rate of DNA synthesis is the subject of this section.

Effects on DNA synthesis are observed after radiation doses that are
in the range of doses that produce moderate clastogenic and cytotoxic
effects. On the hypothesis that AT celis are defective in DNA repair, one

would predict that unrepaired damage will persist in the BNA, causing a
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greater or more persistent inhibition of DNA replication. This expectation
is based on the behaviour of Uv-irradiated xeroderma pigmentosum cells
{Rudé and Friedberg, 1977). In contrast to this prediction, the rate of

DNA synthesis in AT cells is inhibited to a lesser extent than in normal

cells (see Fig. 3A). This discovery was made independently in four differ-

ent laboratories (Houldsworth and Lavin, 1980; Edwardsand Taylor, 1980;

de Wit et al., 1981 {paper I}, Painter and Young, 1980) and confirmed by

many groups later on (for references see Table 4). The diminished inhibit-
ion was not caused by a premature entry into the $-phase (Jaspers and
Bootsma, 1982a (paper !V), lmray and Kidson, 1983; Ford et al., 1933).

The phenomencn was observed in all AT cell types studied, including fibro-

blasts, lymphoblastoid cell lines (B-lymphocytes) and peripheral blood
Iymphocytes stimulated by phytohaemaglutinin (T-cells) or pokeweed mitogen

{B-cells). The socalled ‘exr ' and ‘exr+’ AT cell strains showed the same

response (de Wit et al., 1981 (paper I); Jaspers et al,, 19823 (paper 11}).
Afrer high doses of X-rays, those used to measure the excision repair
phenotype, the difference between AT and normal cells was not detectable

(data see Fig. 3B). Thus the abrormality in ONA replication correlates well
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Table 4. INHIBITION OF DNA SYNTHESIS IN AT BY [ONIZING RADIATION
Type of Doses Ce]]a) Number of Respogﬁe Literature
Radiation (Gy) Type Strains Found References
Gamma-rays <10 LCL 4 D Houldsworth and Lavin,
1580
{aerobic) Ford and lLavin, 1881
<10 LCL 2 Db) Edwards and Taylor, 1980
<15 FIBR 2 D,N Smith and Paterson, 1980
<hp FIBR 7 b Lehmann et al.,1982; p.c.
Jaspers et al., 1982¢c
400 FIBR 3 N Smith and Paterson; p.c.
X~rays <4 FIBR >29 o} De Wit et al., 1981
(paper 1)
(aerobic) Jaspers et al.,1982a,b,¢c,
(Paper [1}; unp.
<50 FIBR 6 D Painter and Young, 1980;
1982; Painter, 1981
500 FIBR 2 N Jaspers, this thesis
<hp PHAL 5 D Jaspers et al., 1981b
(Paper LI1); unp.
<kp PWML 1 C Jaspers, unp.
<25 FIBR 2 D Shiloh et al., 1982a,b
<3 FIBR 1 D Edwards and Kaufmann,
1882
<8 LCL 6 D Henderson and Basilio,
1983
(anaerobic) <40 FIBR L D Jaspers et al., 1982a
(Paper I1)
a) Abbreviations and symbols: LCL, lymphoblastoid cell lines; FIBR, fibro-

blasts; PHAL, phytohaemagglutinin-stimulated Jymphocytes; PWML, pokeweed
mitogen-stimulated lymphocytes; D, diminished inhibition of DNA synthesis;
N = Nermal Tnhibition; p.c., personal communication; unp., unpublished

data.

b) Normal response of AT cells could not be reproduced by several other in-

vestigators.

with the other consistent cullular features of AT i.e., chromosome breakage

and lethality induced by X-rays. This cerrelation 1s further substantiated

by studies with a variety of other DNA damaging agents (for reference see

Table 5). The relative rate of DNA synthesis was normal after exposure to

Uv-C and UV-B light, alkylating agents, mitomycin C, actinomycin D and 4-

Nitroguinoline-1-oxides, all agents resulting in normal levels of cell kil-

ling in AT. Bleomycin, neocarzinostatin, tallysomycin and streptonigrin

cause both increased lethality and dimished inhibition of DNA synthesis in
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Table 5. INHIBITION QF DNA SYNTHES!S IN AT BY MUTAGENIC AGENTS
Agenta) Max. Cell No. of Response Literature
Dose  Type Strains Found References
uv-C, 23 FI8R 4 N De Wit et al., 1981 (paper 1)
T7m) Jaspers er al., 19824
UV-B 2 1.2 FIBR 2 N Jaspers, unp.
{RI7m) 4)
Uv-A 2 500 FI1BR 2 [ Jaspers, unp.
KJ/m™)
Bleomyein 5 LEL 3 D Cohen antd $impsen, 1983
Tag/ml) 200 FIBR 1 D Cramer and Painter, 1981
40 FIBR 4 D Jaspers et al, 1982a {paper 1)
40 PHAL 1 D Jaspers, unp.
400 LEL 3 D Edwards et al., 1982
500 FIBR 3 b Lehmann et al., 1982
200 FIBR 2 D Shiloh et al., 1982a,b
50 LCL 2 D Morris et al., 1983
50 LCL 3 D Cohen and Simpson, 1982b
NCS 10 FIBR 4 D Jaspers et al., 1982¢c; unp.
Tug/mt) 1 FIBR & 0 Shiloh er al., 1982a,b
0.15 FIBR i D Povirk and Goldberg, 1982
10 LCL 3 D Coben and Simpson, 1983
0.08 LCL 1 D Babilon et al., 1985
MMC &0 FIBR 3 N Jaspers et al., 1982a,c
{(uM) (Paper 1)
3 Lot 3 N Cohen and Simpson, 1982a, 1983
MNNG 6500 FIBR ) N Scudiero, 1980
TuMy 17 LCL 1 N Henderson and Ribecki, 1980
25 FIBR 4 N Jaspers et al., 19823
(Paper 11)
100 FIBR 1 N Cramer and Painter, 1981
7 LCL 2 N Cohen and Simpson, 1983
MMS 1 FIBR L N Jaspers et al., 1982a
(M) (Paper !1)
DMS 8.4 FIBR 2 N Jaspers et al., 1982¢
mH}
4NQD 4 FIBR i N Jaspers et al., 1982a
) (Paper 11}
10 FIBR 2 N Smith and Paterson, 1980
3Me4NQOb} 100 FIBR 2 N Jaspers et al., 1982¢
uM
BV <) Eigk 2 N Jaspers et al., 1982¢c
ActD 5 FiBR 1 N Cramer and Painter, 1981
pMi
Streptonigrin FIBR 2 D Taylor et at., 1983

Tallysomycin 50 LECL 3 L Cohen and Simpson, 1983
(Hg/mi) . '

a) Abbreviations and symbels the same as in Tables 1 and 4.
b} 3-Methyl~4NQO induces an alkali-labile type of DNA damage only.
¢} Irradiation of DNA substituted with 5-bromo-2'~deoxyuridine by ultraviolet

light of 313 nm produces DNA strand breakage.
d) Slight, but significant difference with normal cells.
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AT. Uv-A light (»340 nm) also had a slight differential effect on AT fibro-
blasts, which is consistent with its radical-inducing properties.

The steep component is absent in the inhibition curve of AT cells
{see Fig.3A) which suggests that the initiation of new replicons is not
affected by X-rays. Molecular studies have indicated a fallure in the sup~
pression of both replicon initiation and chain elengation (Painter and
Young, 1980; Painter, 1981; Ford and Lavin, 1981; Edwards and Taylor, 1982).
These data, all obtained with alkaline gradient centrifugation, were con-
firmed with DNA fiber autoradiography {(Ockey, 1982). The rate of chain
elongation in AT cells proved to be the most resistant to radiation, being
almost unaffected by doses up to 50 Gy. This implies, that the residual
inhibition 5till present in AT cells is caused by failure to initiate re-
plicons, with a dose-response that is similar to the shallow component of
normal inhibition curves. Therefore, it was suggested by Painter (1985)
that in irradiated AT cells the coordinate replicon imitiation must be
disturbed, as ail replicons seem to behave as separate targets. |f this is
5o, it is likely that an alteration of chromatin structure is involved in
the abnormal inhibition of DNA replication of AT cells,

The fact, that radioresistant DNA synthesis is a consistent property
of AT cells, may suggest that the primary defect of AT cells is in the re-
gulation of DONA replication. However, there are strong arguments against
this. Firstly, recovery from radiation-induced damage is abnormally slow
in AT cells even in the absence of $~phase dependent DNA synthesis, with
respect to cell killing as well as chromosome breakage (potemtial Tethal
and clastogenic damage recovery, see secs. 2.3.2 and 2.4.3). Secondly, the
frequency of chromosomal aberrations in AT is enhanced after exposure of
the cells in the G2 phase of the cell cycle (Taylor, 1978; Natarajan and
Meyers, 1579). It follows, that an abnormal rate of DNA synthesis after

radlation exposure is one of the secondary effects of the genetic defect
in AT.

2.8.3 Mitotie delay

Exposure to ionizing radiation in any phase of the cell cycle results
in G2-arrest. The duration of this arrest, called mitotic delay or division
delay is dose-dependent. in the G2-phase there appears to exist a 'point of

no return', after which irradiation does not result in mitotic delay. The
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timing of this point is also dependent on the radiation dose (Dewey and
Highfield, 1976; Tomasovic and Dewey, 1978}. The relationship between
division delay and other biclogical endpoints such as cell death, muta-
genesis and chromosome aberrations is not clear (for a discussion, see eg.
Scott and Zampetti-Bosseler, 1980; Lucke-Huhle, 1982).

In the previous section it was mentioned that irradiated AT cells
proceed faster through the S-phase than normal cells. This is compatible
with the observation that AT fibroblasts also suffer less mitotic delay
after radiation exposure (Zampetti-Bosseler and Scott, 1981}. It is not
completely certain whether this can be attributed to an effect on the S-
phase only or on both G2 and $. The curves describing the fraction of la-
belled mitoses in AT fibroblasts were interpreted as evidence for a less
pronounced G2~arrest but this interpretation is only correct if the G2~
block is reversible. Results obtained with fluorescence activated cell
sorting (Ford et al., 1984) suggest that in a fraction of the irradiated
AT cells the G2Z-block may be permanent; however this seems not enough to
exclude a diminished G2~arrest in AT cells.

With cultured human fibroblasts there is also a radiation-dose depend-
ent delay in progression from Gl to 5. In some cells this block may be ir-
reversible (Little and Nagasawa, 1983). In AT fibroblasts neither a 61
block mor a Gi-delay was induced by 1 to 4 Gy of X-rays. Virtually all of
these cells entered into the S-phase without delay despite high lethality
of these radiation doses for AT cells (Little and Nagasawa, 1985). Similar
observations were made on bleomycin~treated AT lymphoblasts (lmray and
Kidson, 1383).

It appears that the radiation-induced delay in cell-cycle progression
that occurs in all cell cycle phases of normal cells, is generally less
pronounced in AT cells. This suggests, that some common enzymatic functions
control the delay in the different cell-cycle phases. In this respect there
is a need of data on the expression of genes that are involved in cell cycle
control in irradiated and unirradiated AT cells. A recent study of the gene
c-myc that may have such a function, has shown that this is normally ex-

pressed in AT lymphobliastoid cells (Lavin et al., 1984).

2.8.4 Chromatin aomalies in AT?

Kinetic studies showed that the diminished inhibition of DNA replicat-

ion remains evident for at least four hours after radiation exposure, de-
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pendent on the dose {Painter, 1981; Jaspers et al., 1982d; Jaspers and
Bootsma, 1982a (paper V), Ford and Lavin, 1981; EZdwards and Taylor, 1982).
This means that the abnormal rate of DNA synthesis continues tc exist after
enzymatic rejoining of the DNA strand breaks, which is almost completed
within two hours in AT cells (Jaspers et al., 1982a (paper It). Thus, DNA
strand breaks cannot be directly invoived. This conclusion is supported by
studies of {hinese hamster ovary cell mutants, hypersensitive to X-rays
{Kemp et al., 1984). These mutants have a defect in the rejoining of radi-
ation-induced double-strand breaks {Kemp et al., 1984; Weibezshn et al.,
1985). However, the inrhibition of DNA synthesis in the mutants is more pro-
nounced than in the wild type controls (Jegge et al., 1985), contrary to AT
cells.

It has been suggested that sbnormalities in chromatin structure may be
responsible (de Wit et at., 1881 (paper |); Painter, 1982). Attempts to ob-
tain more direct supportive evidence for this hypothesis were not success-
ful so far. A number of observaticns are relevant in this respect.

Kraemer et al. (1983) reported that the radiosenmsitivity in AT was not
reflected in the metabolism of the histones and major non-histone proteins.
Both their rates of synthesis and their amounts were normal in AT cells.

Burgoyne and Jaspers (unpublished observations) failed to observe a
consistent difference in DNAse hypersensitivity of the chromatin of irra~
diated or unirradiated AT and normal fibroblasts.

incubation in hypertonic medium is known to inhibit DNA replication
and sensitize mammalian cells to the cytotoxic and clastogenic action of
X-rays (Dettor et al., 1972). However, X-irradiated AT and normal cells res-
ponded similarly to high salt concentration (Painter, 1382).

Sodium-n~butyrate Is an agent.that inhibits chromatin acetyiation and
phosphorylation and thus influences DNA-protein interaction in the chromatin.
The compound has been shown to arrest cultured cells in the G1 phase
(Darzynkiewicz et al., 1980). We have investigated the effect of n-butyrate
on the rate of DNA synthesis in AT cells. We found evidence, that is consis-
tent with an arrest of cell cycle progression in G1 of both AT and normal
fibreblasts {data not shown). Fig. 4 shows the effects of butyrate in X«
irradiated cells. When present at a concentration of 5 mM the X-ray-induced
inhibition of DNA replication was abolished. However, the responses of AT
and normal cells were similar in this respect.

Finally, AT and normal lymphoblastoid cell lines recovered equally
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well from an X~ray-induced reduction in superhelix density, as determined
by nucleoid sedimentation {Lavin and Davidson, 1981).

In conclusion, the exact reason for the abnormal response of DNA re-
plication to X-rays in AT cells remains unclear. However, in the experiments
mentioned above the occurrence of generalized chromatin anomalies has been
tested rather crudely. More fundamental knowledge of DNA-chromatin inter-
actions and their relevance for DNA metabolism will be required to answer

the question which chromatin alterations may be important for the radiation
response in AT.
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Fig. 4. Effect of X-rays on DNA synthesis after treatment with sodiwmn—
butyrate.
Fibroblasts from patients with AT (ATIRWA, AT4BI) and from normal individu-
als (C5R0O, C7R0) were prelabeled with ~ C-thymidine, incubated for 16 k in
the presence of sodium-n—bulyrate, exposed to X-rays and cultured for an—
other 4 hrs with butyvate and “H-thymidins. C@lligwere harvested and the
rate of DNA replication was estimated by the “H/" C-ratiocz in each sample.
Values of wunirvadiated cells were normalized to 100%. Concentrations of
n=butyrate: 0 MYy (Q—0J), 0.5 mM (@& and & m{ (A—A). In the ab-
sence of butyrate the inhibition of DNA synthesis is less pronounced in AT
cells than in normal cells. In the presernce of & mM butyrate the DNA syn—
thesis becomes more radiation-rvesistant in all cell strains.
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2.7 Genetics of AT

2.7.1 Complementation analysis of AT n

The suggestion that AT may be genetically heterogenous was made by
Hecht and McCaw in 1877 and is based on the variability of the clinical
symptoms. Using the varying susceptibility to sinopulmonary infections as a
criterion they proposed the existence of at least four different subtypes
(Hecht and Kaiser-McCaw, 1982). Whether these differences have a genetic
background is not completely clear, since considerable variation in the de-
gree of immunodeficiency has been observed even within AT sibships (Jason
and Gelfand, 1979; Saint-Remy et al., 1981). [n contrast to the variable
clinical picture of AT, cultured cells from AT patients show a rather homo-
geneous behaviour in many respects. This is especially true with their res-
ponse to ienizing radiation.

