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ABSTRACT

The aim of this thesis was to compare responses of fibroblast cultures
from patients with ataxia-telangiectasia (A-T) and normal individuals to
hydrogen peroxide (H209) at the level of chromosomzﬂi hregkagg in order to

determine whether A-T cells are more sensitive to external oxidative stress.

Chromosomal breakage was assayed with the micronucleus test.

Four cultures from A-T patients and four from normal individuals

were exposed to H202 and the induction of micronucleated cells was
examined. The cytokinesis-block method was also employed to determine
the frequencies of micronucleated cells among cells dividing after chemical
treatment and to provide an index of toxicity of H202. Spontaneous
frequencies of micronuclei formation (in the absence of H202 treatment)
were significantly difféient for A-T and normal cultures (mean value for
percentage of (;ells with micronuclei + S.E.: A-T cultures, 7.73+1.25%;
normal cultures, 0.69+0.13%, p<0.01). A-T cultures responded to H202
treatment with a greater increase in micronucleus frequencies than that
observed in normal cultures. In the micronucleus test without using
cytokinesis-block method, the mean values induced by H202 treatment were
9.27+1.47% for A-T cultures and 2.77+0.16% for normal cultures (p<0.01).
In the micronucleus test with using cytokinesis-block method the mean
values induced by H2092 were 19.04+3.21% for A-T cultures and 3.47+0.25%
for normal cultures (p<0.01). A time course study of H2029 effect showed
that an elevation in micronucleus frequencies occurred earlier in A-T
cultures (significant increase by 1 hour after treatment) than in normal
cultures (p<0.01). A significant increase in micronucleus frequencies in

normal cultures was not seen until 9 hours after H902 treatment.
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These data suggest a G2-phase sensitivity of A-T cells to H202, and
indicate that significant differences exist between A-T and normal cultures
in the pattern of response to H202, a chemical produced during normal
cellular metabolism. The results support the hypothesis that the exposure
6f cell cultures to éctive oxygen species may produce a higher level of
chromosomal damage in cells from A-T patients than in normal
individuals. Therefore, this study may support the use of the A-T syndrome
as a model system for studying the role of DNA damage by active oxygen

species in human cancer.
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CHAPTER 1
INTRODUCTION
1.1. Ataxia-telangiectasia (A-T)
1.1.1. Clinical characteristics of A-T

A-T is a syndrome which shows human autosomal recessive
inheritance. It can best be clinically and pathologically delineated as a
disease featuring a progressively developing cerebellar ataxia from early
childhood, and an oculocutaneous telangiectasia, which appears somewhat
later. Cerebellar ataxia is the failure of muscular coordination due to a
disorder of the cerebellum. Telangiectasia is a skin lesion which is
commonly described as a permanent dilation of blood vessels over the eyes
and ears. A-T patients possess a proneness to progressive broncho-
pulmonary disease and to lymphoreticular neoplasia. A-T is not limited to
any particular ethnic group. Because of the variability in some of the
clinical and laboratory features of A-T, this syndrome has been thought to
be genetically heterogeneous. Death typically occurs during the secoﬁd
decade of life either from overwhelming pulmonary infection or cancer.
A-T is also characterized by immunodeficiency, endocrine abnormalities,
clinical and cellular radiosensitivity, chromosomal instability and a DNA
repair/process defect [reviewed by Sedgwick and Boder, 1972; Bridges and
Harnden, 1982; Gatti, et al., 1982; Boder 1985; Gatti and Swift, 1985;
Lehmann, et al., 1987; McKinnon, 1987]. The clinical characteristics of A-T

are presented in Table 1.

The diagnosis of A-T is based both on the clinical phenotypes of ataxia

and telangiectasia (for which there is an absolute requirement) and on a



Table 1 The Clinical Features of A-

1. Ataxic movements

2. Telangiectasias

3. Neurological degeneration

4. Frequent sinopulmonary infection
5. Immunological defects

6. Cancer proneness

7. Progeric changes of hair and skin
8. Retardation of somatic growth

9. Equable disposition

10 Hypersensitivity to ionizing radiation

References: Boder, 1985; McKinnon, 1987.



number of specific laboratory tests. The most constant marker of 7 A-T is an
elevated serum alpha-fetoprotein (AFP) level; another useful laboratory
marker of A-T is an elevated plasma level of carcinoembryonic antigen
(CEA). The humoral or cellular immunological defects also provide a
diagnosis of A-T. It is usually demonstrated as absent or low serum levels
of IgA, IgG9 and/or IgE, diminished responses to skin test antigens, and
peripheral lymphopenia. The presence of spontaneous chromosome breaks
and rearrangements in short term cultures of T-lymphocytes and/or in
fibroblast cultures is also an important laboratory marker of A-T. These
laboratory markers may be crucial in the diagnosis of an atypical,
uncertain, or early case of A-T. However, their presence is not essential for
the diagnosis of A-T, if both ataxia and telangiectasia are present [Boder,
1985].

1.1.2. Fr‘ggugggigs of A-T homozygotes and heterozygotes in general
population

A-T is a rare condition. Its incidence and gene frequency were
reported in 1986 based on a vigorous casefinding in the United States in
1970-72 and 1980-84 which identified 231 white, 29 black, and 3 oriental A-T
cases [Swift, et al., 1986]. White individuals homozygous for A-T were born
at the rate of 3.0 per million live births in the U.S. in the years 1965-69. The
highest observed incidence was in the state of Michigan for 1965-69 where
identified white A-T patients were born at the rate of 11.3 per million
births. The minimum frequency of one of the hypothetical A-T genes in the
U.S. white population was estimated to be 0.0017.



In contrast, the frequency of A-T carriers in the general population
may be quite significant. The A-T heterozygote frequency has been
estimated to be between 0.68% and 7.7%, with 2.8% being the most likely
estimate [Swift, et al., 1986]. Although several biological tests have been
proposed for identifying heterozygotes, none has proven to be totally

effective. A-T heterozygotes are not clinically recognizable.

A-T homozygotes can be identified by their clinical symptoms and the
diagnosis confirmed by in vitro cellular and chromosomal hypersensitivity
to x-rays. However, radio-sensitivity of primary and transformed cells
derived from obligate heterozygotes usually overlap or fall within the
normal range when assayed by colony-forming ability, inhibition of DNA
synthesis, chromosome aberrations, micronucleus production or DNA
replication and repair [Chen, et al., 1978; Paterson, et al., 1976; Kinsella, et
al., 1982; Natarajan, et al., 1982; Little and Nagasawa, 1985; Nagasawa, et
al., 1985]. The asymptomatic A-T heterozygotes are similarly difficult to
distinguish in cell culture following exposure to radiomimetic drugs [Kohn,
et al.,, 1982]: Although A-T heterozygote lymphoblastoid cells have been
identified on the basis of reduced post-irradiation cell viability, as measured
with trypan blue [Chen, et al., 1978], this assay did not control for between-
or within-group heterogeneity in cell growth rate, which can be significant.
The alternative approaches for identification of A-T heterozygotes are by
differential survival of fibroblasts exposed to neocarzinostatin [Shiloh, et al.,
1982] and by differential chromosomal radiosensitivity of fibroblasts in the
G2 phase of the cell cycle [Parshad, et al., 1985; Shiloh, et al., 1986]. It has
been shown by cumulative incorporation of tritiated thymidine that

fibroblasts from A-T heterozygotes, irradiated at confluence and then



immediately subcultured, were more likely to be blocked in Go/G1 and
delayed in cell-cycle entry than were both normal and A-T homozygote
fibroblasts [Little and Nagasawa, 1985; Nagasawa, et al., 1985]. Although it
was possible to distinguish heterozygotes from normal controls with this
method, some presumed normal cell lines resembled heterozygotes in their
response [Nagasawa, et al., 1987]. The identification of A-T heterozygotes by
flow cytometic analysis of x-ray damage [Rudolph, et al., 1989] showed that
the fibroblasts from A-T heterozygotes were distinguished from normal
controls by their significantly lower cumulative labeling index following
Go/G1 x-irradiation and immediate release from confluence into medium
containing 5-bromodeoxyuridine (BrdU, thymidine analogue). However,

the misassignment of A-T heterozygotes may also occur in this method.

In summary, it is not possible currently to identify A-T heterozygotes
in the general population with any degree of certitude. Efforts to identify the
A-T loci [Gatti, et al. 1989] may lead to a genetic probe which will make it
possible to obtain a more definitive measurement of the actual number of

A-T heterozygotes in the general population.

1.1.3. Cancer in A-T homozygotes, A-T heterozygotes. and blood

relativ

A-T patients have an unusually high incidence of cancer,
particularly lymphomas and lymphocytic leukemias [Swift, et al., 1976;
Spector, et al., 1978, 1982]; excesses of 61-fold and 184-fold for all cancers
have been reported among white and black patients, respectively [Morrell,
et al., 1986]. Primary carcinomas of the stomach, liver, ovary, salivary

glands, oral cavity, breast, and pancreas have also been reported [Spector,



et al., 1982; Morrel, et al., 1986; Narita and Takagi, 1984; Lambert, et al.,
1982). A-T heterozygotes also have an excess cancer risk [Swift, 1982, 1985;
Swift, et al., 1987]. The relative risk of cancer has been estimated to be 2.3
for men and 3.1 for women [Swift, et al., 1987]. The relative risk of cancer in
blood relatives of A-T patients has been estimated as 1.6 for men and 2.0 for
women. Breast cancer in women was the cancer most clearly associated
with heterozygosity for A-T; its relative risk in heterozygotes was estimated
as 6.8. It is estimated that between 8.8 and 25% of patients with breast
cancer in the U.S. white population could be heterozygous for A-T [Swift, et
al., 1987]. The different types of cancer and their relative risks in A-T

homozygotes, heterozygotes and blood relatives are presented in Table 2.

The reasons for the high cancer incidence in the families with A-T
remain unknown, despite considerable speculation and extensive
investigation of the various immune defects [Roifman and Gelfand, 1985],
random chromosome breaks and stable translocations [Taylor, 1982], and
. post-irradiation abnormalities demonstrated in patients with A-T and in
their cells [Gatti and Swift, 1985; Bridges and Harnden, 1982]. Each of these

abnormalities will be described in the following sections.
1.1.4. Chromosomal instability in patients with A-T

A-T is one of the chromosome-breakage syndromes [German, 1969].
Both homozygotes and heterozygotes of A-T have an increased spontaneous
chromosomal instability [Hecht, et al., 1966, 1973; Cohen, et al., 1973, 1975;
Oxford, et al., 1975; Al Saadi, et al., 1980; Taylor, 1982].

Spontaneous chromosomal instability is defined as an increase in

chromosome breakage in untreated cell cultures. Spontaneous



The inci

f cancer in A-T ients (homozygotes),

arents of such patien heteroz nd bl relativ
Relative Risk Types of Cancers References
for Cancer
Homo- 61 for whites Lymphomas (60%), Morrell, et
zygotes 184 for blacks Leukemias (27%), al. 1986
Hepatocellular carcinoma, Kumar, et
Ovarian carcinoma, al. 1979
Cerebellar astrocytoma, Amromin,

Hetero- 2.3 for men
zygotes 3.1 for women
Blood 1.§ for men

Relatives* 2.0 for women

Leiomyosarcoma of the uterus, et al. 1979
Carcinoma of the parotid gland.

Breast cancer (6.8 for women), Swift et
Nonmelanoma, al. 1987
Skin cancers,

Cancers of pancreas and bladder.

Breast cancer, Swift et
Nonmelanoma, al. 1987
Skin cancers (3.7),
Lung cancer (2.3),
Cancers of pancreas and

bladder and prostate,
Cancers of hematologic and

lymphoid.

*Blood relatives are defined as persons who are consanguineous to the
patient, i.e., who are descended from the same person or the same ancestor
[from "Webster's Third New International Dictionary of the English
language unabridged”, G. & C. Merriam Company, Springfield,

Massachusetts, U.S.A.]l.



chromosomal aberrations ordinarily are readily detectable in both blood T
lymphocytes and dermal fibroblasts from A-T patients, with the frequency
in fibroblasts generally being greater [Cohen, et al., 1973, 1975, 1979]. Also,
T lymphocytes and dermal fibroblasts from A-T heterozygotes have elevated
chromosome aberration frequencies [Al Saadi, et al., 1980; Cohen, et al.,
1975; Oxford, et al., 1975]. However, it should be noted that a large variation
in the levels of chromosomal breakage has been observed among different
A-T patients, with several reports of individuals with spontaneous
frequencies overlapping control values [Pfeiffer, 1970; Hardnden, 1974;
Taylor, et al., 1981; Bochkov, et al., 1974; Rosin, et al., 1989]. Similarly, a
wide range in spontaneous chromosomal instability has been observed in
cultures from A-T heterozygotes [Al Saadi, et al., 1980; Cohen, et al., 1975;
Oxford, et al., 1975; Gropp and Flatz, 1967; Rary, et al., 1974; Levitt, et al.,
1978; Lampert, 1969; Harnden, 1974; Schmid and Jerusalem, 1972; Rosin, et
al., 1989], with only a portion of such individuals showing an elevation

above normal controls.

In vivo evidence for an elevation in spontaneous aberration levels
comes from studies on increased frequencies of micronuclei in exfoliated
cells from A-T patients [Rosin and Ochs 1986]. These exfoliated cells are
collected by smearing the buccal mucosa or by centrifuging urine samples.
This latter study provided data which suggested that A-T patients differed
widely in the level of "spontaneous" chromosomal breakage in epithelial
tissue, with some patients showing levels overlapping normal controls. In
addition, a significant portion of A-T obligate heterozygotes displayed

elevated levels of exfoliated cells with micronuclei.



In summary, although an elevation in spontaneous chromosomal
breakage is often reported for A-T homozygotes, and, less frequently, for
obligate heterozygotes, this phenotype may be inconsistently expressed. The
reason for this heterogeneity in the expression of chromosomal instability

has yet to be determined.

1.1.5. Sensitivity of A-T to radiation

Extensive research has been done on the hypersensitivity of A-T
fibroblasts to gamma-irradiation, x-ray and radiomimetic drugs [Paterson,
et al., 1979, 1985; Taylor, et al., 1975; Paterson and Smith, 1979; Painter and
Young, 1980]. A-T patients are extremely sensitive to the therapeutic
ionizing radiation used to treat malignancies [Getoff, et al., 1967; Morgan,
et al., 1968; Cunliffe, et al., 1975]. In addition, in vitro studies have shown
that cell cultures from A-T fibroblasts exhibit poor survival in vitro
following ionizfng radiation as measured by a cellular survival test for
colony formation efficiency [Taylor, et al , 1975; Gatti and Hall, 1983]. At the

_cellular level, this increased sensitivity is reflected in increased x-ray-
induced frequencies of both chromosome- and chromatid-type aberrations
at mitosis [Taylor, et al., 1976; Natarajan and Meyers, 1979]. Increased
aberration frequencies are also observed in A-T cells after treatment with
chemotherapeutic agents such as bleomycin [Rary, et al., 1974; Taylor, et
al., 1975, 1976, 1979; Lehmann and Stevens, 1977, 1979; Cohen, et al., 1981;
Kohn, et al., 1982; Shaham, et al., 1983; Zampetti-Bosseler and Scott, 1985],
neocarzinostatin [Cohen and Simpson, 1983], and etoposide [Henner and
Blazka, 1986]. A-T cells exhibit an enhanced frequency of chromosomal
aberrations in both Go and G2 phase of the cell cycle [Taylor, 1978, 1982;

Bender, et al., 1985; Parshad, et al., 1985] as well as the unusual occurrence



of chromatid deletions in cells exposed to x-rays in Gq [Taylor, et al., 1976;

Taylor, 1978].

Semiconservative DNA replication in A-T cells following x-
irradiation differs from that in irradiated normal cells [De Wit, et al., 1981;
Edwards and Taylor, 1980; Houldsworth and Lavin, 1980; Painter and
Young, 1980; Lehmann, et al., 1982]. Replication normally is suppressed
following x-irradiation. This presumably allows time for damaged DNA
segments to be repaired before they replicate and possibly produce a
permanent alteration of the base sequence of the damaged DNA segment.
A-T cells exhibit diminished inhibition of the initiation of DNA synthesis
following x-irradiation [Houldsworth and Lavin, 1980; Painter and Young,
1980; Lehmann, et al., 1982] or exposure to the antitumor antibiotic
neocarzinostatin, which is a radiomimetic drug [Hatayama, et al., 1978;
Hatayama and.Goldberg, 1980; Shiloh, et al., 1982a, b; Shiloh and Becker,
1982; Becker and Tabor, 1989]. In A-T cells, DNA synthesis following x-
irradiation or the treatment of neocarzinostatin is suppressed only slightly,

50 that damaged segments of DNA are permitted to replicate; one of the
presumed consequences of this defective response is a dramatically
increased incidence of microscopically detectable chromosome
abnormalities. Therefore, it was suggested that replication of damaged
DNA segments may account also for the elevated incidence of chromosome
aberrations that is detectable in untreated A-T cells [Huang and Sheridan,
1981]. The diminished inhibition of DNA synthesis was thought to be due to
a defect in the DNA-damage-recognition system in A-T cells. Because x-
ray-induced DNA damage is not recognized immediately by A-T cells, the
cycling cells will progress unchecked through the S phase of the cell-

10



division cycle and not be permitted to complete necessary DNA repair, so
that DNA replication occurs on damaged templets. Increased frequencies
of chromosome aberrations such as chromatid breaks are the direct
consequence [Cramer and Painter, 1981; Taylor, et al., 1976; Paterson, et

al., 1976; Corforth and Bedford, 1985].

1.1.6. Underlying mechanisms of spontaneous chromosomal
instability and radiation sensitivity in A-T

The molecular mechanism by which chromosome instability is
enhanced in A-T is unknown. There is speculation that it may be in some
way related to the enhanced sensitivity of A-T cells in vitro to radiation and
radiomimetic agents. It has been suggested that the diverse features of
A-T, including the incr_'eased spontaneous chromosome instability, might
be explained on the basis of a molecular defect involving some cofactor
necessary for tf1e proper functioning of multiple enzymes [Harnden and
Brown, 1981]. Metals such as zinc, manganese, and copper that are
_necessary for the proper functioning of metalloenzymes were thought of as
good candidates for being deficient in A-T; however, no data derived from

the study of A-T supports the suggestion.