The availability of consistent cellular abnormalities and the fact
that the inheritance pattern of the disorder is recessive allow a genetic
study of AT by performing complementation analysis. The feasibility of this
approach using cultured human cells was shown by De Weerd-Kastelein et al.
(1872) with the disease xeroderma pigmentosum. $ince then, genetic comple-
mentation studies have been carried out on a variety of human inherited dis-
orders, such as gangliosidosis, methylimalonic acidemia, sialidosis, Fanconi's
anemia and Cockayne's syndrome. in some instances the molecular basis of
the genetic heterogeneity was identified.

Complementation analyses of AT have been undertaken using four differ-
ent assays. All of these were based on the abnormal response of cultured
AT cells to Tonizing radiation.

1. Defective gamma-ray induced repair DNA synthesis {Paterson et al., 1977).

2. Defective primer activating activity on irradiated DNA {inoue et al_,
1981).

3. Diminished inhibition of DNA replication after radiaticn exposure
{Jaspers and Bootsma, 1982a (Paper IV); Murnane and Painter, 1982).

4. Erhanced frequency of chromosomal breaks after gamma-irradiation

1)1%2 text of this section if slightly modified from a publication by N.G.d.
Jaspers, R.E. Painter, M.C. Paterson, C. Kidson and T. Inowe, titled:
"Comp lementation Analysts of AT', in press with Alan Liss Cy., New York.
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With one exception (lnoue et al., 1981) complementation was studied by so-
matic cell hybridization. Cultured cells from different AT patients were
fused using either $Sendai virus or polyethylene glycol and the response

of the resulting heterokaryons to ionizing radiation was measured.

Paterson et al. (1977} were the first to report genetic heterogeneity
in AT. They scored complementation by measuring unscheduled incorporation
of tritiated thymidine in cells after exposure to high doses of radiation.
Two of the AT cell strains studied failed to complement each other, whereas
both complemented 2 third AT fibroblast strain. The abnormality in repair
DNA synthesis is not a consistent phenomencn in AT. Only the class of the
exr AT fibroblasts is affected and the defect has not been found in AT
lymphoblastoid cells.

The iowered activity of a primer activating enzyme, that converts X-
ray induced DNA damage into starting points for bacterial DNA polymerase
proved to be a characteristic of both the exr  and exr' classes (Inoue et
al., 1977; Edwards et al., 1980). Complete restoration of normal activity
was demenstrated in & mixture of cell-free extracts obtained from one pair
of AT fibroblasts, but not in that from another pair. Thus, the three AT
ceil strains could be assigned to two complementation groups using the
assay.

Ancther consistent abnormality in AT cell strains is the radiation-
resistant DNA replication. [n two laboratories this parameter was used for
complementation analysis simultaneously and independently (Jaspers and
Bootsma, 1982a (Paper 1V); Murnane and Painter, 1382). The rate of DNA
synthesis was determined by autoradiography on single cells in S-phase
after incorporation of tritiated thymidine. Heterokaryons and homokaryons
present in the population of fused cells were distinguished by Joading the
cytoplasm of the cells before fusion with different types of plastic beads.
In some cases heterokaryons showed an X-ray induced inhibition of DNA re-
plication that was comparable with that in normal fibroblasts. In homokar-
yons, or heterokaryons from other combinations of AT patients (sibs for in-
stance) this inhibition was less pronounced {Table 6). The results of the
two studies are in agreement with respect to the assignment of cell strains
to different complementation groups. In both cases the three cell strains
AT3B!, AT4B! and ATS5B| were found to complement each other in all combinat-
ions.

The combined data from the four studies of AT fibroblasts are summar-
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Table 6. COMPLEMENTATION [N AT F1BROBLAST CELLS

Residual rate of DNA repEicationb)
Fused Cell after exposure to X-rays (40 Gy)
Strainsa) Homod1karyons Heterodikaryons
C7RC x C7RG : Lh% - h3y
ATLBI x ATSBI 65%;60% 45%
ATLBI x AT6B! 64%;58% 47%
AT5Bi x AT6BI 60%;63% 62%

a) C7R0C cells are from a normal individual; AT4Bi and ATS5B1 are from un-
related patients, and AT5BI and AT6BIl from sibs.

b) The rate is expressed as the percentage of that measured in the corres-
ponding unirradiated cell types, after counting the grains over at ieast
50 S-phase nuclei.

ized in Tables 7 and 8. Based on these fusions the cells from 11 unrelated
cases can be assigned to a least four different compiementation groups
coded A,B,C and D. Two of these contain the exr fibroblast strains (A,B)
and C and D harbour celis that were all shown to perform normal levels of
repair repliication. Therefore, the exr phenotype appears to be reflected

by genetic differences. Nothing is knmown about the capacity for repair syn-
thesis in the strains AT8BI and AT14Bi, that are both excluded from groups
A, C and D.

Measurement of radiation-induced chromosomal aberrations in fused
primary fibroblasts is complicated since these cells proceed to mitosis
with very low frequency (Hoehnm et al., 1978; Bryantet al., 1979). In large
multikaryons the entry into the $-phase is impaired as well {(Jaspers et al.,
1981a). However, transformed cells proliferate readily after fusion and
thus lymphoblastoid cell lines were used by Chen et al. {(1884) for studying
complementation of the radiosensitivity in terms of chromosome breakage.
Since chromosomal aberrations are scored on single cells, discrimination
between homokaryons and heterokaryons is aise required in this approach.
This was accomplished by prelabelling the DNA of one of the fusion part-

ners with 5-bromodeoxyuridine, causing differential staining of the



Table 7. COMPLEMENTATION ANALYSIS OF AT USING CULTURED FIBROBLASTS

AT3BI ATLBI ATSB] AT2BE AT10S
ATIBE - a + a
AT2BE + a
ATIPWA + e - c + e + e + c
ATHJTO + d - d
ATEBI + e + g - &
AT10S + e + e - ¢
AT1LBI( + b + b + b
ATBBI + b + b + b
ATi7BI + b + b - b
ATSBI + bed + be
ATLBI + be

a) Paterson et al., 1877

b) Murnane and Painter, 1382

¢) Jaspers and Bootsma, 19822 (paper IV}
d) inoue et al., 1981

e} Jaspers, unpublished

-, No complementation

+, Complementation

Table 8. COMPLEMENTATION GROUPS AMONG AT-FIBROBLASTS
Group A: ATIBE, AT3BI
Group B: AT2BE
Group C: AT1PWA, ATLBI
Group D: ATSB1 . AT6R12), ATI7B1, AT10S, ATHJTO

Unassigned: AT8B1, AT14B!: both not A, C or D.

a) AT5B] and AT6BI] are from sibs
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chromosomes with Giemsa. Chromoseme breakage was restored to normal levels
in some irradiated heterokaryons but not in others. Thus, four different
complementation groups were identified in seven unrelated AT patients
(Table 9). 1t is not clear yet, how these groups relate to those found
with cultured fibrobTasts since the two sets of patients are not over-
lapping (except cell strain GM 1526, that was obtained from the same
individual as AT8BI}. Fusions with cells from patients belonging to the
Birmingham (Bl)-series are in progress (Kidson, pers.comm.).

The combined data from these complementation studies indicate the
existence of at least four and possibly nine different compiementation
groups- As these data are obtained with cells from 17 unrelated patients
only, this suggests that extensive genetic heterogeneity exists in AT.

A genetic basis of the complementation is suggested by the findings with
two AT siblings, although this was established in one case only with one
of the four tests. In addition, the complementation pattern was internally
consistent, and anomalous behaviour of any cell strain, precluding a clear

group-assignment was not yet observed.

Table 9. COMPLEMENTATION GROUPS AMONG AT LYMPHOBLASTOID CELL LlNESa)
Group 1: AT1ABR, GM1526 (=AT8B1)}

Group 2: AT3ABR

Group 3: ATLABR, ATGABR, GM717

Group 4: ATSHBR

a) From Chen et al., 198%

The very freguent occurrence of complementation suggests that the
genetic control of the cellular respense te ifonizing radiation is extemely
complex. These genetic data can contribute to the understanding of these
processes, since they allow the use of genetically characterized AT cell
strains for research. The importance of this is especially clear in studying
linkage with polymorphic genetic markers, such as the histocompatibiiity
antigens (Hodge et al., 1380), when these studies involve meore than one
family.

The genetic complementation analyses are very limited still, and much
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further experimentaticn is needed to provide a large set of characterized
AT cell strains. Until then, some reservations concerning the interpretat-
ion of the present genetic data remain. For instance, it is not known
whether the different complementaticon assays are equivalent. Only in one
case {AT3Bl and ATSBI) two independent procedures were followed: the in-
hibition of CNA replication and the primer activating activity. The finding
that with this pair of AT cell strains complementation could be observed
even in cell-free extracts suggests that diffusable proteins are directly
invelved here,

In all studies the response of AT cells to ionizing radiation was con-
sidered. Murnane and Painter {1982} reported complementation in unirradiated
AT fibroblasts as well. Complementing heterokaryons exhibited a faster rate
of tritiated thymidine incerporation than unfused cells or homokaryens.

This result was interpreted as evidence for an abnormally slow progressicn
of AT cells through the S-phase. This notion was supported by cell cycle
analysis of AT lymphoid cells showing an extended duration of the S-phase
(Cohen and Simpson, 1980). However, complementation in unirradiated AT

cells was not observed in the other study using the rate of DNA replicatien
as an indicator (Jaspers and Bootsma, 1982a {Paper [V)). The reason for this
discrepancy remains unclear sofar, but the inconsistency is reflected by

the results from cell cycle studies performed by others {see section 2.6.1):

In conclusion, the results from five independent studies using differ-
ent parameters measuring radiosensitivity in AT indicate that complement-
ation can be frequently observed in AT cell strains. Whether this exten-
sive heterogengity is based on genetic changes in different loci in all

cases remains to be established.

2.7.2 AT Heterozygotes

The incidence of AT has been estimated to be aboutr 1 in 40,000 to
100,000 (Boder and Sedgwick, 1963; Swift et al., 1976; Harnden and Bridges,
1982). Using the Hardy-Weinberg principle these figures would lead to an
incidence of heterozygotes of 1 in 100 to 1 in 150. If there exist n zbout
equally freguent and randomly distributed complementation groups, this es-
timate becomes stiil a factor of y/n higher, based on population genetic
principles.

Definite clinical characteristics remimiscent of AT are not observed



48

in the heterozygotes, but they do appear to have an increased risk of
developing malignancies (Swift et al., 1976). These cancers arise in the
breast, ovarium and lymphoid tissues. The cancer mortality rate in young
heterbzygotes is increased by a factor of 2 at lsast (Swift, 1982).
Susceptibility to nonmalignant disorders such as mild diabetes (Swift, 1984)
and ischaemic heart disesse (Swift and Chase, 1382) may aiso be relatively
high. The conclusions from these risk anaiyses have been criticized (German,
1980) since they were based on studies of close blood relatives of AT
patients without the use of a clinical lzboratory test to identify the
carriers individually. In fact, the actual risk of cancer in AT heterozy-
gotes is expected to be still higher.

In the search for such a test many studies were carried out on in
vitro cuitured celis. [t is agreed that lymphobiastoid cell lines and fibro-
blasts from the heterozygotes as a group are on the average more sensitive
to the killing effects of ionizing radiation (Chen et al., 1978; Arlett
and Harcourt, 1978; Paterson et al., 1979; Moshell et al., 1980} or neocar-
zinostatin (Shileh et alt., 1982). However, many AT heterozygotes fzll into
the normai range in this respect (Kinseila et al., 1982), so the cellular
survival test cannot properly function for the identification of heterozy-
gotes. A similar situation exists with respect to other biological para-
meters such as radiation~induced repair DNA synthesis (Paterson et al.,
1979) and chromosomal aberrations (Kidson et al., 1982), or spontaneous
chromosome breakage (Oxford et al., 1975; Cohen et al., 1875; MNelson et al.,
1975; Tayler, 1982}. Arlett and Priestley (1983, 1984) have found defective
recovery from potential lethal damage in heterozygote fibroblasts. Whether
or not this abnormality is valuable for detecticn remains to be determined.
Cytogenetically abnormal Tymphocyte clones have been observed in AT hetero-
zygotes (Kohn et al., 1380; Aurias et al., 1981). The rearrangements most
often involve the chromosome 7 and 14 and may be 9 times more freguent in
heterozygotes than in normal individuals (Aurias et al., 1980). In many
other respects, including the diminished inhibition of DNA synthesis
(Jaspers et al., 1981b {paper 11i)} AT heterozygotes cannot be distinguish-
ed from normal controls. |t is possible that the expression of the hetero-
zygous state in AT varies with the underiying genetic defect. In some fami-
lies, but not in others, heterozygotes could be identified using the kiiling
effect of neocarzinostatin as a parameter (Shiloh et al., 1982). Genetic

complementation analysis may resolve this.
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2.7.3 Genetic coumselling

Since AT is a serious inherited discrder for which no adeguate medical
treatment is available, there is the need of genetic counselling of families
with AT.

One factor determining the efficiency of genetic counselling is the
availability of a diagnostic test, ailowing identification of patients as
early as possible, preferably even before the onset of clinical symptoms.
To facilitate screening of individuals & clinical laboratory test with re-
lative simplicity is desirable. Of the in vitro cell culturing systems
available for this purpose the use of peripheral bloocd cells seems most
appropriate, since this eliminates the time-consuming establishment of long-
term ¢ell cultures {lymphoblastoid cell lines or skin fibroblasts). Peri-
pheral white blood celis of AT respond abnormally in various respects;
elevated levels of radiation-induced chromosomal aberrations are consistent-
ly found in AT iymphocytes. A technically more simple test is the study of
the inhibition of DNA‘replication by X-rays, that has been shown to be
diminished in AT lymphocytes (Jaspers et al., 1981b (paper I111)). Another
test invoived the effect of X-rays on PRA-stimulation of lymphocytes.

Blood cultures of AT patients incorporate much less tritiated thymidine up-
on irradiation than cells from normal individuals {Agarwsl et al., 1977).
in addition, a DNA synthesis-measurement can easily be combined with the
assay of alphafetoprotein, the level of which is abnormally high in the
blood of almest all AT patients.