The underlying basis of the increased radiation-sensitivity in A-T
cells at the chromosome level is not well understood, although the following
possibilities have been raised: (a) these cells are intrinsically more sensitive
to the DNA-damaging effects of these agents prior to any repair process
[Bender, et al., 1985]; (b) A-T cells are deficient in a repair process [Taylor,
et al., 1976]; and (c) A-T cells do not slow their rate of DNA synthesis after

treatment and thus allow some unrepaired DNA lesions to be fixed into

11



chromosome lesions during DNA synthesis [Painter and Young, 1980].
Evidence with some A-T lines suggests that the molecular basis of the
enhanced sensitivity of A-T cells to genotoxic agents may be due to a defect
in excision-repair of base-damaged lesions in DNA [Paterson, et al., 1976;
Inouce, et al., 1977; Smith and Paterson, 1983]. However, it has been
difficult to distinguish between these hypotheses, since most studies have
determined chromosome aberration frequencies only when the cells attain
mitosis, long after the time these processes have taken place. One approach
to studying the basis of A-T chromosome breakage sensitivity is to visualize
damage and its repair directly in interphase cells using the technique of
premature chromosome condensation (PCC) [Johnson, et al., 1982;
Hittelman, 1984]. PCC technique was used to determine whether the
increased chromosome damage observed after bleomycin treatment is due
to increased initial chromosome damage or to a decreased capability of

these cells to r‘epair chromosome damage.

Chromosome damage is immediately apparent in the G1 phase of
.norr'nal cells after treatment with ionizing radiation [Waldren and
Johnson, 1974; Hittelman and Rao, 1974a], bleomycin [Hittelman and Rao,
1974b], and neocarzinostatin [Hittelman and Pollard, 1982]. In normal cells
after bleomycin and ionizing radiation (x- and gamma-rays), chromosome
damage repair shows a two-component curve, a fast repair component
occurring within 30 minutes and a continuing slow repair component [Sen
and Hittelman, 1984]. Cornforth and Bedford, [1985] used the PCC
technique to investigate the nature of radiosensitivity in two A-T cell lines
and found that, after x-irradiation, A-T cells had the same initial frequency

of breaks and the same initial rate of rejoining of chromosome breaks as

12



normal fibroblasts. However, the fraction of chromosome breaks that did

not rejoin was 5 to 6 times greater for the A-T cells.

The DNA double-strand break is an important type of radiation-
induced damage [Hutchinson, 1985; Thacker, 1986] but is produced without
apparent site specificity in DNA. However, a simple type of double-strand
break is produced by restriction endonucleases and the choice of DNA
molecule allows the induction of one break at a specific restriction site per
molecule. Use of a recombinant DNA molecule (vector) with a number of
unique restriction sites can allow an analysis of the rejoining or
recombinational repair of breaks at different sites with different types of
DNA termini. If these restriction sites are placed in a selectable gene the
fidelity of the repair process is monitored insofar as this affects gene
expression in the host cell (transformant). The use of integrating vectors
has served to characterize the various radiation-sensitive cell lines
including A-T cells. The A-T cells show a consistent reduction in the
fidelity of rejoining double-strand breaks [Thacker, 1989]. The studies using

Arecoimbinant DNA techniques [Cox, et al., 1986; Debenham, et al., 1987] also
indicated that the cellular sensitivity of A-T to x-rays could be caused by a
disequilibrium between the rejoining and exonuclease degradation of the

ends of DNA double-strand breaks.

Studies on the underlying etiology of the high chromosomal
sensitivity of A-T have also focused on an assessment of the yields and
kinetics of chromatid aberrations of both deletion and exchange types
induced in the G2 phase of the cell cycle by x-rays and the influence of the
DNA synthesis inhibiting nucleoside analogue 9-beta-D-arabinofura

nosyladenine (araA) on the x-ray-induced chromatid damage [Mozdarani
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and Bryant, 1987]. The number of chromatid deletions in G2 cells decreased
and the number of exchanges increased as a function of time after x-ray
irradiation in normal human cells. In the presence of araA the decrease in
deletions with time, observed after x-rays alone, was inhibited; but the
increase in exchanges was threefold larger in the presence of araA than in
its absence. These kinetics were thought to reflect the underlying repair of
DNA double-strand breaks since the rate of disappearance (rejoining) of x-
ray-induced chromatid deletions paralleled the repair of DNA double-
strand breaks as measured in other cell lines by biochemical methods
[Bryant and Blocher, 1980; Blocher and Pohlit, 1982] and was also similar to
the kinetics of rejoining of chromosome breaks in Go human cells as
determined by the technique of premature chromosome condensation

[Cornforth and Bedford, 1983, 1985].

Moreover araA was shown to inhibit repair of DNA double-strand
breaks [Bryant and Blocher, 1982]. The rejoining of chromatid deletions
was found to be inhibited by araA, thus the frequency of deletions in the

.pres.ence of araA should represent the frequency of deletions in the absence
of double-strand break repair. The rejoining kinetics for deletions in A-T
[Mozdarani and Bryant, 1989] was found to be similar to that found in
normal human fibroblasts [Mozdarani and Bryant, 1987]. The number of
deletions in x-irradiated A-T cells was found to be higher by a factor of
approximately 2 than that found in normals, indicating that in A-T a
higher rate of conversion of double-strand breaks into chromatid deletions

occurs.

In summary, the aforementioned studies are supportive of a defect

existing in A-T cells in a DNA repair system which acts on free radical-
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induced damage to sugar/base moieties in the DNA double helix [Paterson,
et al., 1976; Shiloh, et al., 1983]. However, other possibilities have been
explored including an anomaly in specific DNA cutting and splicing
enzymes, such as topoisomerase II [Mohamed, et al., 1987]. In addition,
evidence of consistent anomalies in extracellular proteins such as
fibronectin [Murname and Painter, 1983; Lavin and Seymour, 1984] and
actin [McKinnon and Burgoyne, 1985a], and in other cell surface
aberrations (e.g. actin-containing microfilaments [McKinnon and
Burgoyne, 1985b]) in A-T cells has supported a hypothesis that a deranged
cytoskeletal structure could be the root cause of the many defects observed in

this syndrome [McKinnon, 1987].

Several attempts have been made to use the information generated by
studies of x-ray-induced effects in A-T cells to generate hypotheses for the
etiology of the increased spontaneous chromosomal breakage in A-T cells.
One such hypothesis is that cells from A-T patients are subjected to
proxidant stress produced either by an increased production of active

. oxygen species or a defect in the cells capacity to scavenge or inactivate such
radicals. Support for this hypothesis comes from reports of a defect in
glutathione metabolism in A-T fibroblasts [Meredith and Dodson, 1987] and
a decrease in catalase activities in biopsies from A-T patients [Vuillaume,
et al., 1989; Vuillaume, 1987]. Both of these observations have been
contested by other scientists [Sheridan III and Huang, 1979; Dean, 1987].
Emerit, Cerutti and co-workers have observed the release of clastogenic
factors (CF) from individuals belonging to Bloom's syndrome (another
chromosome breakage syndrome), individuals with chronic inflammation,

patients with autoimmune disease, and from fibroblast cells after
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stimulation with TPA [Emerit and Lahoud-Maghani, 1989]. This CF
appears to be a lipophilic substance of MW less than 10,000 daltons, possibly
resulting from the arachidonic acid of cell membranes released as a
consequence of oxidative damage and subsequently degraded to genotoxic
aldehydes in an autoxidative process. Whether such a clastogenic factor is
present in serum of A-T patients is currently being investigated [Emerit
and Rosin personal communication]. Shaham and co-workers have
already isolated a clastogenic factor from the serum of A-T patients and
have shown it to be a peptide with a 500-1,000 molecular weight. Shaham
speculated that this CF could be involved in spoﬁtaneous chromosome
instability in A-T [Shaham and Becker, 1981; Shaham, et al., 1980, 1982,
1984; Becker, et al., 1983, 1984; Becker, 1986].

It is possible that the spontaneous DNA-damage in A-T patients
comes not from a defect in production/detoxification of active oxygen
species, but rather from a defect in repair of the damage. Active oxygen
species can cause macromolecular damage whose biological effects
resemble those of x-rays (see chapter 2.2.). Whether the repair of DNA
damage produced by active oxygen species is similar to that by x-rays is yet

to be resolved.

1.2. Active oxygen species

Oxygen is indispensable for aerobic life, but it is also a potential
threat. The stress of oxygen is mainly due to its tendency _gg&fggjglmag'.ciy‘e
oxygen species, which are active intermediates produced during biological
metabolism of oxygen. These intermediates are molecules or free radica}s

which are prone to gaining electron(s). These include superoxide (02°- ),

16



hydrogen peroxide (H202) and hydroxyl radical (HO*). [Numerous reviews
on various aspects of oxidative stress have been published: Hochstein and
Atallah, 1988; Vuillaume, 1987; Cerutti, 1985; Boveris, 1978; Cadet and
Berger, 1985; Cadet, et al., 1986; Chance, et al., 1979; Friedberg, 1985; Jones,
1982; Jouve, 1985; Koch, 1979; Marcel, 1986; Norman, et al., 1986; Oberley,
1983; Pryor, 1976-1986; Sarasin, 1981].

There is an impressive list of degenerative processes that may have
their etiologic origin in events mediated by active oxygen species. It
comprises Parkinson's disease [Cohen and Heikkila, 1974], ischemic
damage [McCord, 1985], emphysema [Dooley and Pryor, 1982], arthritis
[McCord, 1974}, mutagenesis [Moody and Hassan, 1982], cancer [Ames,
1983; Cerutti, 1985; Borek and Troll, 1983], and senescence [Cutler, 1984]. It
has been suggested by many investigators that even at normal steady-state
concentration, active oxygen species may be continuously producing
cumulative damage in specific targets which may eventually lead to tissue

degeneration.

The irhportance of active oxygen species in both cancer initiation and
pl_jomotioP has become increasingly appreciated in recent years [Ames
1983]. One very important discovery was that certain antioxidants can
prevent the promotion process in several cell transformation systems
[Solanki, et al., 1984; Goldstein, et al., 1981; Kensler, et al., 1983; Kennedy, et
al., 1984; Borek and Troll, 1983; Nakamura, et al., 1985; Armato, et al.,
1984]. In addition, free radical-generating systems are promoters of cell
transformation [Slaga, et al., 1981; Zimmerman and Cerutti, 1984;
Weitzman, et al., 1985]. It has been proposed that the etiology of Bloom's

syndrome, a disease whose patients develop malignancies at a much
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higher frequency than normal individuals and whose cells exhibit a high
frequency of chromosome aberrations, resides in a deficiency in the
detoxification of active oxygen species [Emerit and Cerutti, 1981]. The
knowledge that active oxygen species are clearly involved in carcinogenesi_s
is of utmost importance. These species are normal metabolites in the cells
where their levels can be changed by oxidants and antioxidants present in

diet and in the general environment [Ames, 1983].

1.2.1. Source of active oxygen species

1.2.1.1. Endogenous source

Most of the oxygen consumed in biological systems is reduced to

water by the transfer of 4 electrons:
02 + 4e- + 4H+ --> 2Hg0.

This reduction is primarily involved in energy coupling, which takes place
over highly organized membrane systems, e.g., oxidative phosphorylation
over membranes of mitochondria. This constitutes the epergetic basis for
aerobic life. Q—Iowever, some oxygen in living cells is also reduced by bivalent
as well as univalent processes enzymatically or nonenzymatically. These

processes result in the formation of hydrogen peroxide (H209):
02 + 2e” + 2H* ---> H2029
and the superoxide anion radical (02"):

09 + e ---> 09
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Superoxide anions, which serve as an additional source of hydrogen
peroxide, undergo both a spontaneous and a very rapid enzymatic
dismutation to hydrogen peroxide. Although hydrogen peroxide may act
difectly on the biologically important molecules, it also undergoes metal-

catalyzed decomposition to yield reactive hydroxyl radical (HO*):
e” + Fed+ ----> Fe2+ ;
Fe2+ + H202 ---> Fe3+ + HO- + HO".

The toxicity of hydrogen peroxide seems most related to its capacity to form .
the hydroxyl radical. The hydroxyl radical is a potent known oxidant,

among the most reactive free-radicals formed in biological systems.

Many biological pxidation reactions can generate active oxygen
species. Such reactioné include redox reactions of catecholamines,
hydroquinone, ;:anthine, and the biosynthesis of prostaglandins and
leucotriens in macrophages and monocytes. [Boveris, 1978; Fridovich, 1976;

Loschen, et al., 1974a,b; Marklund, et al., 1982; Nohl and Hegner, 1978a,b].

Hydrogen peroxide is also produced by a number of intracellular
ﬂgyin oxidases. These enzymes are usually localized within peroxysomes
which contain high amounts of catalase. However, xanthine oxidase is an
extra-peroxysomal enzyme which generates peroxide. The leak of electrons
from the mitochondrial electron transport chain can also form superoxide
and hydrogen peroxide [Forman and Boveris, 1982]. The autoxidation of
heme proteins such as hemoglobin and myoglobin may contribute to
superoxide and peroxide formation in vivg, although its extent is difficult to

estimate [Hochstein and Atallah, 1988].
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The plasma membrane-bound oxidases, such as those associated
with phagocytizing cells, may be activated during inflammation and ", "
produce active oxygen species [Hamers and Ross, 1985]. This activity

provides an important source of oxidants in interstitial space.

1.2.1.2. Exogenous source

A variety of external agents or conditions can induce oxy-radical
stress, such as hyperbaric oxygen tension (exceeding approximately 40%), ,/
radiation (UV below 290nm, aerobic ionizing radiations, e.g., x-, alpha-,
beta-, gamma-rays), certain drugs (e.g., streptonigrin, adriamycin,
mitomycin C, bleomycin), xenobiotics (6-hydroxydopamine, and 6-amino-
dopamine), and some membrane active agents (such as peptide hormones,
growth factors, silica and avsbestos). A number of chemical oxidants, such
as hydrogeqr_“p_grpxi’dﬂe and potassium permanganate, are obvious exogenous

sources of active oxygen species.

The generation of superoxide and hydrogen peroxide from cigarette
smoke may be important in the initiation and promotion steps of tobacco
carcinogenesis [Nakayama, et al., 1984]. Cégarette smoke generates
hydrogen peroxide and superoxide when it is bubbled through neutral
buffer solution. Hydrogen peroxide is thought to be formed by autoxidation
of polyphenols such as catechol and hydroquinone in cigarette smoke. The
autoxidation of phenolics is also implicated in the formation of active
oxygen species in betel quid chewers in India, a population at elevated risk

for oral cancer [Stich, 1988].

Coffee was shown to be genotoxic in vitro and contain a mutagen,

methylglyoxal. Hydrogen peroxide is thought to be present in instant coffee
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because the mutagenicity of this kind of coffee is sensitive to catalase. It
was concluded that the hydrogen peroxide-generating system is produced
by the roasting of coffee beans and is promoted by the increase in water
temperature. Mutagenicity increased with coadministration of
methylglyoxal and hydrogen peroxide. Therefore, hydrogen peroxide and
methylglyoxal may contribute to the mutagenicity of instant coffee
[Furihata, et al., 1985; Nagao, et al., 1985; Fujita, et al., 1985].

1.2.2. Type of damage produced by active oxygen species

Active oxygen species can result in a variety of cell damage by
reacting with readily oxidizable target molecules either directly or
indirectly. The biological consequences are rgujfations,. sister chromatid
exchanges, chromosomal aberrations, cytotoxicity, tumor initiation and
promotion, and cellulaf degeneration. DNA damage produced by free / - /”
radicals is prol;ably the most frequent lesions in living cells. The most an
reactive species, the hydroxyl radical, produces a large amount of DNA
damage, including single or double strand breaks, damage to the
deoxyribose .moiety, and damage to the purine and pyrimidine bases (e.g.,
‘pyrimidine dimers or adducts, depurination or depyrimidination,
guanosine derivatives) [for reviews, see Ward, 1975; Hagen, 1986;

Hutchinson, 1985; Von Sonntag and Schuchman, 1986; Teoule, 1987].

Hyperbaric oxygen causes mutations in bacteria [Amstad, et al.,
1984; Amstad and Cerutti, 1983] and chromosomal aberrations in
eukaryotic cells [Sanford, et al., 1979; Winter and Smith, 1972; Sturrock and
Nunn, 1978; Yost and Fridovich, 1976; Bruyminckzx, et al., 1978].

Superoxide radical and H202 induce a small number of mutations

[ -
P
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[Cunningham and Lokesh, 1983; Levin, et al., 1982] but a lot of DNA breaks
and chromosomal aberrations in bacteria [Lesko, et al., 1980; Braun and

Fridovich, 1981; Bradley and Erickson, 1981; Emerit, et al., 1982].

Human leukocyte cell cultures release 02" after stimulation with
12-O-tetradecanoylphorbol-13-acetate (TPA), and produce strand breakage
in intracellular DNA a few minutes later. The mechanism may involve one
or more metabolic steps with hydroxyl radical production [Birnboim and

Kanabus-Kaminska, 1985].

Hartman, et al.[1984] showed that Salmonella typhimurium strains
grown under aerobic conditions exhibited enhanced frequencies of small
deletion and frameshift mutations compared to strains grown
anaerobically. Farr, et al.[1986] showed that Escherichia coli (E.coli)
mutants that lack both' the manganese- and iron-containing superoxide
dismutases (sodA sodB double mutants) have increased spontaneous-
mutation frequencies relative to wild-type strains during aerobic growth.
In addition, several E.coli DNA repair mutants, e.g., recA xth double
mutants [Iﬁlay and Linn, 1986], certain polA mutants [Boling, et al., 1984],
and polA recB double mutants [Morimyo, 1982], form filaments and die

aerobically, although they grow normally under anaerobic conditions.

Hoffmann, et al. [1984] compared the cytotoxic effect and the yield of
DNA strand breaks by oxy-radical stress in cells of different species. The
rate of loss of reproductive capacity caused by hydrogen peroxide was shown
to be 6 times faster in human fibroblasts than in Chinese hamster
fibroblasts. The response in mouse fibroblasts was between these two. A

similar H202 concentration produced 5-10 times more strand breaks in
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human DNA than in hamster DNA and 2-4 times more than in mouse
DNA. They proposed that this difference may be due to the different amount
of chromatin-bound iron and the level of superoxide ion in these cells. They
also found that H202 does not cause breaks in purified DNA and its effect in
the cells is probably mggii_atgd by a transition metal (probably ferrous ion)
complexed to a macromolecule in the nucleus. Hydrogen peroxide may
react with this metal and produce hydroxyl radical, which is thought to be
the ultimate species to damage the DNA [Meneghini and Hoffmann, 1980].