A second aid in genetic counselling is the detection of heterozygotes.
As discussed in the previous section, at the present time there is no dis-
criminating procedure for routine-screening available yet.

Prenatal diagnoses of AT have been reported by two laboratories.
Gianelli et al. (1982) studied the frequency of X-ray-induced chromosomal
aberrations In amniotic fluid cells of a fetus at risk and found a normal
pattern. Shaham et al. (1981} identified a fetus with AT by the estimation
of spontanecus chromosome breakage rate in amniotic fluid cells, and the
presence of a clastogenetic activity in the amniotic fluid. This diagnosis
was supported by the presence of a cell clone with a 5/14 translocation.

A similar procedure has recently been published by Schwartz et al. (1985).
In our laboratory the possibility to use the dimished inhibition of DNA

synthesis as a marker in prenatal diagnosis was studied. Preliminary data
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on normal control amniotic fluid ceils and chorion villi showed arn X-ray
response that is comparable to cultured skin fibroblasts, but with more
variability. Whether this variability is related to the heterogeneity of
amniotic fluid cells (Van der Veer et ai., 19878; Halley et al., 1979)
is a subject of further study.

Recently, the use of restriction fragment length polymerphisms (RFLP,
Botstein et al., 1980) in genetic counselling has attracted considerable
attention. For instance, in Huntington's chorea (an autosomal dominant
disease) and Duchenne's muscular dystrophy {an X-linked disorder) RFLPs
linked to the (unknown) defective genes have been identified {Gusella et
al., 1983; Bakker et ai., 1985). Progress in this field with respect to AT
has been slow due to a number of difficulties. In the absence of a reliable
method to detect heterozygote carriers of the recessive AT gene large,
muitigeneration families have to be identified and screened to obtain sig-
nificant linkage data. When more families are to be included in linkage
analysis, the existence of genetic heterogeneity must be taken into account.
First complementation analysis will be needed to assign each family to
a particular complementation group.

Furthermore, the chromesomal localization of genes defective in AT is
not known. Therefore a high number of candidate RFLPs must be screened for
in the AT families. All these difficulties may be overcome by molecular
ctoning of AT genes. Investigations to this aim are currently in progress
in a number of laboratories (eg. Green et al., 1985).
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2.8 Concluding Remarks

The primayy defect in AT

The molecular basis for the radiosensitivity in AT.has not yet been
elucidated. In analogy with xeroderma pigmentosum it was initially hypo-
thesized, that AT cells are defective in DNA repair. However, direct evid-
ence for deficient DNA repair is not available; for instance, the unrepair-
ed DNA lesion could not be identified. The investigation of the rate of DNA
replication has resulted in alternative hypotheses, in which DNA repair in
AT functions in a normal manner (Painter and Young, 1980; de Wit et al.,
1981 (paper 1)).

The diminished inhibition of DNA synthesis after ionizing radiation
exposure is consistent in AT, but does not appear to be the primary reason
for radiosensitivity. As one of the secondary effects of the genetic defect,
it is a manifestation of a general abnormality in cell cycle-pregression:
AT cells show a decreased expression of cell-cycle delay after radiation
exposure in both GI, S and G2 phases, This suggests, that cell-cycle delay
is an active process that 1s under control of gene products, of which one
or more are defective in AT.

The relation between inhibition of cell cycle progression and other
biclegical endpeints such as cell death and chromosome breakage is not
clear. 1t is possible that the delay functions as & transient 'emergency
state', that allows the repair of DNA damage before Tt can become harmful.
Evidence for this comes from experiments with methylated xanthines such
as caffeine. These compounds can abolish the G2-arrest after ionizing ra-
diation exposure and synergistically increase chromosome damage and cetl
lethality (Boynton et al., 1974; Tolmach et al., 1977; Snyder et al., 1977;
Oleinick et al., 1978; Griffiths et al., 1978; Tomasovic and Dewey, 1978;
Natarajan et al., 1980; Tolmach and Busse, 1980). Painter and Young (1980)
have suggested that AT cells may resemble caffeine-treated normal cells.
With respect to the inhibition of DNA synthesis and the induction of chro~
mesomal breakage, this resembiance could not be supported (Painter, 1982;
Jaspers, unp.; Hansson et al., 1984; Furcinitti, 1983). Moreover, it was
shown that caffeine reduces G2-delay in both AT and normal cells (Zampetti-
Bosseler and Scott, 1985).

An alternative hypothesis is that X-ray induced deviations of the

normal chromatin structure are processed in a abnormal way in AT (de Wit et
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ai., 1981 (paper 1); Jaspers et al., 1982a {paper 11}}. Proteins recognizing
chromatin alteraticns may be defective in AT, which could prevent cell-
eycle delay and promote chromosomal breakage. Such chromatin alterations
appeér te remain after rejoining of most of the DNA strand breaks. in this
hypothesis, It is expected that other processes dependent on chromatin
structure can also be disturbed in AT. Abnormalities in the repair of UV
damage that occur in X-irradiated AT cells are an example.

The question remains, which may be the primary DNA lesion responsible
for the pertinent structural chromatin changes. For several reasons [NA
strand breaks can be candidates. The first is, that some AT celis fail te
synthesize polyADP-ribose after X-ray exposure (Edwards and Taylor, 1980;
Altmann and Dolejs, 1582; Zwelling et al., 1983; QOleinick et al., 1983,
1885) . The enzyme katalyzing polyADP ribosyiation is located in the chroma-
tin and is stimulated by DNA strand breakage {Benjamin and Gill, 1980;
Berger, 1985). A second argument comes from recent experiments by Cox et
ai. (1984). They found that unirradiated AT cells are unable to functional-
Iy restore linearized plasmid that has been introduced intc the celis by a
calciumphosphate precipitate. This result was interpreted as a defect in
the processing of the open ends of double-strand DNA breaks. The possibili-
ty exists that a primer activating function is a part of this process.
However, as these results are obtained with essentially 'naked' and extra-
chromosomal DNA, some caution in their interpretaticn shouid be taken.

Whatever the mechanism of chromatin processing may be, the genetic
complementation data obtained in AT indicate that it is probably highly
complex. In AT at least four and possibly nine complementing functions
(different gene products?) appear to be invelved. Such an extreme complex-
ity in the recognition of a specific type of damage Is not unprecedented in
mammalian cells: at least nine different gene products may functien in the
recognition of UV-induced DNA damage, as indicated by complementation ana-
lysis of xeroderma pigmentosum and UV-sensitive Chinese hamster cell mutants.
in the latter case, genetic and molecular analyses have now resulted in the
cloning and characterization of the first gene responsible for one of these
functions (Westerveld et al., 1984), which opens the possibility to obtain
the relevant protein. Similar studies of AT cells will hopefully lead to
the characterization of proteins involved in the response to fonizing ra-

diation.
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Chapter {li

SUMMARY AND INTRODUCTION TO THE PAPERS

After the discovery that cultured cells from AT patients are hyper-
sensitive to ionizing radiation the suggestion was made that AT.could be
the 'X-ray~analogue’ of xeroderma pigmentosum. The latter syndrome {XP)
is characterized by hypersensitivity to short-wave UV-radiation, caused
by a reduced ability to properly remove UV-induced DNA damage. The evid-
ence for a DNA repzir defect in AT cells is not as strong as in the case
of XP (see section 2.2.5 of this thesis). Different XP patients vary in
their clinical and cellular UV-sensitivity, and this variability roughly
correlates with the capacity to repair the UV damage in the DNA. in AT
apparent differences in gamma~ray induced repair DNA synthesis contrast
with a rather uniform pattern of radiohypersensitivity.

The rate of DNA replication is affected by low doses of ienizing or
non-ionizing radiation. In 1977 it was shown that UV-induced inhibition
of DNA synthesis is persistent in highly UV-sensitive XP cell strains;
whereas less UV-sensitive cells showed recovery from this inhibition.
in the hope to find a consistent biochemical defect in AT cells, it was
decided to study the effect of ionizing radiation on the rate of DNA syn-
thesis in AT cells. The first of these experiments are reported in paper 1.
in contrast to what was expected (assuming analogy with XP) the rate of DNA
synthesis in AT cells is more resistant to ionizing radiation than in cells
from normal individuals. This behaviour is not seen in x-irradiated cells
from XP-patients or in UV-irradiated AT cells. In the same period indepen-
dent studies from three other ]éboratories have given identical results.
1t was hypothesized that AT cells were defective in the processing of chro-
matin after X-ray exposure rather than defective in DNA repair.

In Paper |l the studies of the rate of DNA replication are extended
to cultured cells from a larger number of AT patients. The abnermality ap-
pear to be & consistent feature of AT. By studying the effect of a
variety of DNA damaging agents a correlation between diminished inhibition
of DNA synthesis and increased lethality in AT cells is established. In ad-
dition, experimental evidence is chtained suggesting that neither DNA strand-
breaks nor poly~ADP ribosyiation are directly invelved in the mechanism of
radioresistant DNA synthesis,

The finding in paper 1! that diminished inhibition of DNA synthesis
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is consistent in AT opened the possibility to use this parameter as a
diagnostic aid. it is shown in paper 11, that a short-term culture of
peripheral blood lymphocytes can provide bicchemical suppert for a clinical
diagnosis of AT, using the simple test of DNA synthetic rate. This reduces
the need of taking skin biopsies or performing more complfcated cytogenetic
studies.

The availability of a consistent biochemical marker in AT and the
fact that the inheritance pattern of the disorder is recessive allow a
genetic study of AT by performing complementation analysis. This type of
genetic analysis using the radicresistant DNA replication as a marker is
described in paper {V. The rate of DNA synthesis is measured in heterg-
karyeons and homokaryons obtained after fusion of cells from several differ-
ent AT patients. The use of an autcradiographic procedure combined with a
celi-labelling technique using cytoplasmic plastic beads allows single-cell
analysis. The results indicate the existence of four complementation groups
among seven patients studied, suggesting extensive genetic heterogeneity in
the AT syndrome.

In Paper V the effect of X-rays is studied on a metabolic pathway be-
tieved to function normally in AT cells, i.e.'repair DNA synthesis after
UV~exposure (UV-UDS). It is demonstrated that the rate of unscheduled DNA
synthesis in AT {induced by UV) is changed by X-ray exposure, just Tike the
rate of scheduled (replicative) DNA synthesis. This phenomenon is not seen
in normal control celils. The data are in agreement with the hypothesis
posed in paper | and i1, that the abnormality in AT is in the processing
of chromatin after X-ray exposure. The response of UV-UDS to X-rays is
different in cells from different AT complementation groups, providing a
biochemical reflection of genetic heterogeneity. Only the exr AT cells
strains experience an inhibition by X-rays of UW-induced repair synthesis,
Thus, a gossible explanation for the reduced rates of gamma-ray induced

repair DNA synthesis in exr AT strains can be presented.
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SAMENVATTING EN INLEIDING TOT DE PUBLIKATIES

Na de ontdekking, dat gekweekte cellen van patienten die lijden aan
AT overgevoelig zijn voor icnizerende stralen, werd geopperd dat AT het
‘rintgen-analoog' van xeroderma pigmentosum zou kunnen zijn. Een kenmerk
van deze laatste 2andoening (XP) is immers een overgevoeligheid voor kort-
golvig ultraviclet ticht, die wordt verocorzaakt door een te beperkt vermogen
om DNA schades te herstellen die optreden na bestraling met dit licht.

In tegensteliling tot de situatie bij XP, zijn de zanwijzingen vecor onvoi-
komenheden in het DNA herstel bij AT veel minder duidelijk. Zo kunnen XP-
patienten, en ook hun gekweekte cellen, sterk verschillen in hun geveelig-
heid voor ultraviclet licht. Deze verschillen zijn in grote 1ijnen terug te
voeren op variaties in het vermegen de DNA schades te herstellen. Bij AT
daarentegen, lijken er weliswaar ook verschillen voor te komen in herstel-
replicatie van DNA, maar hier vindt men juist een gevoeligheid voor r@ntgen-
straiing die vrijwel wuniform is.

De snelheid waarmee DNA wordt gesynthetiseerd kam beTnvloed worden door
straling in lage doses. In 1977 werd aangetoond, dat in zeer UW-gevoelige
XP-cellen de remming van de DNA synthese na UV-belichtingriang voortduurt.
In XP-cellen die wat minder UW-geveelig zijn komt de DNA synthese al weer
spoedig op zijn oude niveau. We hebben daarom besloten om de effecten van
ionizerende straling op de DNA synthese- in AT-ceilen te bestuderen, in de
hoop een consistent biochemisch defect op het spoer te kemen. De eerste
resultaten van deze experimenten staan in publicatie |. In tegenstelling
tot wat de verwachting was (i.g.v. een analogie met XP) blijkt bij AT de
DNA synthese snelheid veel minder sterk geremd te worden door straling dan
in cellen van gezonde personen. Dit verschijnsel treedt niet op in XP-cellen
behandeld met rdntgenstraling of in AT~cellen na W-belichting. In dezelfde
pericde hebben onderzoekers van drie andere laboratoria onafhankelijk de-
zelfde bevindingen gedaan. We stelden de hypothese op dat er in AT-cellen
een onvermogen bestaat om het chromatine in een volledig functionele staat
terug te brengen na blootstelling aan straling i.p.v. een defect in het
herstel van schade In het DNA.

In publikatie i worden de studies van de snetheid van DNA synthese
verder ultgebreid. Een groter aantal patienten met AT wordt in het onder-
zoek betrokken en er blijkt dat de eerder gevonden afwijking consistent

optreedt. Tevens worden de effecten wvan allerlei chemische verbindingen die
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met DNA kunnen reageren onderzocht, en uit deze experimenten kan geconclu-
deerd worden dat een afwijkende DNA synthese-remming steeds samengaat met
een overgevoeligheid van AT-cellen na blootstelling aan dergelijke stoffen.
Resultaten van verdere experimenten suggeren dat breuken in het DNA of poly-
ADP-ribosylering geen directe rol spelen in de manier waarop de stralings-
resistentie van de DNA synthese tot stand komi.

Nu in publikatie [1 was aangetoond, dat verminderde remming van de
DNA synthese consistent voorkomt in AT, deed zich de mogelijkheid voor
deze parameter te gebruiken bi] de klinische diagnestiek. Dit punt komt aan
de orde in publikatie 1ll. Door de DNA synthese als kenmerk te gebruiken,
kan op eenvoudige wijze in kortlopende kweken van iymfocyten uit perifeer
bleed de klinische diagnose van AT ondersteund worden. Voor deze labora-
teriumtest is men niet langer strict aangewezen op gekweekte cellen uit
huidbiopsie&n of op veel gecompliiceerdere cytogenetische technieken.

Het feit, dat het overervingspatroon van AT recessief is en de beschik-
baarheid van een consistent biochemisch kenmerk maken het mogelijk AT ge-
netisch te onderzoeken met behulp van complementatie-analyse. Dit type van
genetisch onderzoek aan AT staat beschreven In publikatie IV. De snelheid
van de DNA synthese wordt gemeten in heterokaryons en homokaryons die ont-
staan na fusie van cellen afkomstig van verschillende AT patienten.