8-Hydroxydeoxyguanosine (8-OH-dG) is formed in vivo in cellular
DNA on treatment with various oxygen radical-producing agents and it is
repairable [Kasai, et al., 1986]. 8-OH-dG was detected in DNA isolated both
from HeLa cells after the cells in tissue culture had been irradiated with x-
rays and from the liver .of mice after the whole animals had been irradiated
with gamma-rays. The amounts of 8-OH-dG in DNA after in vivo
irradiation were three orders of magnitude lower than those after in vitro
irradiation. The 8-OH-dG produced in liver DNA by irradiation of mice
decreased with time, suggesting the presence of a repair enzyme(s) acting
on 8-OH-dG in mouse liver. Treatment of Salmonella typhimurium cells

with hydrogen peroxide also caused increase in the 8-OH-dG content.

It was demonstrated by Schraufstatter, et al. [1988] that H202 éddgad
g)_g‘@racellularly» <(in micromolar concentrations 10-100uM) induced DEA
strar‘l;i‘ breaks in various human target cells tcultured human fibroblast
cells, lymphocytes, PMN). The sensitivity of a specific target cell was
inversely correlated to its catalase content and the rate of removal of H202
by the target cell. Oxidant species produced by xanthine oxidase/purine or

phobol myristate acetate-stimulated monocytes induced DNA breakage of
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target cells in proportion to the amount of H209 generated. These DNA
strand breaks were prevented by extracellular catalase, but not by
superoxide dismutase. It was also shown that H209 formed hydroxyl
radical intracellularly, which appeared to be the most likely free radical
responsible for DNA damage for three reasons: HO* was detected in cells
exposed to H2092; the DNA base, deoxyguanosine, was hydroxylated in cells
exposed to H9092; and intracellular iron was essential for induction of DNA

strand breaks.
1.3. The involvement of chromosomal change in cancer developmen

Chromosome aberrations have been implicated in several aspects
thought to be involved in development of cancer. Chromosomal instability is
characteristic of dysplasias and many premalignant conditions. Moreover,
specific chromosomal a‘berrations appear to be associated with many types
of cancer [Miteiman and Heim, 1988; Berne, et al., 1989] (Table 3). A role for
chromosomal breakage, translocation, or loss is implicated in the sequence
of events legding to development of neoplasia [Cooper, 1984; Flier, et al.,
1988; Knudson, 1985]: (a) Such changes can activate oncongenes. For
example, the translocation involved in chronic myelogenous leukemia
(CML) removes abl oncogene from chromosomes 9 to 22 and sis oncogene
from chromosomes 22 to 9. A new abl protein is synthesized, which
increases tyrosin phosphorylation. The translocation involved in Burkitt's
lymphoma results in movement of myc oncogene from chromosome 8 to the
other chromosomes near to immunoglobin gene sites. (b) Chromosomal
changes can also result in the loss of tumor "antioncogenes” or

"suppressor”’ genes, as in Retinoblastoma(RB) and Wilm's tumor, which

24



Table 3 Association between karyotypes and specific cancers

Cancers

Chromosome aberrations

Chronic myelogenous leukemia (CML)

Acute promyelocytic leukemia

Acute myelogenous leukemia

Burkitt's tumor

Ovarian tumor

Retinoblastoma

Wilm's tumor -

translocation between 22 and 9
translocation between 15 and 17

abnormalities of 8 (trisomy of 8,

or translocation of 8 and 21)
translocation of 8 and 2, 14, 22
translocation of 6 and 14
deletion on chromosome 13

deletion on chromosome 11

References: Mitelman and Heim, 1988; Berne, et al., 1989.
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are heritable human cancers. RB is a tumor of the eye found exclusively in

young children. Wilm's tumor is a kidney tumor of children.

One of the strongest and oldest pieces of evidence supporting the
involvement of chromosome change in cancer development comes from
studies with individuals belonging to genetic syndromes in which
chromosomal breakage rates are elevated, such as Bloom's syndrome,
ataxia-telangiectasia, Fanconi anemia, and xeroderma pigmentosum.
These syndromes are all characterized by an increase in risk for cancer

[German, 1983; Ray and German, 1983].

1.4. Micronuclei

Because it is technically difficult to obtain metaphase cells from
tissues, most chromoséinal data obtained for humans has been restricted to
blood cells and to in vitro cultured fibroblast cells; very little is from in vivo
study. The micronucleus assay provides a relatively easy way to examine

chromosomal breakage in vivo as well as in vitro.

Micronuclei are formed from chromosomal fragments (and, less
frequently, from entire chromosomes) which lack connection to the spindle
apparatus and lag behind when the cell divides. Such fragments are
excluded from the main nucleus when it reforms and are visible as
Feulgen-positive extranuclear bodies in the daughter cells. The use of
micronucleus frequencies as a quantifiable indicator of chromosomal
breakage has been validated on more than 100 genotoxic and/or
carcinogenic chemicals using either cultured fibroblasts, hepatocytes,

human lymphocytes, myelo- and erythroblasts, or animals and people
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[Heddle, et al., 1978; Schmid, 1976; Stich and Rosin, 1983]. In vivo, the
micronucleus assay serves as an endogenous dosimeter of DNA damage
directly in the specific tissue which is the target for the carcinogens. The
elevation in micronucleus frequency is dependent on the dose of carcinogen
exposure. For example, a dose-dependent increase in micronucleus
frequency has been observed throughout the course of radiotherapy in
samples from the irradiated buccal cavity of head and neck cancer patients

[Rosin and Stich, 1983; Stich and Rosin, 1983; Stich, et al., 1983].

- Micronuclei require one cell division to be expressed. Therefore the
frequency of micronuclei scored in a given number of cells depends on (a)
the proportion of cells that have responded to the exposure of genotoxicants;
(b) the proportion of the responding cells that have divided; (c) and the fate of
micronuclei in cells which have divided more than once. These factors may
vary greatly between different cell cultures, between different repeat
experiments using same cultures, and between different doses of
genotoxicant exposure. To overcome these problems, the cytokinesis-block
method has been proposed [Fenech and Morley, 1985], in which
cytochalasin B is added to cell cultures after genotoxicant exposure so that
cytokinesis is inhibited and binucleate cells are accumulated in their first
division cycle. The enumeration of micronuclei is restricted to the
cytokinesis-blocked cells. Since cytochalasin B does not induce micronuclei
or chromosomal damage, the cytokinesis-block method can be used both to
measure the base-line level of micronuclei, which reflects spontaneous
chromosomal damage, and to allow comparison of genotoxicant-induced
micronuclei in different cell cultures (e.g., normal fibroblast cultures and

A-T fibroblast cultures).
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In recent years, a variety of experiments have been carried out using
the cytokinesis-block method for analyzing micronuclei. These studies have
included both in_vitro and in vivo/in vitro studies in rodent and human cells
[Yager and Sorsa, 1987; Wakata and Sasaki, 1987; Erexson, et al., 1987;
Maki-Paakkanen, 1987; Ramalho, et al., 1988; Prosser, et al., 1988; Krishna,
et al., 1989].

1.5. Relevance

Studies on the significance of active oxygen species in the
development of cancer would benefit from the identification of human
populations with a defect in response to active oxygen species, either at the
level of production/detoxification of these species or with respect to the
repair of damage produced by their activity. This study will explore the
possibility that A-T ma& represent a group of people with a clinically

identifiable syﬁdrome which can be used as such a model.

Data supporting an increased sensitivity to active oxygen species for
A-T patients would be significant for several reasons. First, although the
frequency of individuals homozygous for this locus is low (0.0017), it has
been suggested that heterozygous carriers of the gene may represent from
1-8% of the general population and be at elevated risk for development of a
variety of cancers (see section 1.1.3.). A portion of these carriers may also
be defective in the metabolism of active oxygen species and/or repair of the
damage they produce. Fibroblast cultures from several A-T heterozygotes
have been shown to have an elevated sensitivity to x-ray and an increased
level of spontaneous chromosomal breakage (see section 1.1.4.). Secondly, a

significant number of xenobiotics produce active oxygen species during
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their metabolism. These xenobiotics could have an impact on individuals
with an increased sensitivity to such agents, perhaps leading to an
elevation in the level of "spontaneous” chromosomal breakage observed in
vivo. Compounds which generate active oxygen species during their
metabolism are ubiquitously present in our environment: in lifestyle habits
(cigarette smoking, tobacco chewing), in the diet (plant phenolics from
coffee, tea, wine), and in occupational exposures (asbestos workers), as well
as being produced by some medicines (chemotherapeutic agents such as
bleomycin). Finally, an understanding of the mechanism by which active
oxygen species (and xenobiotics generating such agents) alter DNA is
crucial to a development of preventive measures that could act to suppress

cancer development in exposed humans.

1.6. Hypothesis

The hypéthesis to be tested in this thesis is that A-T patients have an
elevated sensitivity to oxidative stress when compared with normal
individuals and that this elevated sensitivity is responsible for the increased
level of spoﬁtaneous chromosomal breakage observed in yivo and in vitro in

such patients.