De resultaten worden verkregen via analyse op het niveau van een enkele cel
door gebruik te maken van een autoradiografische procedure en een celmar-
keringstechniek met microscopisch-kleine plastic bolletjes. Er worden aan-
wijzingen gevonden voor het bestaan van vier complementatie groepen bij
zeven patienten die onderzocht zijn, hetgeen aangeeft dat de genetische
heterogeniteit in AT wel zeer uitgebreid moet zijn.

Het effect van réntgenstraling op een metabool proces dat overigens
normaal functioneert in AT, n.l. door UV gefnduceerde herstel DNA synthese,
wordt bestudeerd in publikatie V. Er wordt zangetoond, dat in AT cellen de
snelheid van dit type herstelsynthese veranderingen ondergaat onder invloed
van réntgenstraling, precies als bij de replicatieve, $-fase afhankelijke
DNA synthese. De gegevens stemmen overeen met de hypothese gesteld in pu-
blikaties | en 11, dat de afwijking In AT betrekking heeft op het metabo-
lisme van chromatine na blootsteliing aan réntgenstraling. Het UV-herstel
gedraagt zich verschiliend in AT cellen die tot verschillende complemen-
tatie groepen behoren; blijkbaar is de genetische heterogeneiteit terug te

vinden in biochemische verschillen. Alleen In de zg. 'excisie-defici&nte’
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AT cellen wordt een sterke vermindering van UV-herstelsynthese waargenomen
na rdntgenexpositie in hoge doses. De lage snelheid van de DNA-herstel-

synthese die door rédntgenstraling zeif in deze cellen wordt vercozaakt kan
hierdoor verklaard worden.
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Summary

The rate of DNA synthesis was studied in normal cell strains and in strains
from patients suffering from the inherited disorder ataxia telangiectasia (AT).
After exposure to relatively low doses of oxic X-rays {0--4 krad) DNA synthe-
sis was depressed in AT cell strains to a significantly lesser extent than in nor-
mal cells. This response was observed in both an “excision-deficient” and an
“excision-proficient” strain. In contrast, there was no difference in DNA-
synthesis inhibition between AT and normal cells after UV exposure. After
K-rradiation of cells from patients with xeroderma pigmentosum., both com-
plementation group A and XP variants, the observed rate of DNA synthesis
was equal to that in normal cells. An exception was the strain XP3BR which
has been shown {to be X-ray-sensitive. This strain exhibited diminished DNA
synthesis inhibition after X-ray doses below 1 krad.

These data suggest a relationship between hypersensitivity to X-rays and
diminished depression of DNA synthesis.

Ataxia telangiectasia (AT) is an autosomal recessive multisystem degenera-
tive disorder with an incidence of about 25 per million live births. Its most
prominent clinical characteristics comprise both cutaneous (telangiectasia)
and neurological abnormalities (progressive cerebellar ataxia), combined with a
marked IgA deficiency, an increased incidence of neoplasms and extreme hy-
persensitivity to X-rays (for a review, see Kraemer, 1877).

At the cellular level some outstanding features are increased chromosomal

Abbreviations: AT, ataxia telangiectasia; MNNG, N-methyl-N'-nitro-N-nitrosoguanidine: PBS, phos-
phate-buffered saline (Dulbecco A): TCA, trichloroacetic acid; TdR, thymidine; XP, xeroderma
pigmentosum.
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instability, both spontaneous and after exposure to ionizing radiation and some
clastogenic chemicals, and decreased survival after exposure to ionizing radia-
tions, some DNA-alkylating agents and bleomycin (for a review, see Paterson
and Smith, 1979). In cultured fibroblasts from some AT patients a decreased
efficiency of repajr of DNA damage caused by these agents has been shown
(Paterson et al., 1976; Scudiere, 1980). However, cultured cells from a large
category of AT individuals show normal levels of DNA repair synthesis after
exposure to lonizing radiation and N-methyl-N'-nitro-N-nitrosoguanidine
{(MNNG) and a normal ability to remove y-endonuclease-sensitive sites from
the DNA, while still being hypersensitive to these agents. So far a DNA-repair
deficiency has not been clearly demonstrated in the cells from these patients.
In an attempt to correlate a possible molecular defect with the increased
radiosensitivity of the 2 categories of AT cells, we have investigated DNA syn-
thesis in various cell strains after exposure to X-irradiation under oxic condi-
tions. Here we report the first results from these studies, that show that in AT
cultured fibroblasts, after relatively low doses of X-rays, DNA synthesis is
inhibited to a significantly lesser extent than in normal cells,

Materials and methods

Cells, routinely cultured in Ham’s F10 medium supplemented with 15% calf
serum and antibiotics, were seeded into 3 cm petri dishes (5—10 X 10° cells per
dish). The next day they were prelabelled with {2-*C]thymidine (0.02—0.05
#Cifml, 60 mCi/mmele) for 6~-8 h, in order to have an internal standard pro-
portional to the amount of cells, as has been described by others as well
(Painter, 1977; Doniger, 1978). Afterwards the cells were cultured overnight in
unlabelled medium and treafed with X-rays or UV, We have used relatively low
doses of X-rays, an order of magnitude lower than needed tc measure repair
replication or removal of y-endonuclease sensitive sites {(Paterson et al., 1976,
1977} and more near to the doses used for a study of colony-forming ability
after exposure to ionizing radiation {Taylor et al., 1975). Immediately after
radiation warm medium containing [*H-Melthymidine (0.5 uCi/ml, 2 Ci/
mmole) was added. After 4 h of incubation, the medium was quickly removed,
cells were rinsed once with phosphate-buffered saline (PBS) and collected by
scraping in 1 ml of cold PBS. The cell suspension was applied to a Whatman
GF/C filter wetted with 10% trichloroacetic acid (TCA) and after rinsing with
TCA (once) and ethanol (twice) the filters were dried. Then scluene (Packard)
and scintillation cocktail were added and the ratio of the *H to '“C radioactiv-
ities was determined. Care was taken to correct for spillover. Within one exper-
iment, the mean result obtained from 4 separate dishes containing sham-
irradiated cells was normalized to 100% DNA synthesis. For the other experi-
mental points 2 separate dishes were used.

300 kV X-rays were delivered from a Philips X-ray machine at room temper-
ature under oxic conditions (dose rate 175 rad/min). UV light of predomi-
nantly 254 nm came from a Philips TUV mercury lamp at an exposure rate of
0.94 W/m®.



Results

The rate of DNA synthesis was assessed by the total amount of incorpora-
tion of *H-TdR during the first 4 h after exposure and the ratio of *H to *C
radioactivity was used as a measure of DNA synthetic activity. After correc-
tion for spillover a ratio of at least 2, but generally between 3 and 8 was ob-
tained in unirradiated cells.

Fig. 1 shows that under these conditions DNA synthesis dropped to 24—38%
of the control rate in normal cells after exposure to X-ray doses up to 4 krad,
but to only 56 and 62% in 2 AT strains. One of these AT strains (AT3BI) has
been reported to be deficient and the other (ATSHBI) proficient in its ability
to carry out excision of radiation-induced DNA damage (Paterson et al., 1976,
1977). The differences in the rate of DNA synthesis between AT and normal
cells were statistically significant. A comparison of the results obtained with
ATSBI cells with those of 7TRD218 cells using a non-parametric significance
test (Mann and Whitney, 1947) vielded 2-tailed p-values of maximally 0.016,
0.006, 0.002 and 0.004 for the doses 0.6, 1, 2 and 4 krad respectively. After
0.3 krad the difference was not significant (p <0.17).

In order to test whether the diminished DNA synthesis inhibition after
X-ray exposure of AT cells was related to their cellular radiosensitivity, we also
investigated the effect of UV irradiation. Fibroblasts from AT patients have a
normal colony-forming ability after UV exposure {Lehmann et al., 1977; Arlett
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Fig. 1. Rate of DNA synthesis in normal and AT strains after X-rays. Fibroblasts, prelabelled with 14¢-
TdR and irrudiated with indicated doses of X-rays were cultured for 4 h in the presence of 3H-TdR, har-
vested and processed for scintillation counting. Open symbols indicate normal human cells: 0, TTRD218
(3 Expts.): 4, C4RO (1-Expt.): 9, C5RO (1 Expt.}; v, CBRO (1 Expt.). Closed symbols axre AT fibroblasts:
&, AT3BI (exr™, 4 Expts.) and ¢, ATSBI (exr’, 3 Expts.). Bars indicate one standaxd exxor of the mean.
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Fig. 2. Rate of DNA synthesis in nermad and AT strains after UV, Treatment of cells as in Fig. 1, but UV
substituted for X-rays. Open symbols are normal cells: ¢, C3RO (4 Expts.) and 4, C5R0 (¢ Expts.).

Ciosed symbols are fxom AT cells: o, AT3BI {3 Expts) and 4, ATHBI (5 Expts.). Iz ail tases standard
exrors are less than 3.5%.

Fig. 3. Rate of DNA synthesis in XP strains after X-rays. Treatment protocol same as in Fig, 1, Symbols:
v, XP4BE (XP variant, 1 Expt.): 8, XP25R0 (group A, 2 Expts,) and X, XP3BR (group G. 2 Expis.).
Dotied lines indicate the experimental range obtained from normal cells deseribed in Fig. 1.

and Harcourt, 1878). In contrast to the results obtained with X-irradiation,
DNA synthesis was depressed in AT and normal cells to an equal extent after
exposure to UV light (Fig. 2). The UV dose was chosen in such a way that the
inhibition in normal cells was comparable to that found after the X-ray doses
used in the experiments of Fig. 1.

In another series of experiments also some xercderma pigmentosum (XP)
cell strains were investigated. Various studies have indicated a nonmal sensitiv-
ity to lonizing radiation in XP (Sasaki et al., 1977; Arlett et al., 1978; Arlett
and Harcourt, 1980). Fig. 3 shows that in cells from complementation group A
{XP25R0Q) and in XP variant cells (XP4BE) the DNA synthesis rate after
Xrradiation was similar to the rate in normal cells. The strain XP3BR (group
G) appeared to be insensitive to very low doses of X-rays (Fig. 3). Recently,
it has been shown that these cells are exceptional to the other XP cell strains in

exhibifing a moderately decreased colony-forming ability after exposure to
ionizing radiation (Arlett, 1979).

Discussion

The analysis of the rate of DNA replication clearly shows, that AT and nor-
mal cells differ in their response to X-irradiation. DNA synthesis in AT cells is



depressed to a significantly lesser extent than in normal cells. At least in the
case of the strain AT3BI this finding is rather surprising in view of the postu-
lated deficiency in repair of X-ray-induced damage in these cells. It is expected,
that, because of the lack of repajr, DNA damage would persist, leading to a
more extensive blocking of DNA synthetic activity, as has been observed in
XP cells after UV exposure (Rudé and Friedberg, 1977). However, a similar
behaviour of DNA synthesls was also seen in the strain ATSRI, in which a
repair deficiency has not been clearly demonstrated so far. The similar response
of “excision-deficient” and “excision-proficient™ AT cell strains suggests that
the level of DNA replication measured in our experiments is not influenced by
the excision repair capacity of the cells.

A relationship between decreased survival and diminished DNA synthesis
inhibition after X-ray exposure of AT cells is supported by the results obtained
after UV irradiation. Both cell survival and DNA synthesis inhibition were the
samne as in normal cells. Also, the rate of DNA synthesis after X-irradiation of
XP cells, both complementation group A and XP variant, was equal to that in
normal cells, being in line with their normal survival after ionizing radiation. An
exception could be the strain XP3BR {group G), which exhibits a moderate
radiosensitivity in terms of cellular survival (Arlett, 1879). We observed a
decrease in DNA-synthesis inhibition after X-ray exposure of these cells as well,
although only in the lowest dose range {0—1000 rad), the range that was also
used to measure their colony-forming ability. In contrast with our observa-
tions on the effect of X-irradiation, Scudiero (1980) has shown that AT cell
strains are hypersensitive to the killing action of MNNG, whereas the rate of
DNA synthesis in the AT cells (measured during the first hour after treatment
with MNNG) did not differ from that in normal cells. Scudiero’s data may
indicate that different types of DNA damage are involved in increased killing
and the deviation from normal DN A-synthesis rate in AT cells.

At the present fime, an explanation of the abnormal DNA-replication behav-
iour in AT cells will be rather speculative, due to our limited understanding of
the regulation of DNA replication in mammalian cells. One possibility would
be, that the primary defect in AT is a disturbance of the regulation of DNA
replication on damaged templates. In those instances where DNA replication
escapes 1ts normal regulation, “illegitimate” daughter strands might occur,
possibly more extensively damaged (e.g., ss-breaks could be copied into ds-
breaks). This may result in enhanced chromosomal instability and consegquently
in increased cell killing. Experiments to analyse the structure of newly synthe-
sized DNA in irradiated AT celis are in progress. However, against this interpre-
tation are the observations of Taylor (1978} and Natarajan and Meijers (1979)
of an increased production of chromosomal aberrations in AT cells after irra-
diating cells in the G2-phase.

Ancther possibility may be that the factor which is defective in AT playsa
role in maintaining or restoring chromosome structure after induction of DNA
damage. In AT this may result in an increase of chromosome aberrations and
also in a change in the regulation of DNA synthesis on damaged templates. Sim-
ilarly, the factor might indirectly be involved in moderating the action of DNA-
repair enzymes as well. The genetic heterogeneity in AT, as observed by Pater-
son et al. (1977) suggests that more than one factor are involved in this con-
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trol function. These factors may differ in their specificity to the type of altera-
tion in chromosome structure. This could have different consequences for the
DNA-repair activity measured as repair replication in different AT cell strains.
Current investigations aim at an identification of the tvpe of lesion responsi-
ble for abnormal rates of DNA synthesis in AT.
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ABSTRACT

The effect of different carcinogenic agents on the rate of
semiconservative DNA replication In normai human and ataxia
telangiectasta (AT) cells was investigated. The rate of ONA
synthesis in all AT cell strains tested was depressed to a
significantly lesser extent than in normal cells after exposure
to X-rays under oxla or hypoxia ¢r t¢ bleomycin, agents 1o
which AT celis are hypersensitive. In contrast, inhibition ot DNA
replication in normal human and AT celis was similar after
treatment with some DNA-methylating agents or mitomycin G,
Colony-forming ability of AT cells treated with these agents
was not dlifferent from normal cells. Treatment with 4-nitrogui-
nollne 1-gxide elicited 2 variable response In both AT and
aprmal cell strains. In some strains, including those shown 1o
be hypersensitive to the drug by other workers, the inhibltion
of DNA synthesis was more pronounced than In other cell
strains, but no significant diference between AT and nermal
cells could be detected.

The rejoining of DNA strand breaks induced by X-rays,
measured by DNA elution technigues, occurred within 2 hr
after treatment and couid not be correfated with the difference
in DNA synthesis inhibitlon In AT and normal cells. After low
doses of X-rays, AT cells rejoined single-strand breaks slightly
more slowly than did normal cells,

The rate of DNA replication in X-irradiated AT and normal
calls was not affected by nicolinamide, an Inhibiter ot
poly(adenosineg diphosphate ribese) synthesis.