The proposed study will involve a characterization of the response of
A-T and normal cultures to hydrogen peroxide. The endpoint chosen for
study will be the induction of chromosomal breakage, measured by the
frequency of micronucleated cells produced. The following questions will be

answered:

1. Does hydrogen peroxide produce a higher level of chromosomal

breakage in A-T cells than in normal cells? This question will require
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establishing harvest time- and dose- response curves of effects of hydrogen

peroxide in fibroblast cultures.

2. Is there any correlation between the frequency of micronucleated
cells observed spontaneously in a culture and the level of such cells induced

by treatment with hydrogen peroxide?

3. Is there a cell cycle-dependence in the response of A-T cells to

hydrogen peroxide treatment?
1.7. Objectives and approaches

1. To determine whether A-T cultures are more sensitive than
ltur rom '"n 1" indivi 1 he chromosome- in, ivi

f hvdrogen peroxi

Four A-T homozygote and four normal fibroblast cultures will be
chosen for study. The four A-T cultures which will be used will represent a
wide range of spontaneous mutation frequencies (Fig.1). The cultures will

be exposed to a dose range of H202, and micronucleus frequencies will be

determined.
2. To determine whether there is a correlation between the
ntan fr n f micr 1 formation and the maximum level
f micronucl lls in n xi

A comparison will be made between spontaneous and H202-induced
levels of micronucleus formation in the cultures used in the above section 1

to determine whether there is any correlation between these two events.
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3. To characterize the pattern of chromsomal sensitivity to hydrogen

eroxide with r - an 11 le- nden

This portion of the thesis will require the use of cytochalasin B
treatment, which allows us to study kinetics of culture growth, and G9
phase sensitivity. Cytochalasin B treatment will be employed to determine
the frequencies of micronucleated cells among cells dividing after chemical
treatment and to provide an index of toxicity of H2092. First, the response of
these two variables with increasing doses of H209 will be determined.
Second, cytochalasin B will be added to cultures at different times after
H2029 exposure and the time-dependence of H202-induced micronuclei
formation will be determined. The cytochalasin B technique will also be
used to determine the frequencies of micronuclei in cells exposed in G2
phase by using the drug to collect cells from 0.5 to 3.5 hours after H202
treatment. Cells collected during this time have been previously shown to

be those which had received their H9O9 exposure during G2 phase.
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CHAPTER 2
METHODS AND MATERIALS

2.1. Chemicals and media

Dulbecco's modified minimal essential (DME) medium is obtained
from Flow Laboratories, McLean, Va. Fetal calf serum (FCS) is obtained
from Gibco Laboratories, Grand Island, NY. Cytochalasin B is purchased
from Sigma, St. Louis, Mo. Cytochalasin B stock solution is prepared as
lug/ul in dimethyl sulfoxide (Sigma, St. Louis, Mo.), which is stored at
-200C. Cornoy's solution is composed of methanol/glacial acetic acid (3:1),
prepared just before use. Fast Green (Fisher Scientific, Chemical
Manufacturing Division, Fairlawn, NJ) is dissolved in 95% ethanol. H202
is obtained from BDH Chemicals, Toronto.

2.2. Fibroblast cultures

Human fibroblast cultures are obtained from the NIGMS Human
Genetic Mutant Cell Repository (Camden, NJ). The fibroblast lines used,
along with the characteristics of the donor from which each line was

obtained, are listed in Table 4.
2.3. Tissue culture maintainence

Stock cultures are grown in plastic flasks (80 cm2 surface area,
260ml, Gibco Canada Inc., Burlington, Ontario) in DME medium
supplemented with 10% heat-inactivated FCS, penicillin (100 units/ml), and
streptomycin (100 ug/ml). Cultures are routinely passaged when the cell

density reaches confluency. Cultures are maintained in a water-jacketed
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Table 4 Characteristics of fibroblast cultures

Diagnosis Line No. Age Sex Race Passage No.
(at biopsy) (shipped)
Normal 5757 Tyr M BL 3
3440A 20yr M WH 6
4390 23yr F WH 4
3651C 25yr F WH 6
A-T 647A 17yr M WH 9
homo- 1588 M WH 14
zygous 1829 Tyr M WH 11
2052A 15yr F WH 7
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incubator at 37°C in an atmosphere of 5% C092/95% air. All experiments

are performed on the cultures between passages 7 and 20.
2.4. Micronucleus assay
2.4.1. Cell seeding

Logarithmically-growing cells were trypsinized off of stock culture
flasks, suspended in 10% DME and seeded on sterile glass coverslips
(Baxter, Canlab, 20*20mm) in 30%¥10mm petri dishes (Nunc, Denmark).
The cell concentration at seeding (2 -- 4104 cells/dish) was adjusted for
each cell line so that cell cultures grew to cover approximately 50% of the

coverslip within 2 days. Each petri dish contained a total volume of 2 ml
10% DME. Coverslip cultures were incubated in 5% CO2 in air at 370C.

2.4.2. Treatment -- Hydrogen peroxide exposure

When the cultures reached 50% coverage of the coverslip, culture
media was removed by suction from the petri dishes and replaced with
three washes of DME (without FCS, 2 ml/dish). This wash media was
removed by suction, followed by the addition of hydrogen peroxide solution,
prepared in phosphate-buffered saline (PBS). The dishes were returned to
the incubator for the duration of the treatment. As controls, cultures were
treated with PBS without hydrogen peroxide. After treatment, the hydrogen
peroxide solution was removed by suction and coverslips were rinsed 3
times with DME (without FCS). Fresh DME with 10% FCS was added to

each dish and the dishes were returned to the incubator until harvest.
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Two approaches were used for determining micronucleus -
frequencies: 1) direct measurement, in which cell cultures were left in the
incubator for designated times (generally 48 hours) and then harvested; and
2) harvest after blocking cell cytokinesis by addition of cytochalasin B at a
final concentration of 2ug/ml to each petri dish. This procedure involves

adding 4ul cytochalasin B stock solution to the 2ml DME solution in each
petri dish.

2.4.3. Harvesting, staining and slide preparation

The coverslip cultures were removed with forceps from the petri
dishes, placed in dishes containing PBS for 20 seconds, and then allowed to
air dry. The coverslips were then placed into dishes containing Cornoy's

solution for 20 minutes and allowed to air dry.

The coverslips were stained with the Feulgen reaction as follows: 1N
HCIl, 10 seconds at room temperature; 1N HCIl, 10 minutes at 63°C; 1N HCl,
10 seconds at room temperature; rinse in distilled water; Schiff's reagent,
120 minutes at room temperature; rinse with tap water, 15 minutes;
followed by Fast Green, 1 minute; 70% ethanol, 1 minute; 95% ethanol, 1
minute; butanol, twice, 1 minute each; 1:1(v/v) butanol/xylol, twice, 1
minute each; xylol, twice, 1 minute each. The coverslips were mounted
directly from xylol onto slides (76*26+1mm, plain, W.-Germany) using

Permount.

2.4.4. Scoring

The slides were randomized and coded prior to scoring under a

microscope (Olympus) 20+x100-magnification oil lens. The criteria followed
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for estimating the frequency of micronucleated cells were those already
established (Stich and Rosin 1983a,b, 1984). For determinations made
directly (without cytochalasin B), a total of 1000 intact cells were scored for
the presence of micronuclei. For cultures treated with cytochalasin B, a
minimum of 500 cytochalasin B-blocked cells were assayed for the presence
of micronuclei. In the latter case, the fraction of cells which had
undergone karyokinesis subsequent to the addition of the cytochalasin B

was estimated.

2.5. Statistical analysis

Each experiment was repeated three times and the data analyzed
using the computer software StatView or Minitab. The mean values for
percentage of cells with micronuclei and the standard errors were
determined and the t-TEST used for comparing the differences between
effects in A-T cultures and normal cultures. The correlation analyses were

performed with Pearson correlation and Spearman's rank correlation.
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3.1. Spontaneous levels of chromosomal breakage in A-T and normal cell
cultures

Logarithmically growing cultures from four A-T patients and from
four normal individuals were seeded onto sterile coverslips and incubated
for 48 hours before harvest. The level of chromosomal breakage in each
culture was determined by scoring the frequency of cells with micronuclei
(Figure 1). The spontaneous levels of micronuclei production were 11-fold
higher for A-T cultures than for normal cultures (average spontaneous
frequency for A-T cultures, 7.73+1.25%; for normal cultures, 0.69+0.13%;
P<0.01).

3.2. Effect of H202 exposure on A-T and normal cell cultures

The aforementioned A-T and normal cultures were treated for 1 hour

with H202 at concentrations of 0.2 to 1.2 pg/ml. The cultures were
harvested at 48 hours after the end of the treatment and the cells were
scored for the presence of micronuclei. The level of micronucleated cells
which was induced by the peroxide treatment was determined by

subtracting spontaneous frequencies in untreated controls from the

frequencies observed in the cultures after treatment with H202. Figure 2

shows the micronucleus frequencies which were induced in each cell

culture by H209 treatment.