These data indlcate that the diminished Inhibition of DNA
replication in carcinogen-treated AT cells (2) is a general char-
acteristic of all AT cell strains, (5) correlates with AT cellular
hypersensitivity, (¢} Is not directly caused by the bulk of the
DNA strand breaks produced by carclnogenic agents, and ()
is not based on differences In the Induction of poly(adencsine
diphosphate ribose) synthesis between X-lrradlated AT and
normal cells.

INTRODUCTION

AT? is an inherited disorder characterized by a broad spec-
trum of cilnical symptoms (for a review, see Ref. 20). The
abnormalities involve the skin (telangiectasia), the immunglog-
ical apparatus {underdeveloped thymus, decreased levets of
igA and 1gE), and the nervous system (progressive cerebellar
ataxia). In the patients, there is also a greatly increased risk for

' This work was supportod by Eurgtom Grants 19676 BIG N ang EUR 200-
TG BID N,

? The abbreviations used are: AT, atada 10langiectasia; HEPES, N-2-hydrox-
yethylpperazine-n-2-othanesulionic acid: MNNG, N-methyl-N*-nltro-Natroso-
quamding PAS, phasphate-butored sallng (2.7 mm KC-137 mm NaCl-2.2 mm
KH,PO.E.1T MM NaHPDLY: ANQO, 4-nitrequinoling 1-oxide; MME, methyl
methanesulionrate; paly{ADP-ribose), polyadenosine diphosphate Nbose.

Aocelved July 27, 19817 accopted Qctober 6, 1981,

various types of cancer. among which the lymphoproliferative
disorders predominate. Finally, the patients are extremely hy-
persensitlve to therapeutic treatment with X-rays.

Studies with cultured celis obtained from AT patients have
revealed hypersensitivity In terms of cellular survival to various
types of ionizing radiation {4, 9. 21, 30, 35, 41, 47) and
possibly to some carcinogenic chemical agents {15, 24, 31,
36, 38, 43). AT cells also show chromoesomal instability, both
spontanecusty (8, 13, 42) and after exposure o ionizing radia-
tlon (14, 34, 42). In cells from socme patients, but not from all.
there is a reduction (n radiation-induced repair DNA synthesis
{33. 46). Recently, It was astablished in various laboratories
that the rate of DNA replication In AT ceils after exposure to
lonizing radiatlon is Inhibited to a lesser extent than in normal
cells (10, 11, 16, 28). independent of the exclslon repalr
capacity {10). However, after irradiation with UV at 254 nm, 10
which AT cells are not abnormally sensitlve (3, 22). the rate of
DNA synthesis |s not different from that in normal cells (10},
These observations suggest a relatlonship between a dlmin-
ished inhibition of DNA replication and a decreased colony-
forming abllity In irradiated AT celis. In order to further inves-
tlgate the possibility of such a reiationship, we have undertaken
a study of the rate of DNA synthesls in AT and normal fibro-
biasts after exposure to a varlety of carcinogenic agents, with
the emphasis on those te which hypersensitivity in AT cells has
been observed, In addition, we have tried to obtain information
on the type of damage that may be responsible for the depres-
gion of the inhitltion of DNA replication and on its mechanism.

MATERIALS AND METHODS

Cell Strains and Culture Cenditiens. The skin flbrobiasts were
routinely cultured In Ham's F-10 mediurn, supplemented with 7.5%
fetal and 7.5% newborn bovine serum and with peniglilin and strepto-
mycln (100 units/mi each). The ceils were microscopleally sereened
1or Mycoplesma contamination at least monthly, using propidivm icdide
fugrescence. The AT libroblast cell siralns were sbtalned from Drs. C.
F. Ariett (Brighton, England; AT3BI, AT4BI, ATSBR, M. C. Paterson
[Chalk River, Ortario, Canada; AT2BE (formarly CRL 1343)], M. iken-
aga (Osaka, Japan: AT10S), J. M. J. T. Scheres (Nimegen, The
Netherlands: AT1NM, AT2NM), and J. Zaremba (Warsaw, Poland;
AT1PWA).

inhibition of DNA Synthesis, The overall rate of semlconservative
DNA replication was measured essentally as descrlbed betore (10). In
short, cultures on dishes were prelabeled with ['*Clthymldine {8 10 16
hr, 0.02 to 0.04 yCi/ml, 50 mCi/mmel), treated with a particular
careinogenic agent, angd Incubated for 4 hr in culture medium buftered
with 20 mm HEPES (pH 7.4) and containing [*Hithymiglne (0.5 10 1.0
uCl/mi, 2 Ci/mmol}. Then they were harvested by scraping. and
trighloroacetic acid-precipitable radloactivity was determined. The ratio
of *H dpm to ™C dpm was taken a5 a measure of the overall rate of
DNA synthesls. Within 3 single experiment, each point was a mean of
at lzast 2 separate dlahes and was expressed as o percentage of the
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mean value obtaned trom atieast 4 untreated contrel gishes, Statistical
analyses were performed with a nenparametric significance test. de-
seribad by Mann and Whitney (25).

Carcinogen Treatments. X-rays (300 kV) were delivered from a
Philips X-ray machine at room temperature with a dose rate of 175
rads/min. Hypoexic condltions were created by placing the cellsin 1 mi
ol cold HEPES-buftered medium and keeping them at 4% for 2 hr under
nitrogen n thin-walled plastic boxes. Befere irradiation at reom tem-
peratyre, the boxes were sealed. Al chemical garcinogen treatments,
except MNNG (30 min), lasted for 60 min. Proper concentrations of
the agents were prepared In complete culture medium at 377, supple-
mented with 20 mam HEPES (pH 7.4), immediately belore use, After
treatment, the cells were rinsed twice with warm PBS. Stock solutions
of ANQG (100 mm in 10% dimethyl sulloxide), bleomycin Lundbeck;
2 mg/mh, and mitemycin C (Christlaens; 0.8 mm) were stored in
allguots at —20° which were used only once. MMS and MNNG
solutions were prepared freshiy. '

Repair of DNA Breaks. Cell cultures in glass botiles were prelabeled
with ["“Clthymidine (0.008 uCl/ml} for 2 to 3 days, trypsinized, and
seaded in 8-cm Petri dlstes (about 2 x 10° cells/dish). After 24 fr,
they were X-irradlated in ice-cold PBS ang then cuitured at 37° for
differgnt times in prewarmed HEPES-butlered culture medium (pH 7.4)
to allow repalr. The reaction was stopped In lce-cold PBS, and the cells
were harvesled Dy scraping and kept in PBS for 1033 than 5 min before

" analysis. Single-strand breaks were assayed using the alkaline elution
technique originally described by Kohn ef af. (19) and modliied by
Ceruttt et af. (7). Celis were lysed for 1 hr at pH 10 In 2 solution with
0.2% Sarkosyl, 2 m NaCl, 0.02 m gisodium EDTA, and 0.05% proteln-
ase K. The lysate was slowly eluted through g Millipore filter for 15 hr
with a solution ot tetrapropylammanium hydroxide and EDTA (0.04 »)
buffered at pH 12.0. Ten consecutlve 4.5-m! fractions were assayed
for radioagtivity. The fraction of the wtal activity remalning on the filter
was piotted semilogarithmically against the eiutlon time. The initlat
slopes of the essentlally linear plots were determined by least-squares
regression analysls of the first 6 time peints. This value (8} was
inversely propertionai t¢ the mean DNA molecular welght of the tested
sampie (7} in a number of experiments, 11210 mouse lymphoma cells,
labeleg with [*H]thymlging and krradiated with 150 rads. were Included
in each elution channel as an internal standard. Double-strand RDNA
breaks were assayed by neutral elution in the same way as described
by Bradley and Kohn (8). Semilegarithmic elution proflles were geners
ally biphasic. The initlal slope of the plots (S, calculated as above) was
proportional to the X-ray dose and was taken as a measure for the
number of DNA double-strand breaks. In the repalr tests, all points in
a single experiment are averages from duplicate dishes. The percent-
age of branks remalning was defined as

100 X (S — Suned/ 150 — Suned

where 5, Is the slope obtalned after a repalr me of £ min and Suae IS
the stope before lrradiation,

Celi Survival Experiments. Survival was determined a5 described
by Kelzer ef al. (18}. Cells (10%) were seeded onto B-cm Petri dishes
and exposed to a carcinogenic agent 1 day later. After treatment, they
were trypsinized and seeded on feeder layers prepared the day befora.
Two to 3 weeks later, the cells were fixed with 70% ethancl and stained
with Coomassle blue. Only colonies of at least 50 cells were scored.

RESULTS

Eftects of X-rradiation. In a previous paper {10), we have
reported that, after exposure to X-irradiation, the overall rate
of DNA replication [n 2 AT cell stralns was inhidited to a lesser
extert than in 4 normal human celi strains. One of the AT
strains (AT3BI) has a reduced level of repalr DNA synthesis
induced by high doses of yrays, while the other (AT5BI) Is
normal in this respect (30, 23). In order to estabilsh whether
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Chart 1. Inhibition of DNA synthesls by X-rays at atmespheric exygen pros-
sure. Closod symbofs, AT coll strains. &, AT10S (1 experimenty; ¥, ATTPWA (2
oxporiments); Bl AT4Bl (S oxperiments): @, ATZBE (3 experiments); =,
AT180CTO (1 experiment); 4, ATINM (1 experiment); ¢, ATZNM (2 ¢xperl-
ments). Open symbols, normal cell strains. <, CTAC (1 experiment); A, CSA0
(7 oxperlmonts) V. CARO {1 experdmont); O, 77TRD222 11 experiment). In the
case of more than 2 experiments, S.E. (bars) are glven. krad, kllorads.
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Chart 2. Kinctics of DNA synthesis after exposure 10 2 kilorads of X-rays,
Calls were either pulse-labeled for 1 fir starting at didferent imes afkter irradiation
{4) or labeled for difforent periods starting immediately aher treadlation {(B) and
harvested at the times indicated by the abscissa. Ordinate, ratio of activines In
trradlated and unlrradiated control cells. Closed aymbols, AT cell awrolns, A,
AT3BI; ¥, ATSBL. Open symbols, normal cell strams. O, C3RO: O, CLRO; 4,
CER0. Points, means; bars, S.E. CIAR0 and C4RG, 1 oxpenment cach: othor
coll strams, 2 exporiments.

this phenomenon is a general characteristic of all AT strains.
we have extended our studles to an adgditional 6 AT and 2
normal finroblast strains. Chart 1 shows that the inhibition of
DNA replication after exposure to different doses of X-rays,
dellvered at atmospherlc oxygen pressure, was diminished in
all AT cell strains tested compared to the normal cell strains.
This pane! of stralns Included AT cells that were shown to be
“excislon deficient” (AT2BE) (33) and excision proficient”
[AT4BI (33) and ATTPWA, AT108}. The reduction in inhibition
of DNA replication was statisticaily significant in every arbitrary

* Unpublished data.



pair of AT and normal cell strains that was compared. The
maximal 2-tailed p values were less than 0.02 at all-X-ray doses
used.

The kinetics of DNA synthesis was studied in AT and normal
cells after exposure to 2 klicrads ot X-rays. As is shown by
Chart 24, a rapld decrease Is found in the relative rate of DNA
replication in both AT and normal cells immediately after ex-
posure. A minimum was reached at about 3 hr, followed by a
gradual recovery of the rate of DNA synthesis at later times. At
all times after irradiation, the inhibition of DNA synthesis in AT
cells was depressed |In comparison to normal cells. This sug-
gests that the type of lesion that Is responsible for the abnormal
rate of DNA synthesls in AT persists for at least 8 hr.

Chart 25 shows the kinetic data obtained after labeling the
celis for different perlods, starting immed lately after exposure
10 2 kilorads of Xerays. The curves Indicate that a labeling
period of 4 hr is optimal to reveal the difference In Inhlbitlon of
DNA synthesis between AT and normal cells.

We have also studied the effect of X-ray exposure under
hypoxic conditions. This type of treatment produces a spectrum
of DNA lesions that is different from that found after Irradiation
at atmospheric oxygen pressure. The number of DNA strand
breaks after hypoxic y-rays is relatively decreased, while there
is an increase In the number of base leslons, that can be
recognized by an endonuclease from Micrococeus luteus (28,
303 AT cells are hypersensitive 10 hypoxle y-ray exposure as
well (29, 30). The treatment alse reduces the rate of DNA
synthesis In normal cells (Chart 3), but to a slightly lesser
extent than “oxle’" X-irradlation (Ref, 10; Chart 1), In AT cells,
the Inhibltion of DNA replication was diminished, the difference
between AT and normal cells belng similar to that found after
expesure under oxic conditions.

e 04 control
DNA synthesis

30+

20—

a T T T T
o 1 2 3 &
hypexlc X-ray dose (krods)

Chart 3. Inhiblnon of DNA synthesls Dy X-rays delivered under hypoxla.
Closed symbois, AT cell stealns. @, AT28E; A, AT3BI: B, AT4BI: ¥, ATSEI. Ogon
symbols, normal ¢eli stralns. O, C3RQ; A, CHRO. AT28E, 2 experiments: 21l
other cell strains, 3 experlmonts. Powvis, moans; bars, 5.6
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inhibition of DNA Synthesis in AT
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Gnart 4. {aniblton of DNA syntnesls by blecmycin. Closed sympols, AT cell
straing. @, AT2BE (2 experiments); &, AT3BI (3 experimentsy; B, AT4BI {4
oxperimants), ¥, ATEBI (3 experiments). Opon symbois. normal cell strains. O,
C3RC: O, CAAO; A, CERO (3 experiments sach). Peints, means; bars, S.E.
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Chart 5. Coellular survival atter oxposurn to MNNG. Symbols and <loning
efticiencies {In parentheses) In untreated controls: &, ATIB! (1%); B, ATSB!
(31%); ¥, ATSB! (19%): A, CIAC (25%); ¥, CSAQ (9%). All points are means of
triplicato dishos.

Etfects of Bleomyein. Bleomycin 1s a radiomimetic agent
that causes mainly DNA breaks by a reactlon invelving the
formation of radicals. AT cells are hypersensitive to it in terms
of cellular survival {24, 43) as well as Induction of chromosomal
aberrations (43). In both excislon-proficlent and excislon-defl-
clent AT cells, the inhibltion of DNA replication by bleomycin
was significantly depressed {Chart 4). After statistical compar-
ison of AT481 and C3RO, maximal 2-tailed p values of less than
0.001 were obtained at all the doses tested.

Effects of DNA-alkylating Agents. In an early report by Hoar
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and Sargent (15), evidence was obtained for hypersensitivity
of AT cells to the Killing action of MMS and MNNG. With
respect 16 the latter agent, Scudiero {36} reached a similar
conclusion but found AT cells 1o be normally sensitive to MMS.
Paterson et al. (31) reported z slightly increased Killing by
MNNG and a variable response to MMS. Finally, Arlett et al.
(2. 3) observed a normal survival in AT cells treated with either
of the 2 agents. Also, with our experimental conditions, AT and
normal cells were equally sensitive to MNNG (Chart 5). The
overall rate of DNA repiication after exposure to different doses
of MMS or MNNG was equal in normal and AT cells {Charts 6
and 7).

Etfects of Mitomycln £. Work Dy Hoar and Sargent (15}
indicated that AT cells are abnormally sensitive 1o mitomycin
C, an agent that induces DNA Interstrang cross-links. Thelr
result couid not be reproduced by Arlett et al. (1-3). in our
experiments also, no indication could be obtained for an in-
creased cytotoxlelty of the drug in AT (Chart 8). The inhibition
of DNA synthesis by doses of mitomycin C up to 40 pMm was
similar in AT and normal cells {Chart 9).

Exposure to 4NQOQ. Recently, it was found that 2 cut of 3
AT cell strains were more sensitive to 4NQO than were normal
2 strains. In the same repert (31), it was claimed that the
4NQQC-sensitive AT cell strains (AT2BE, AT4BIl) exhibited a
reduced ability to repair an alkali-lablle type of DNA tesion
caused by 4NQO treatment. The results in Chart 10 describe
the inhibition of DNA synthesis by 4NQQ, The response in the
different AT cell strains diverged. In 2 of them (AT2BE and
AT4BI), the rate of DNA synthesis was significantly lower than
that In the other 2 (AT38Il and ATSB!). However, a similar
variability was evident in a panel of & tested normai cell strains.
Thus, there is no ditference in the extent of inhibition of DNA
synthesis by 4NQQ between AT and normal cells, although
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considerable diferences between individual cell strains are
observed.

Repair of DNA Strand Breaks, Based on cytogenetic find-
Ings, it was postulated (40) that the radiosensitivity in AT could
be the result of an inability to repair some class of DNA breaks.
However, |n work by others, no abnormality in the rejoining of
single-strand (12, 30, 45) or double-strand (23, 45) DNA
breaks by AT celis could be detected. We have studied the
repair of DNA brezks after exposure 1o low doses of Xerays,
those used in this and other work (10, 11, 16, 28) to investigate
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the rate of DNA synthesls in AT, The sensitive DNA elution
techniques for detection of single- and double«strand breaks
that were desigred by Kohn et al. (8, 13) were used for this
pUrpose.

The rejoining of single-strand breaks induced by 500 rads of
X-rays showed biphasic kinatics (Chart 11A), with normal haif-
lives of 3 to 6 and 10 to 20 min, respectively. After this low
dose of X-rays, AT cells rejoined the single-strand breaks ata
slightly reduced rate {p < 0.05). This slight reduction in the
repair rate In AT appeared 1o involve mainlv the rapld phase,

g7

Inhibition of DNA Synthesis in AT

while the rate of the slow phase was hardly affected. After o
repair time of 90 min, a significant difference between the
elution profiles of {rradiated and unirradiated AT and normatl
cells was no longer detectable (data not shown).

Chart 18 shows that the kinetics of rejoining of double-strand
breaks produced by 4 Kilorads of X-rays was alse biphasic.
Suring a rapid phase lasting about 20 min, 80 to 80% of the
breaks were rejoined, followed by a slower phase. After S0 to
80 min, the amount of breaks no longer excewvded the limit of
detection, which is equivalent t¢ the number of breaks induced
by a dose of 400 rads in this assay. No differences between
AT and normal cells were evident.

Effect of Nicotinamide, In a recent report. Edwards and
Taylor {11) found wirradiated AT cells to be detective in the
induction of poly{ADP-ribose) synthesis. They postulated that
this pelymer has a function in the regulation of DNA synthesis
after exposure to a DNA-damaging agent. In this hypothesis,
the diminished inhibltion of DNA synthesis in irradiated AT ceils
was regarded as a direct result of the low levels of polylADP-
ribose). On the basis of this hypothesis, we predicted that
complete depression of poly(ADP-ribose) synthesis by an ex-
ternally added Inhibitor wili atfect the rate of DNA synthesis in
Irradiated normal cells In such a way that it is no longer different
from that in lrradiated AT cells. This prediction was tested on
ATSEI and nermal cells freate¢ with X-rays and with nicotine
amide as the Inhibltor of poly(ADP-ribose) synthetase. At doses
of nicotinamide up to 10 mm, concentrations sufficient 1o
completely block the actlon of the enzyme (5), the difference
In inhibition of DNA synthesis between X-irradiated AT and
normal cells was similar to that found in the absence of the
inhibitor (Chart 12). It appears, therefore, that poly(ADP-ribose)
probably does not play a causative role in the depression of
DNA replication after exposure to inizing radiation.

DISCUSSION

The data in this report show that exposure of AT celis 1o X-
rays causes an Inshibition of DNA synthesls, which is less
pronounced than that found In irradiated normal celis, These
results confirm and extend earlier observations by us {10) and
other investigators (11, 16, 28) and Indicate that the giminisheg
inhibitlon of DNA replication after exposure to ionizing radiation
Is a general characteristic of AT celt stralns, independent of
the capacity of the cells to perform radiation-inguced repair
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DNA synthesls. A relationship is suggested between abnormal
reguiation of DNA replication and Increased cell kliling in irra-
diated AT celis. This assumption is supported by the results
from the experiments [R which the effects of varlous ether DNA-
damaging agents were investigated. A diminished Inhibitlon of
DNA synthesis was caused by agents, to which AT cells were
unequivocally shown to be hypersensitive, such as different
types of lonizing radiation or bleomycin, while on the other
hand both & normal Inhibition of DNA synthesls and a norral
celi killing are observed In AT by UV at 254 nm {3, 10, 22). or
DNA-alkylating or cross-inking agents, The Interpretation of
the experimental results obtained after exposure to MNNG,
MMS, and mitomycin C is complicated by the fact that the data
in the literature concerning the cytotoxicity of these chemicais
in AT are discordant. A relnvestigation of this subject under
our experimental conditions revealed no apparent difference in
lethality between normal and AT cells after exposure to MNNG
or mitomyein €, which agrees with the data of Arlett et af. {1-
3). A reason for the discrepancles could be that the different
authors have used different experimentai protocols and culture
conditions. For instance, Mam's F+12 culture medium, used In
varlous reports (31, 32, 38, 38), contains 15 times less nico-
tinamide than does Ham's Medlum F-10 and 100 times fess
nicetinamlde than does Dulbecco minimal essential medium.
Culturing cells In medium deficlent in this vitamin results in low
intraceliular NAD levels which were shown to affect cellular
survival and DNA repalr after exposure to DNA-damaging
agents (17, 26}

After exposure to 4NQO, a great variabillty in the response
of DNA synthesis in the different cell stralns was seen. The
carcinegen 4NQO, unlike the other agents tested In this report.
Is extensively metaboilzed inside the celis. The drug |s conseg-
utively activated and inactivated by enzymes: also, the actual
DNA adduct-forming reaction appears tc be enzymatically con-
trolled (for a review, see Ref. 33). One could imagine that
subtle vartations in the enzyme actlvities invelved may lead to
conslderabie differences in the spectrum of lesions produced
in the various cell strains. As a result, there should also be a
variability in survival of normal cell straing after treatment with
4NQO. Work from cther authors has Indicated that this may
indeed be the case.* Further experimentation on the varlation
of 4NQOQ cytotoxicity in normal cells will probably ciarify this
point,

Under our experimental clrcumstances, there is & good cor-

* A, R. Lehmann, personal communication.

relation between diminished DNA synthesis inhibition and en-
hanged cell killing in carcincgen-treated AT celis, with the
possible exception of 4NQO treatment. This correlation indi-
cates that the 2 phenomena are a coasequence of the same
genetic defect in AT. For cytotoxicity screening of chemical
agents on AT celis, analysis of the rate of DNA synthesis may
sutfice. This simple approach will facilitate the handling of large
panels of compounds.

If thers exists a speclfic type of DNA lesion that is responsibie
for the abnormal regulation of DNA replication In AT, our data
indicate that thiziesicn is not produced in biologleally important
quantities by far UV, mitomycin C, MNNG, MMS, or 4NQO.
Relevant DNA damage is produced cnly by ionizing radiation
and bleomy¢ln in our tests. Radlogenic base leslons recogniz-
able by M. Juteus extracts are probably not involved because
cf 3 fack of an etfect of exygen ¢on the diminishad inhibition of
DNA synthesis in irradiated AT cells. Candidates may be the
DNA strand sclssions produced by both bBleemycin and X-rays.
However, the kinetics of repair of both single- and double-
strand DNA breaks Is very different from that observed for the
inhibition of DNA synthesls.

After repalr of the bulk of the DNA breaks, there is still a very
clear difference I the relative rates of DNA replication between
AT and mormal cells. With respect 1o the rejeining of single-
strand DNA breaks, a slightly reduced rate was cbserved in
the 2 AT cell strains tested. These data agree with earlier
observations made by Van der Schans et al. {(44), who have
used another AT cell strain exposed to y-rays. Since the
differences between AT and normal cells were detectable only
at short times after radiation and were relatively small, I Is hard
to Imagine how they could be the cause of the strong effects of
radiatlon on ¢ell kilting and chromoscmal aberration produc-
tion. Aithough the signlficance of this apparent abnormality in
single-strand break repair remains to be established, It seems
probable that this is a secondary consequence of the primary
genetic defect,

With respect to the type of damage involved, the possibliity
cannot be ruled out completely that a very small class of DNA
breaks may be relatively persistent In AT cells and thereby
affect the rate of DNA repllication. The fimit of detection of the
elution assays in our hands was roughly 1 to 2 breaks/10'°
daltons. This would correspond to a target size of about 50 to
100 replicons, and the size of the replicon clusters character-
lzed by coordinated inltiation of DNA synthesls may well be
within this range (27).

Due to our limited understanding of the regulation of DNA
replication In mammalian cells, itis hard to formuiate a molec-
ular mechanism that explains our data. QOur results do indleate
that a difference in the activity of poly(ADP-ribose) synthetase
after exposure to ionizing radiation s very prabably not causally
Inveived, as was suggested by Edwards and Tayior (111, It was
prepoesed by others (10, 28) that the primary genetic defect In
AT is not located In the repalr of DNA damage per se. An
explanation could be that the defect involves the abillty of AT
cells to restore a disrupted chromosomal protein structure
arising from the helix distortions produced either by the dam-
age itself or by its repair. It Is welt established that during Uv-
Induced repair processes transient structural alterations In the
chromatin eccur {37). If conformational abnormallties in the
chromosomes after intreduction of certain types of DNA dam-
age would be relatively persistent in AT cells, this could have



an influence on the regulation of various processes, .9., DNA
replication, DNA repair, poly(ADP-ribose) synthesis, and the
fixation of these structural changes into the ultimate aberrations
seen in mitotic chromosomes.
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RAPID DIAGNOSTIC TEST FOR ATAXIA
TELANGIECTASIA

Sir,~—Cells from paticnts with ataxia telangiectasiz (AT) exhibit
abnormally high levels of chromosomal aberrations and increased
killing after exposurc o ionising radiation.! In culmred AT
lymphobiasteid cell lines™? and skin fibroblasts™® the rate of DNA
synzhesis is inhibited by radiation to a significantly lesser extent
than iz is in cells from normal individuals, Crar experiments (to be
published clsewhere) indicate that this abnormality is a general
characteristic of all AT fibroblast cell strains and correlares with
celivlar hypersensitivity in AT to chemical carcinogensc agents. We
report here that abnorma! rates of DNA replication are seen after
irradiation of phytobacmagglutinin (PHA) stimulated AT
iymphocytes as well, and we suggest that this fact can be used ina
rapid, simple biochemical test 1o support the clinical diagnosis of
AT, . ’

Lymphocytes were obrained from 8—15 mi of heparinised blood
by 1 g sedimentation for 2 b, cultured for 2 days in the presence of
PHA, and lebelied overnight with C-thymidine. The cells were
then exposed to 300KV Xerays and labelled for 4b with
*Habymidine, The ratic of °H to 'C radicactivity in
wrichloroaceric acid precipirates of the cells was taken as 3 measure
of the rate of DNA synthesis, For different doses of X-rays
inhibition curves were obtained, as shown in the figure.

There was only & small varisbility in the profiles obtained from
serial tests performed on fymphocytes of the same individual (A and
B) and the variation between different nermal individuals was small
a5 well {I). In ihe lymphocytes from three patients, clinically
diagnosed as having AT and in two of whom this diagnosis was
confirmed cytogenetically, the inhibition of DNA synthesis was
less pronounced. D shows that the test is informative with the use of
only one X-ray dose (e.g., 3 krad). A clear separation was seen
berween the ranges obtained in patients and controls, but obligate
heterozygotes could not be distinguished from the normal
individuals. Since the resulrs are expressed as percentages, they were
not influenced by the rosponse of the cells 1o PHA, whick was
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abnormally weak in two of the three parients, in accordance with
observations from others.>

‘The procedure described here is more rapid and simple than other
laboratory tests for AT, which use cultured fibreblasts or Epstein-
Barr virus transformed lymphoblasts. It takes several weeks 10
establish these culrares and cytogenetic analysis of PHA-stimulated
lymphocytes requires highly trained laberatory personnel and is
rime-consuming. Since the present test is rapid and can casily be
scaled down 1o very small samples it should in principle be suitable
for prenatal diagnosis on ammniotic fluid cells.
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Genetic heterogeneity in ataxia-telangiectasia studied by cell fusion

(DNA synthesis /x-rays/ complementation anafysis)

N. G. J. JasPERS*T axnp D. Bootsma™

2 Laborutory of Cell Biology wnd Cenetles, Erasmun Unaversity Rorterdum. P.O. Box 1734, 3000 DR Rotterdam, The Netherlunds; and Medical Siwological Laboratory

TRO. Rijswifk (2.}, The Netherlands

Communicated by Victor A. McKusick, fenuary 25, 1952

ABSTRACT  The effect of x-rays on the rate of semiconser-
vative DNA replication was investigated by autoradiography in
single cells obtzined from normal individuals and from patients
having ataxia-telangiectasia (AT). In the five AT cell strains stud-
ied. the rate of DNA synthesis was inhibited to a lesser extent than
in two normal cell strains, By using this abnormal regulation of
BNA replication in AT eells as 2 marker. an experimental pro-
cedure was developed that allowed genetic complementation anal-
ysisof AT. After Sendai virus-induced fusion of AT cells, the grains
were counted over binucieate cells with both nuclei in § phase. In
some cases, the inhibition of DNA synthesis cawsed by x-rays in
the heterodikaryons was more pronounced than that in the pa-
rental homodikarvons and was comparable to that in normal binu-
cleate cells, indicating complementation. By using this approach,
the five AT cell strains that were investigated eould be assigned
to three complementation groups. The data suggest that extensive
genetic heterogeneity exists in AT,

Ataia-telangicctasia (AT) is a rare. inherited. cancer-prone syn-
drome clinically characterized by progressive neurclogical de-
generation and immunological incompetence. The patients
shew a greatly exagrerated response to therapeutic treatment
with x-rays (for 4 review, see ref. 1).