A-T cultures responded to the H202 treatment with a greater

increase in micronucleus frequencies than that observed in normal
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Figure 1

n micronucl ncies in A-T normal cultu
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GM5757 GM4390 GM3651 GM3440 GM1588 GM1829 GM647A GM2052

NORMAL A-T

Fig.1. Frequency of micronucleated cells in untreated cultures from
normal individuals and from A-T patients. Data shown are the mean +

S.E. of 3 replicate experiments for each culture.
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Fig.2. Frequency of micronucleated cells induced by H202 treatment of
cultures from normal individuals (A) and from A-T patients (B). Each
point represents the results from three experiments (mean + S.E.). Normal
cultures: GM4390 ( 2 ), GM3651 ( o), GM5757 (4 ), and GM3440 (®). A-T
cultures: GM1588 (¢ ), GM1829 (4 ), GM647A (4 ), and GM2052 ( @),
Spontaneous frequencies (observed in untreated cultures) have been
subtracted from each plotted value: 0.45% for GM4390, 0.60% for GM3651,
0.45% for GM5757, 1.05% for GM3440, 5.53% for GM1588, 11.10% for
GM1829, 6.17% for GM647A, and 8.13% for GM2052.
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cultures. The highest micronucleus frequencies for normal and A-T
cultures were induced at concentrations of 0.5 to 0.9 ug/ml. At these
concentrations, induced frequencies were 3.3-fold higher for A-T cultures
than for normal cultures (average induced frequency for A-T cultures,
9.27+1.47%; for normal cultures, 2.77+0.16%; P<0.01). At higher peroxide
concentrations, there was a decrease in the induction of micronucleated
cells. This effect was presumably due to toxicity and/or growth inhibition
since cell division after treatment is required for micronucleus formation

[see chapter 1.4.].

In order to control for variation among cultures in the toxicity or the
growth-inhibiting action of H902, a series of studies were done in which
micronucleus frequencies were determined in cells identified as having
completed one nuclear idivision following H209 treatment. These cells were
collected by adding cytochalasin B to the cultures after treatment. This
drug blocks cytokinesis without affecting karyokinesis. Cytokinesis-blocked
(CB) cells appear binucleated.

3.3. Pattern of chromosomal sensitivity to hydrogen peroxide with respect to
stage in cell cycle

Figure 3 shows the results obtained when an A-T and a normal
culture were treated with H9O2 (0.7ug/ml) for 1 hour and CB cells collected
by the addition of cytochalasin B at a series of time intervals after the
treatment. In each case, the cytochalasin B was present in the culture for 4
hours prior to harvest. Control cultures receiving PBS only were harvested
at each time interval. The frequency of CB cells with micronuclei in these

PBS controls remained unchanged for both A-T and normal cultures,
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Fig.3. Frequency of cytokinesis-blocked (CB) cells with micronuclei (mean +
S.E., n=3) in cultures harvested at different time intervals after exposure to
H202 (0.7ug/ml, 1 h). For each time point, cytochalasin B was added 4 h
before harvest. Normal culture, GM5757 (4 ), A-T culture, GM1588 ( m).
Solid lines, cultures receiving a PBS treatment; dash lines, H202

treatment.
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showing no significant variation between harvest times. In contrast,
peroxide-treated cultures of both A-T and normal cells showed a significant
elevation in micronucleated CB cells above PBS controls. In A-T cells, this
increase was first apparent among cells collected from 1 to 5 hours after
H202 treatment (P<0.01). In contrast, the first significant induction of
micronucleated cells in the normal culture occurred among cells collected
from 9 to 13 hours after H902 treatment (% CB cells with micronuclei: PBS
treatment, 0.49+0.09; H202 treatment, 1.25+0.13, P<0.01). The A-T and
normal cultures also differed in the extent of induction of micronucleated
CB cells by the H9O2 treatment, with the A-T culture displaying a greater
induction at all harvest times (P<0.01). The frequency of CB cells with
micronuclei declined in A-T cells harvested at later time intervals. Since
cell cycle times for A-T cultures range between 24 to 36 hours [Tatsuka, et
al., 1989], this decline in frequencies could reflect the collection of cells in a

second division cycle after treatment.

The variation in temporal response to peroxide treatment for A-T and
normal cultures was confirmed in a subsequent study in which
micronuclei frequencies were determined in CB cells collected at even
earlier intervals after treatment: from 0.5 to 1.5 hours for harvest 1 and
from 1.5 to 2.5 hours for harvest 2 (Table 5). Micronucleus frequencies in
peroxide-treated A-T cultures were significantly elevated above PBS controls
at both harvests (P<0.01). There was no significant difference between
micronucleus frequencies in PBS and H9O2-treated cultures of normal
cells. These data support a G2-phase sensitivity for the A-T culture to

peroxide treatment since cells collected during these time intervals would
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Table 5 G2-phase sensitivity of A-T cells to H2022

Cultures % of CB cells with micronuclei (Mean+S.E.)
Harvest 1 Harvest 2
PBS Ho02 PBS H202
Normal 044 +0.04 0.51+0.09 0.38+0.01 042 +0.04
(GM5757)
A-T 6.67+0.20 1598+ 0.45b 6.57+0.32 17.93+0.41b
(GM1588)

a Cultures were expose& to either PBS (control) or H202 (0.7ug/ml) for 1
hour, washed, a‘md the treatment media replaced by DMEM with 10%
serum. Cytochalasin B was used to collect cells undergoing karyokinesis
from 0.5 to 1.5 hours after the end of the treatment for harvest 1. For
harvest 2, cytochalasin B was added 1.5 hours after the end of H202 or PBS

treatment and cells fixed 1 hour thereafter.

b Statistically significant as compared to control (PBS) treatment (P<0.01).
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presumably be those in G2-phase at the time of treatment [Mozdarani and

Bryant, 1989; Parshad, et al., 1983; Sanford, et al., 1989].
le kineti nd micronucl fr ncies in untr

A comparison was made of the percentage of cells which are passing
through the cell cycle in A-T and normal cultures. These data are
important for two reasons: 1) cells which are actively cycling are generally
more sensitive to DNA damage than noncycling cells and 2) nuclear
division is required before chromosomal damage can be observed by
assaying for micronuclei. Cytochalasin B was used to collect all cells
undergoing nuclear division in a 43 hour collection period (Figure 4). This
percentage was significantly greater for normal cultures than for A-T
cultures (mean + S.E.: normal cultures, 61.95 + 8.11%; A-T cultures, 25.76

+ 4.55%; P<0.01).

Micronucleus frequencies were determined in these cycling cells
(Figure 5). Spontaneous frequencies of CB cells with micronuclei differed
significantly for A-T and normal cultures (average spontaneous frequency
for A-T cultures, 11.384+2.013%; for normal cultures, 1.189+0.059%;
P<0.01). These results show that although there are fewer cells cycling in

A-T cultures, chromosomal damage and micronuclei frequencies are

higher.
3.5. The effect of H202 treatment on the fraction of cells which are

kinesis-block B

The effect of H202 treatment on the percentage of cells undergoing

karyokinesis in treated A-T and normal cultures is shown in Figure 6.
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Fig.4. Frequency of cytokinesis-blocked (CB) cells occurring in untreated
cultures from normal individuals and from A-T patients. Each point
represents the results from three experiments (mean + S.E.). Cytochalasin
B was added 43 hours before harvest.
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Fig.5. Frequency of cytokinesis-blocked (CB) cells with micronuclei in
untreated cultures from normal individuals and from A-T patients. The
cultures were incubated for 48 hours before harvest. Cytochalasin B was
added 43 hours before harvest.
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(0), GM1829 (2 ), GM647A (a), and GM2052 (e ).
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These data were obtained by exposing cells to a dose range of H202 for 1
hour. The cells were then washed and incubated for 48 hours in fresh
medium prior to harvest. Cytochalasin B was added 43 hours before
harvest. By using this procedure it is possible to obtain a rough estimate of

toxicity and/or cell cycle inhibition in a culture resulting from exposure to

Ho09.

The dose-dependent decrease in percentage of CB cells after peroxide
treatment was calculated for 4 A-T and 2 normal cultures (Figure 6).
Values were normalized by setting the %CB cell frequency (i.e. percentage
of cells which are binucleated) in untreated cultures to 100 and calculating
the relative decrease in binucleated cells compared with this value for each
culture. There was no significant difference between normal and A-T

cultures in the reduction of the number of CB cells after H209 treatment.

4

3.6. Pa_ﬁtgfn of chromosomal sensitivity to hydrogen peroxide with respect to
- nden

Micronucleus frequencies were determined specifically in cells
undergoing karyokinesis after H909 treatment by using the CB technique.
Figure 7 shows the dose-dependent increase in frequencies of
micronucleated cells in A-T and normal cultures. Micronucleus
frequencies induced in A-T cultures were significantly greater than those
observed in normal cultures (average induced frequency for A-T cultures
for H202 exposure of 1.2ug/ml, 19.04+3.21%; for normal cultures,
3.47+0.25%; P<0.01). This increase in micronucleus frequencies in A-T
cultures occurred without a significant change in cell cycle kinetics

compared with normal cultures. A-T and normal cultures displayed
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Fig.7. Frequency of cytokinesis-blocked (CB) cells with micronuclei induced
by H202 treatment of cultures from normal individuals (A) and from A-T
patients (B). Each point represents the results from three experiments
(mean + S.E.). The cultures were exposed to H202 for 1 hour and then
incubated for 48 hours before harvest. Cytochalasin B was added 43 hours
before harvest. Normal cultures: GM4390 ( 2), GM5757 (o). A-T cultures:
GM1588 ( 0), GM1829 (), GM647A ( A), and GM2052 ( ®). Plotted values
have been corrected for frequencies observed in untreated cultures.
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similar reductions in the percentage of CB cells after H202 treatment

(Figure 8).