Cultured cclls obtained from individuals suffering from the
diserder consistently show an increased frequency of sponta-
neous and radiogenic chromosomal aberrations and hypersen-
sitivity, in terms of cellular survival. to various tvpes of ionizing
radiation and to bleomyein (for recent reviews, see refs. 2 and
3). Another consistent charseteristic of AT cells that was re-
cently discovered in various laboratories (4-9) is that, in AT cells
cxposed to ionizing radiation, the rate of semiconservative DNA
replication &5 inhibited to a lesser extent than in normal cells.
Still very little is known about the molecular defect underlving
these cellular abnormalities,

Besides the consistently observed characteristics of AT cells,
varving responses to ionizing radiation in different AT cell
strains are shown with respeet to seme other parameters. Most
relevant of these is the capacity to perform repair DNA svn-
thesis after exposure to y-rays, which is impaired in some AT
cell straing, whereas others behave normally {10-123 The ex-
istence of these two categories (“excision-deficient” and “exci-
sion-proficient”) suggests the possibility of genctic heterome-
neity {n AT. The first genetic complementation studies of AT
were carried out by Paterson ¢ all (12). In this anadvsis, the
recovery of a normal level of y-rav-induced repair DNA syn-
thesis after fusion of AT cells was used as a eriterion for com-
plementation. Therefore. these investigations that show the
existence of two complementation groups were necessarily re-
stricted to the category of “excision-delicient™ AT cell strains.
Because the diminished inhibition of DRA replication after ra-

The publication costs of this articke were defraved in part by puge charge
puyment. This article must therefore be hereby marked “adeertise-
ment” in accordance with 18 U, S, C. §1734 solely to indicate this Fret.

diation exposure is a common characteristic of all AT cell strains,
the use of this phenomenon as an indicator in complementation
analysis should allow a genetic survey of “excision-proficient”
AT cells as well.

This report describes the development of an experimental
procedure for genetic analysis of AT by using such an approach.
The results of these studies indicate that sn extensive genetic
heterogeneity exists in AT.

MATERIALS AND METHODS

Cell $trains and Culture Conditions. Fibroblast cell strains
from AT patients were obtained from A. M. R. Tavier (Bir-
mingham, England; AT262 and AT3BL, two different biopsies
from the same patient), C. F. Arlett (Brighton, England: AT4BI
and ATGBI). M. Tkenaga (Osaka, Japan: AT108), and ]. Zar-
emba (Warsaw, Poland; ATIPWA). Cell strain AT3BI is defec-
tive in y-ray-induced repair DNA syathesis, and the others are
normal in this respect (refs. 10-12; unpublished data). Cells
were cultured in Ham's F10 medium supplemented with 2 mM
glutamine, 7.5% fetal bovine serum. 7.5% newbormn bovine
serum, and with penicillin and streptomyein (each, 100 units/
ml). The strains were sereened for myeoplasma contamination
at least monthly with propidium iodide fluorescence,

Cell Fusion Procedure. Confluent cultures were trypsinized
and split into two subeultures in medium containing carboxy-
lated polvstvrene microspheres ("beads™) of 0.78- or 1.83-um
diameter (Polvsciences, Philadelphia, nos. 7766 and 7769 final
concentration. 1.8 X 10* and 0.8 X 10° beads per ml. respee-
tively). The ceils were grown at 37°C for 3 days to allow efficient
uptake of the beads. Cells preloaded with different types of
beads were fused by using inactivated Sendai virus {13) and
were seeded on coverslips in 3em Peiri dishes (2 % 10° nuelei
per dish). When attached. thev were rinsed twice with warm
phosphate-buffered saline {Dulbecco variant) and cultured fur-
ther at 37°C in complete medium additionally buffered with 20
mM Hepes (pH 7.4}

Inhibition of DNA Synthesis. Twentv-four hours after fusion,
the cells were exposed to 308-kV x-ravs in Hepes-buffered me-
dium at room temperature (175 rad min™") and were incubated
further with fresh medium at 37°C. They were pulse-labeled
at indicated times for 60 min in Hepes-buffered medium con-
taining [methyl-*H]thymidine (46 Ci/mmol, 0.2 pCi/ml; 1 Ci
= 3.7 % 10" becquerels), rinsed twice with ice-cold phosphate-
buffered saline, and fixed with Bouin's fixative. Autoradiogra-
phy was performed with [Hord K-2 dipping fluid. The exposure
time was 3-3 days. The grains over at least 50 S-phase nucles
were counted. Only nucles with more than three grains were
considered labeled. The relative rate of DNA replication was
defined as the ratis of the mezn grain numbers in irradiated and
sham-irradiated cells.

Abbreviation: AT, atavia-telangiectasta,
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RESULTS

DNA Replicaton in Unfused Cefls. In order to investigate
the rate of DNA synthesis, the cells were Jabeled with [PH]thy-
midine for 60 min after exposure to x-irradiation. The amount
of radioactivity incorporated by cells in § phase was determined
autoradiographically. Fig. 1 shows the results from an experi-
ment in which the kinetics of DNA replication were investigated
in normal and AT cells exposed to x-ravs. For this purpose. the
cells were pulse-labeled at different times after imradiation with
adose of 2 krad. In both AT and normal eells. an initial decrease
in the relative rate of DNA synthesis was observed, followed
by a gradual recovery starting at about 4 br after x-ray exposure.
At 21l times after irradistion, the inhibition of DXA replication
in two AT cell strains was less pronounced than in normal eells.
One of the AT strains was defective in y-ray-induced repair
DNA synthesis [AT3BI), whereas the other [AT4BI) war normal
in that respect. When the grain numbers were arranged in his-
tograms, unimodal profiles were observed in all cases. which
indicates that the diminished inhibition of DNA synthesis in AT
is not caused by an abnormal subpopulation of cells.

Because the extent of the inhibition of DNA svathesis and
its difference between AT and normal cells were maximal be-
tween 2 and 3 hr after irradiation, this time-point of labeling
{see arrow in Fig. 1) was chosen for a study of the effeet of x-ravs
on other AT cell strains. The results of this experiment (Fig. 2
indicate that the rate of DXA replication was depressed in the
AT cells to o significantly lesser extent than in normal cells after
exposure to doses of x-rays up to at least 4 krads. All Hive AT cell
strains tested behaved similarly in this respect. These data in-
dicate that autoradiographic analvsis of single eells is a suitable
method for the detection of differences in the relative rates of
DNA replication as observed in x-irradiated AT and normal
cells.

DNA Replication in Fused Cells. For genetic complemen-
tation analysis, the inhibition of DNA svnthesis after x-frradia-
tion was studied in fused AT cells. One dav after fusion. the eclls
were {rradisted and pulse-labeled 2 hr later. In the autoradi-
ograms, the grains were counted over unfused cells in § phase
and over binucleate cells that contained two 8-phase nuclei.
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Fi1c. 1. Kinetics of DNA replication after exposure to 2 krad of x-
rays. After irradiation, the cells were cultured for different perjods in
nonradiative medium, followed by 60 min in medium with [*H]
thymidine, and were fixed at the times indicnted in the abscissa. 2,
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FIc. 2. Inhibition of DNA replication in various cell strains. La-
beling with [*Hlthymidine started at 2 hr after x-zay exposure. Normal
cells: C3RO (2) and CSRO (o). AT cells: ATSBI (a), AT4BI (m), ATSBI
(¥}, AT10S (o), and ATIPWA (&)

Before fusion, the parental cells were preloaded with polvsty-
rene beads of different sizes, which allowed an easy micro-
scopical identification of the various types of monenucleate and
binucleate cells that were present on the same slide, Fig. 3
shows the results of such an experiment, in which the "excision-
deficient” AT cell strain AT3BI containing 1.8-pm beads was
fused with “excision-proficient” AT4B] cells containing 0.5-um
beads. In a paralle]l incubation. normal CSRO cells not pre-
loaded with beads were fused. Similar relative rates of DNA
synthesis were seen in mononuclear cells and homodikarvons.
but the inhibition in the normal cells was more proncunced than
in the AT cells.

It appears that the relative rate of DNA synthesis after ex-
posure to X-rays is not affected by the presence of the beads and
is aso not influenced by cell fusion. The inhibition of DNA syn-
thesis in the AT beterodikarvons {(AT3BI/AT4BI} was much
more pronounced than in the parental homodikarvons and was
comparable to that in normal homedikarvens. These results
demonstrate that AT3BI and AT4BI cells complement each
other with respect to their defects in the regulation of DNA
replication after exposure to ionizing radiation.

Similar studies were carried out by fusion of other pairs of
AT cell strains (Table 1). In the control cultures that had not
been exposed to x-rays. the mean graim number over AT het-
erodikarvons was very near to the average of the grain numbers
over the two parental homodikarvons. But after x-ray exposure,
a difference in some cases between these two values {“ob-
served” and "expected ) was evident, resulting in a relative rate
of DNA synthesis in heterodikarvons that was comparuble to
that in normal binueleate eclls. In other cases. the radioactivity
in the nuclei of the irmadiated AT heterodikarvons was not stu-
tistically different from the mean of the twe parental homodi-
karyons, indicating the absence of complementation.

No complementution occurred after fusion of AT3BI with
AT262. This fusion served as a control, beeause these two straing
were from different biopsies from the same paticnt. AT262 clls
proliferated maore slowly in culture thas did AT3BI eells, and
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Fic. 3. Inhibition of DNA synthesis in different types of cells obtained by fusion. Conditions were as described in Fig. 2. (Left) Mononucieate
cells. (Right) Binueleate cells. 0, C5RO (normal cells): a. ATSBL m. AT4BL and &, heterodikaryons AT3BI/AT4BL

they were morphologically distinet—e. g.. the nuclear diameter
in AT262 was larger.

AT3BI cells complemented the “excision-proficient” AT cells
AT4BI {the experiment in Table 1 is an independent repeat of

Teble 1. Number of graina over binucleate cells after exposare to x-raye

that in Fig. 3) and AT5BL. Because AT4BI also complemented
AT3BI, it follows that AT3BI, AT4BI, and ATSBI are in three
different complementation groups. The absence of eomple-
mentation between AT5BI and AT10S and between AT4BI and

x Ataxia-telongiectasia
-ray N .
dose, Homodikaryons Heterodikaryons Normal
Exp. krad Large beads Small beads Observed Expetted™ cells Complementation
1 AT3BI AT4BI C5RO Yes
0 610 = 3.7 456= 3.2 566 = 2.7 533 552 = 32
4 264 = 1.4 (4%} 214 = 1,1 @K 189 = 1.4(29%) 23.9 45%) 138 = 1.1(25%)
2 ATIBI AT262 Neo
4 676 = 44 106.1= 56 893 = 46 863 —
3 AT3BI AT5B1 C5R0 Yes
0 1119 = 10.0 1088 = 86 1111 = 53 109.8 79 = 3.7
2 833 = 52(M4% 815 = 50(75%r 639 3.3{59% 824 (7% 441 = 22(57%)
4 722 = 28(65%) 62.7 = 2.9 56% 465 = 221427 67,6 162%) 352 = 1546%)
AT108 ATERI Ne
4 753 = 28 606= 25 688 = L7 683 -
4 ATSBI AT4BI C5RO Yes
0 80 = 68 g21=x 1.0 884 = 58 851 110.0 = 10.1
2 86.1 = 5.0(79% 691 = 5275 855 = 39162% 87.5 (770 658 = 4.9 (80%)
4 58.8 = 4.2(70% 626 = 5.1 168% 473 = 3.0451% 60.7 169%) 541 = 3.8 49%)
5 AT1OS AT4BL C5RO Yes
0 — — — — 625+ 38
4 607 = 3.9 498 = 31 372= 20 55.2 31.8 = 12 (31%)
AT4BI ATIPWA No
4 461 = 27 582 34 504 = 29 50.1 —
AT103 ATIPWA Yes
4 B3 = 23 641 = 2.0 446 = 23 622 -

The average grain number per nucleus was determined in each binucleate cell. The given data represent the mean = SEM of at lenst 25 binucleate
cells. Numbers in parentheses indicate the relative rate of DNA replication.

*The “expected” value represents the caleulated mean of the grain numbers obtained in the two parental homodikaryons.
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AT1PWA indicates that ATIPWA is in the same group as AT4B1
and that AT10S belongs to the same group as AT5BL. Com-
plementation cccurred after fusion of ATIPWA with ATI0S.
which is consistent with this group assignment.

We conclude from these results thut the five AT eell strams
tested fall into three separate complementation groups: two of
these contain "excision-proficient” AT cell strains and unother
contains “excision-deficient” cells.

DISCUSSION

Qur group (6, 9) and several other laberatories (4. 5. 7. 81 have
shown that the inhibition of DNA svnthesis in AT cells exposed
to ionizing radiation is significantly less pronounced than in
normal cells. In these studies, the rate of DNA syuthesis was
estimated by the amount of tritiated thymidine that had been
incorporated by whole cell cultures as measured by liquid scin-
tillation counting. Complementation analysis with this tech-
nique is unreliable because of the presence of a significant por-
tion of unfused cells in the cultures and the inhibition of entry
into the § phase in multinucleate cells (13). For these reasons.
we have chosen to measure the rate of DNA replication at the
single-cell level by performing autoradiography and counting
the grains above the nuclei in $ phase. This procedure is similar
to that fellowed by Rudé and Friedberg. who studied the in-
hibition of DNA synthesis by UV light in xeroderma pigmen-
tosum {14).

The data obtained by autoradiographic analysis of unfused
cells confirm the results from the previous studies of AT (4-9)
and show that, after x-ray exposure, the rate of DNA synthesis
in single AT cells is inhibited to a lesser extent than in normal
cells. The kinetics of DNA replication in x-irradiated cells were
very simslar to those we found with liquid scintillation assay (9).
This similarity suggests that the abnormal irhibition of DNA
synthesis in AT found by liquid scintillation measurements is
caused by an effect only on DNA-svnthesizing cells and cannot
be explained by ar increased efficiency ef entry into the § phase
by AT cells upon radiation exposure.

The study of the inhibition of DNA replication in x-irradiated
fused cells shows that complementation occurred after fusion
of some pairs of AT strains, whereas this was not the case in
other pairs. The absence of complementation after fusion of
AT262 with AT3BI cells demonstrates that the experimental
results were not influenced by differences in morphological
characteristics or growth potential of the cell strains used.
Therefore, we consider the inhibition of DXA synthesis after
x-ray exposure 2 suitable parameter in genetic complementation
analysis of AT. This procedure can be applied for a broad genetic
survey of AT cell strains because the abnormality in the inhi-
bition of DNA synthesis is a consistent feature of cultured AT
cells. The five AT cell strains investigated in our study could
be assigned to three different complementation groups.

To combine our genetic data with those obtained by Paterson
et al. (12), we alse carried cut fusions with AT2BE cells, which
were shown by these authors to be genetically different from
AT3BL Unfortunately. the proliferation of this cell strain under
our experimental conditions was very poor, resulting in an in-

Table 2. Complementation groups in ataxio-telangiectasia

Group Qur data Paterson of al.*
A AT3IBI AT3BI, AT1BE
B e ATZBE
c AT4BL ATIPWA —
D AT5BIL AT108 —

“Ref. 12.

sufficient amount of S-phase nuclei in the preparations. But
because our results with AT3BI indicate that differences in the
level of repair DNA synthesis may have a genctic basis. it seems
probable that also AT2BE eells are genctically different from
the “excision-proficient” eells. Therefore. cur data and these
of Paterson ¢t af (12) indicate that four different complemen-
tation groups exist in AT {Table 2), We suggest o provisional
nomenclature using the letters A-D. The fact that. in seven
different AT cell strains, four complementation groups were
identified suggests that an extensive genctic heterogeneity may
exist in AT, comparable to that observed in xeroderma pig-
mentosum (13).

This work was financialy supported by Euratom Grants 196-76 BIO
N, EUR 200-76 BIO N, and BIO-E-404-NL (C).
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Abnormal levels of UV-induced unscheduled DNA
synthesis in ataxia telangiectasia cells after exposure to
1onizing radiation
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Summary

In cultured cells from normal individuals and from patients having ataxia
telangiectasia (AT) the rate of unscheduled DNA synthesis {UDS) induced by UV
light was investigated by autoradiography. The number of grains in 6 different AT
cell strains was similar to that observed in normal cells. Exposure of normal cells to
doses of X-rays up to 20 krad had no influence on the rate of UV-induced UDS. In
contrast, the UV-induced UDS was significantly modified in AT cells by treatment
with X-rays. In AT cell strains that were reported to have reduced levels of
vy-ray-induced repair DNA synthesis (‘excision-deficient” AT cells) the effect of
X-rays on UV-induced UDS was inhibitory. whereas UV-induced UDS was stimu-
lated by X-ray exposure in ‘excision-proficient” AT cell strains. Different UV and
X-ray dose—response relationships were seen in the two categories of AT cell strains.

These results strongly suggest that different molecular defects are present in
excision-deficient and excision-proficient AT cells. They also indicate that the
altered levels of repair DNA synthesis after exposure to UV in AT cells may be a
secondary consequence of the way such cells handle DNA damage caused by
ionizing radiation.

Ataxia telangiectasia (AT) is a recessively inherited disorder. clinically char-
acterized by progressive cerebellar ataxia, conjunctival telangiectasia. immunological
dysfunction. abnormally high sensitivity 10 therapeutic radiation doses and a predis-

Abbreviations: AT, ataxia wlangicctasia; HEPES, N-2-hydroxyethylpiperazine-A’-2-cthunesul phonie acid:
HBM. complete culture medium additionally buflered with 20 mM HEPES (pH 7.4). PES, phosphate-
bulflered saline (Dulbecco variant): UDS. unscheduled DNA svnthesis,
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position to lymphoreticular malignancy (Boder and Sedgwick, 1957: Kraemer, 1977).

Studies, in vitro, on cultured cells from AT patients have mainly concentrated on
the effects of ionizing radiation or related DNA-damaging chemical agents. After
exposure to radiation. the cellular abnormalities comprise enhanced chromosome
breakage and rearrangement (Taylor et al.. 1976}, increased killing (Taylor et al.,
1975; Paterson et al. 1977) and a diminished inhibition of DNA replication
{Houldsworth and Lavin, 1980; Edwards and Taylor. 1980: de Wit et al., 1981
Painter and Young, 1980: Lehmann and James, 1982: Jaspers et al.. 1982). Some AT
cell strains are reported to exhibit a reduced level of radiation-induced repair DNA
synthesis {Paterson et al.. 1976, 1977). These findings have been taken as evidence
that a defect in DNA repair may be the czuse of all these cellular abnormalities.
Because. in a large category of AT cell strains, DNA repair appears to be normal.
some authors have suggested that the defective repair observed 1n AT cells may be a
secondary conseguence of the primary genetic defect (de Wit et al, 1981: Painter
and Young. 1980; Jaspers et al.. 1982). These authors have postulated that an altered
chromatin conformation may be involved in the abnormal response of AT cells o0
ionizing radiation. Based on this hypothesis it could be expected that other molecu-
lar mechanisms involving DNA. such as DNA repair and recombination, may be
affected in AT cells as well. Here we report a study of the effect of exposure to
X-rays on DNA repair synthesis induced by UV-irradiation. AT cells have been
shown to function normally with respect to the repair of UV damage (Jaspers et al.,
1982; Scudiero, 1978; Kraemer. 1977). Our experiments indicate that, in AT cells
but not in normal cells, the rate of UV-induced unscheduled DNA synthesis is
modified by exposure 1o X-rays.

Materials and methods

The human skin fibroblasts were cultured in Ham's F10 medium, supplemented
with 7.5% foetal and 7.3% neonatal bovine serum, 2 mM glutamine and antibiotics
{penicillin and streptomyecin, each-100 U /ml). Ataxia telangiectasia cell strains were
obtained from Drs. AM.R. Taylor (Birmingham, England. AT3BI). C.F. Arlett
(Brighton, England. AT4BI and ATSBI). M.C. Paterson (Chalk River. Canada.
AT2BE), M. Ikenaga (Osaka, Japan, ATIOS) and J. Zaremba (Warsaw, Poland,
ATIPWA). AT3BI and AT2BE cells have a reduced capacity for y-ray-induced
repair DNA synthesis. while the other cells are normal in that respect (Paterson et
al., 1976. 1977; and our own unpublished observations).

For repair experiments the cells were trypsinized and seeded in 3-cm petri dishes
each containing a glass coverslip (10° cells per dish). After 1 or 2 days. the cells were
rinsed with phosphate-buffered saline (PBS), exposed to UV-radiation and kept at
room temperature in complete medium, additionally buffered with 20 mM HEPES
(MBM., pH 7.4). for the time needed to deliver the appropriate dose of X-rays. Then
this medium was removed and replaced with HBM containing [*H-methy! [thymidine
{25 Ci/mmole, 10 pCi/ml). After an incubation of 120 min at 37°C the cultures
were rinsed twice with ice-cold PBS and fixed with Bouin's {ixative. Autoradiogra-
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phy was performed with Iiford K-2 liquid emulsion. The exposure time was 4-3
days. Grains were counted above the nuclei of 50 cells in G| or G, phase, stained
with Giemsa.

UV-radiation of predominantly 254 nm was emitted from a Philips 15-W low-
pressure mercury tube, providing a fluence rate of 0.94 Wm™?. X-rays (300 kV) from
a Philips X-ray machine were delivered at room temperature with a dose rate of 175
rad min~ "

Results

To study the effects of X-rays on the level of UDS induced by UV-radiation, AT
and normal cells were kept at room temperature for 30 min, exposed to UV, kept at
room temperature for another 30 min and then labelled for 2h with tritiated
thymidine, followed by autoradiography.

During 1 of the 2 periods at room temperature the cells were exposed to X-rays
under conditions of normal oxygen pressure. The results of this experiment are
presented in Table I. The levels of UDS found after treatment with UV alone were

TABLE 1
Cell X-ray Expasure Mean number of grains per nucleus
strain dose ® ume
0Jm™? 282 Jm~* X-ray effect ®

C3RO 0 after UV 1.7=0.2 27.2=14

4 after UV 1.3=0.2 252=12 N.§S.¢
C5RO 0 after UV 1.3=04 20.0=0.9

4 after UV 0.7=03 203=10 N.S.

4 before UV - 19.1=0.% NS
ATSBI [t} after UV 1.3+04 296=12

4 after UV 0.7+03 435=1.7 +31% (p=0.001)¢

4 before UV - 41.4=03 +41% (p<<0.001)
AT4BI 0 after UV 1.9=04 237209

4 alter UV 2.6=0.3 319=1.1 +34% (p<0.001)
ATIPWA 0 alter UV 27=03 232=0.8

4 alter UV 44=0.5 32115 +35% ( p<0.001)
AT3BI* 0 alter UV 0.6=0.2 298=1.1

4 after UV 0.8=03 238=0.8 —21% { p=<0.002)

4 before UV 0.6=0.3 242=0.8 —20% ( p=<0.002)

* Dese in krad. Sham irradiation is represented by O krad.

Expressed according to the formula: 100G, =~ G i eniruns 710 e =G 00 ) —xrans — 100

N.S. means no significant difference between the UV-indueed levels of UDS obiained with and without
exposure 1o X-rays,

7 value of signilicance in the difference of UDS between 0 and 4 krad.

ATE3BI was tested in a separate experinent.
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similar in normal and AT cell strains. The amount of grains after X-irradiation alone
was very small and insignificant. This is in agreement with the concept of 2
short-patch type of excision repair that is induced by ionizing radiation. In normal
cells the combined treatment with both UV and X-rays resulted in levels of UDS
that did not differ from those observed after exposure tc UV alone. In contrast,
A-rays influenced the rate of UV-induced UDS in AT cells significantly. In the cell
strains AT4BI. AT5EI and ATIPWA (all excision-proficient cells) UDS was stimu-
lated, whereas in AT3BI (excision-deficient) cells an inhibitory effect of X-rays on
UDS was seen. Reversing the order of administration of UV and X-rays did not
change these differential effects on UV-induced UDS in AT and normal cell strains.

In another series of experiments the influence of various doses of X-rays on the
level of UDS induced by 28.2 Jm™* of UV-radiation was investigated. Fig. I shows
that X-ray doses up t0 20 krad did not exert a sigrificant effect on UDS in normal
cells. but, in the excision-proficient AT cell strains, UDS was stimulated. The X-ray
effect increased with the dose until a maximal stimulation of 20-30% was achieved
at about 3krad. In the 2 excision-deficient cell strains ATZBE and AT3BI a
dose-dependent reduction in UDS was found. Within the X-ray dose range studied
there was no evidence for a saturation of the inhibitory effect on UDS in these cell
sirains.
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Fig. 1. Effect of various doses of X-ravs on the level of UDS, induced by 28.2 Im™* of UV-radiaton.
Alter exposure to UV, cells were X-irradiated and labelled with tritiated thvmiding. The relative rate of
UDS is defined as 100G,y =G o i) s xerays /(T iy TG i) —xerpn where G stands for the mean
number of grains per nuclens. In case of more than 1 experiment. bars indicate the standard error of the
mean. Open symbols, normal celis: C3RO (O) and C3RO (A). Closed symbels, AT celis: AT2BE (8).
AT3BL (A}, ATSBI (8), ATSBI (7). ATIPWA ($) and AT10S (%),
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The data in Fig. 2 illustrate the effect of a single dose of X-rays on cells irradiated
with various fluences of UV-radiation. Without exposure to X-rays a characteristic
saturation of UDS was observed at doses above 20 Jm™* in both normal and AT
cells. Exposure to X-rays did not significantly change the pattern in normal cells. In
excision-proficient cell sirains the UDS was stimulated by X-rays at all doses of UV,
the amount of stirnulation being proportional to the level of UDS. Maximal levels of
UDS occurred at the same UV doses as in cells not exposed to X-irradiation. In
excision-deficient AT3BI cells, the UV-induced UDS found after exposure to X-rays
was less than in control cells and did not reach a saturating level at doses up to
about 30 Jm ™. In a separate experiment. AT3BI cells were exposed to 47 Jm™2 and
a significant effect of 4 krad of X-rays was not observed (data not shown). In
exeision-deficient AT cells the maximal level of UV-induced UDS was apparently

independent of exposure 1o X-rays. but it was reached at a higher dose of UV-
radiation,
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Discussion

In the present study. we demonstrated that the rate of UV-induced UDS is
modified by exposure to ionizing radiation in AT cells, but not in normal cells, With
respect to the normal cells, these data are in agreement with findings recently
reported by Gruenert and Cleaver (1981). The response of the AT cells was related
to their capacity to perform repair DNA synthesis after introduction of DNA
damage by ionizing radiation alone. In the category of excision-deficient AT cells,
exposure to X-rays inhibited the rate of UV-induced UDS. whereas in excision-
proficient cells the X-rays acted in 2 stimulatory manner. In the two types of AT cell
strains the relationship between the effect of X-rays on UV-induced UDS and the
dose of UV or X-rays was also different. These results suggest that the molecular
defects in the two categories are distinct. which is in agreement with the results from
our recent genetic study of AT. which show complementation between excision-
proficient and excision-deficient AT cells (Jaspers and Bootsma. manuseript sub-
mitted).

Based on the finding that the relative rate of the *scheduled’ (S-phase-dependent)
DNA synthesis is abnormally high in X-irradiated AT cells, a hypothesis was put
forward that suggests that an altered chromatn conformation may be responsible
for the abnormal behaviour of AT cells after exposure to X-rays (de Wit et al.. 1981:
Painter and Young. 1980: Jaspers et al.. 1982). The modified rates of UV-induced
unscheduled DNA synthesis described here fit this hypothesis. If such conforma-
tional abnormalities exist. our data indicate that they are induced by DNA damage
of the type caused by ionizing radiation. since AT cells not exposed to X-rays appear
to function normally. At present, it is not clear which type(s) of chromatin alteration
could be responsible for the cellular abnormalities. including the effects of X-rays on
UV.induced UDS.

The level of UV-induced UDS is expecied 1o be dependent on two factors. First,
the number of UV lesions that is repaired during the period of labelling with
tritiated thymidine. This factor is determined by: (1a) the number of damaged sites
that is induced: (1b) the concentration of active enzyme molecules and cofactors;
(1c) the ‘accessibility’ of the UV lesions to the repair enzymes: and (1d) the time that
is needed 10 complete a single repair event. Second (2), the level of UDS is
dependent on the amount of thymidine that is incorporated per repaired lesion,
which is equivalent to the length of the repair-replicated patch of DNA.

Regarding factor la, it is possible that DNA, packed in an altered chromatin
structure. is more susceptible to UV-radiation, resuliing in a different yield of
photo-induced DNA lesions. This mechanism is probably not responsible for the
X-ray effects on UV-induced UDS in AT. because the order in which the 2
treatments were administered had no influence. In view of the normal levels of
UV-induced UDS in AT cells not exposed to X-rays. it appears that a normal
amount of UV-gpecific repair enzymes (factor 1b) is present in AT. A third
possibility (1c) is that UV lesions situated in an abnormal chromatin structure are
less accessible 1o the repair enzymes. In that case. it 1s expected that the maximal
level of UV-induced UDS will be similar in X-irradiated and unirradiated cells, but
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this level will be reached at a different dose of UV. The UV dose-response
relationship that was observed in excision-deficient AT cells is consistent with this
assumption. In excision-proficient AT cells the UV dose at which a maximal rate of
UDS was reached was not changed by exposure to X-rays. The higher saturation
levels of UDS seen after X-irradiation of these cell strains are compatible both with
a reduced repair time per lesion (factor 1d) and with an increased size of the
vepaired patch (factor 2). Our data do not distinguish between these two possibilities.

The rate of repair DNA synthesis after exposure of excision-defective AT cells to
lonizing radiation alone may be reduced by a mechanism similar to the one that
operates in UV-induced repair. Repair synthesis of DNA after ionizing radiation is
usually measured after high doses of radiation. The inhibitory action of the highest
dose of X-rays that we used (20 krad) resulted in a residual level of UV-induced
UDS of about 65% in AT3BI cells. This value is comparable 10 the residual level of
v-ray-induced repair DNA synthesis in AT3BI of about 50% as observed by
Paterson et al. (1976). who used radiation doses of 30-100 krad. Therefore, the
DNA repair deficiency in AT would be a secondary consequence of the primary
genetic defect, which could provide an explanation for the absence of a correlation
between reduced DNA repair levels and increased lethality in AT after exposure to
radiation.
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