Table 6 and Figure 9 present the frequencies of cytokinesis-blocked
(CB) cells with 1, 2, 3, or >3 micronuclei per cell. The type of micronuclei
formed gives an indication of the frequency of multiple chromosomal
breakage and spindle dysfunction events. A-T cultures displayed increased
frequencies of CB cells with one or two micronuclei compared with values
observed in normal cultures at P<0.05. However, the frequencies of CB cells
with three micronuclei and greater did not differ significantly at P=0.05.
This effect was observed for both spontaneous and induced micronucleus

frequencies.

3.7. Correlation between spontaneous frequency and H202-induced

frequency of micronucleated cells

A comparison was made between spontaneous frequencies of
micronucleus production and frequencies induced by H9O9 treatment of 4
A-T cultures. Two approaches were used: 1) direct method (no cytochalasin

B) and 2) CB technique.

When the micronucleus assay was used directly, spontaneous and
H202-induced micronucleus frequencies were poorly correlated. This
result was observed at H202 doses of 0.7ug/ml and 1.2ug/ml (Fig.10: r=0.1
for 0.7ug/ml, r=-0.65 for 1.2ug/ml). A comparison was made of the
spontaneous frequency of micronucleated cells in these cultures as
determined by the two techniques. A significant correlation was obtained

(Fig.11: r=0.94, P<0.01). However, when induced values obtained with these
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Table 6 Pattern of micronuclei production

Spontaneous & % of CB cells with indicated number of MNb
1 2 3 >3
A-T cultures
1588 6.72+0.61  2.28+0.39  0.22+0.22 NDb
647A 6.60+0.53 0.60+0.31 ND ND
2052 11.3840.92 0.91+0.27 049+0.25 ND
1829 15.50+0.50 0.38+0.38 0.46+0.21 ND
X+S.E. 10.05+2.13 1.04+043 0.39+0.09 ND
Normal cultures
5757 1.10+0.10 0.15+0.03 ND ND
4390 0.99+0.23  0.08+0.08 0.06+0.06 ND
x+S.E. 1.0540.06 0.1240.04 0.06+0.06 ND
Induced € % of CB cells with indicated number of MNb
1 2 3 >3
A-T cultures
1588 9.28+3.23 4.72+0.61 2444029 ND
647A ., 10474227 2044124 0.50+0.50 ND
2052 15.6540.75 1.56+0.51 1.06+0.81 0.42+0.42
1829 24.00+1.00 3.13+1.88 0.38+0.38  0.841+0.84
x+S.E. 14.85+3.35 2.86+0.70 1.10£0.47 0.63+0.21
Normal cultures ’
5757 2.69+1.12 1.07+0.67 ND ND
4390 222+0.86 0.5240.29 0.49+0.39 ND
X+S.E. 2461024 0.80+0.28 0494039 ND

4 Cultures were incubated for 48 hours before harvest, cytochalasin B was
added 43 hours before harvest.

b MN, micronuclei; ND, none detected.

C Cultures were exposed to H202 (1.2 pg/ml, 1 hour) and then incubated for

48 hours before harvest, cytochalasin B was added 43 hours before harvest.
Spontaneous frequencies have been subtracted.

Both spontaneous and induced frequencies of CB cells with one
micronucleus differ significantly between A-T and normal cultures
(P<0.01). The frequencies of CB cells with micronuclei differ significantly at
P<0.05 for 1 or 2 micronuclei per cell. The percent of CB cells with 3
micronuclei and greater were not significantly different at P=0.05 level.
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Fig.9. Pattern of micronuclei production in A-T (stippled bars) and normal
(solid bars) cultures. The frequency of CB cells with 1, 2, or 3 micronuclei
are indicated for A) untreated cultures and B) cultures treated with HoO9
(1.2 pg/ml, 1 hour). Induced values in group B have been corrected for
spontaneous frequencies. Values shown are mean + S.E. for 4 A-T and 2
normal cultures. Test for significance: P<0.01 for % with 1 micronucleus,

no differences for % with 2 or 3 micronuclei at P=0.01 level.
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Fig.10. Correlation between spontaneous frequency of micronucleated cells

and frequency of micronucleated cells induced by H202 treatment of 4 A-T
cultures. Treatment was A) 0.7 ug/ml or B) 1.2 ug/ml H202 for 1 hour. The

linear equation which best fits this relationship is y =7.3400 + 0.13558 x for
0.7ug/ml, r=0.1, P>0.01, and y = 9.6018 - 0.91673 x for 1.2;1g/ml, r= -0.653,

P>0.01, where y = induced frequency, and x = spontaneous frequency.
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Fig.11. Correlation between spontaneous frequency of micronucleated cells
detected directly in 4 A-T cultures with frequencies determined in
cytokinesis-blocked (CB) cells. Values are mean + S.E. (n=3). The equation
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micronucleated cells (no cytochalasin B), and x =% CB cells with

micronuclei, r=0.944, P< 0.01.
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two procedures were compared no significant correlation was observed

(Fig.12: r=0.66 for 0.7pg/ml, r=-0.35 for 1.2pg/ml).

Figure 13 shows a plot of induced vs spontaneous values of
micronuclei production when the CB technique was used. A significant
correlation was observed between these values (r=0.96, P<0.01) using
Pearson correlation assay. This significant correlation is shown for H9O9
doses of 0.7ug/ml and 1.2ug/ml. In addition, a second test using
Spearman's rank correlation was performed between spontaneous
micronucleus frequencies and observed micronucleus frequencies in the
presence of H202 treatment in A-T cultures. A significant correlation was
observed for H202 doses of 0.7ug/ml (P<0.02) and 1.2pg/ml (P<0.01). A-T
cultures with higher spontaneous levels of micronucleus production
displayed a larger incréase in micronucleated cells after H9O9 treatment.
These data sup‘port the possibility that the mechanism by which elevated
chromosomal breakage is produced "spontaneously” in A-T patients may be
the same as the mechanism by which oxidative agents induce elevated

chromosomal breakage.
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Fig.12. Correlation between H202-induced frequencies of micronucleated
cells detected directly in 4 A-T cultures with frequencies determined in
cytokinesis-blocked (CB) cells. H202 treatment was A) 0.7.g/ml or B)
1.2ug/ml for 1 hour. Values are mean + S.E. (n=3). The linear equation
which best fits this relationship is: y =2.8016 + 0.57108 x for 0.7ug/ml,
r=0.66, P>0.01, and y =6.1581 - 0.19152 x for 1.2ug/ml, r=-0.35, P>0.01,
where y = % micronucleated cells (no cytochalasin B), and x = % CB cells

with micronuclei.
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Fig.13. Correlation between spontaneous frequency of CB cells with
micronuclei and frequency of micronucleated cells induced by H202
treatment of 4 A-T cultures. Treatment was A) 0.7 pg/ml or B) 1.2 ng/ml
H202 for 1 hour. The equation which best fits this relationship is

y =-0.84280+0.93342 x for 0.7ug/ml, r=0.959, P<0.01, and y = 1.5325+1.5375 x
for 1.2ug/ml, r=0.964, P<0.01, where y =induced frequency, and x =
spontaneous frequency.
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CHAPTER 4
DISCUSSION

The purpose of this study was to explore the cause of "spontaneous”
chromosomal instability in the A-T syndrome by studying the sensitivity of
A-T fibroblast cultures from different patients to H202 exposure. The
hypothesis was that DNA damage was produced in A-T patients from
endogenous sources of oxidative stress, more specifically, via the generation
of active oxygen species such as H902 or superoxide (which dismutates into
H2029) during normal cellular metabolism. It has been speculated that
such processes could play a role in spontaneous cancers [Trotter, 1980]. An
alternative source of oxidative stress could be exogenous components
producing active oxygen species, including H202, during metabolism.
Such "natural” xenobiotics come from diet (e.g., plant phenolics) and from

various lifestyle habits, such as betel quid chewing.

The data presented in this thesis show that A-T cells have an elevated
level of spontaneous chromosomal breakage and a greater induction of
chromosomal damage by H909 compared with normal cells. The level of
spontaneous and H202-induced micronucleus formation varied among A-T
cultures. However, a significant correlation was observed between
spontaneous and H902-induced micronucleus frequencies in A-T cells from
different patients. A-T cells also display a greater sensitivity to oxidative
stress in the G2-phase of cell cycle. The relevance of these results and the

possible mechanisms underlying them are discussed below.

4.1. Significance of the obtained results
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There is a growing list of chemicals which produce active oxygen
species (H202, superoxide, and hydroxyl-free radical) during cell
metabolism and have been shown to induce DNA damage in vitro [Ames,
1983; Cerutti, 1985; Vuillaume, 1987]. We are daily exposed to many of these
chemicals. For example, simple phenolics, such as caffeic acid, sesamol,
and catechol, are ingested daily with food products. These phenolics have
been shown to cause single- and double-strand breaks to DNA in cell
cultures and to induce cell proliferation, hyperplasia, papillomas, and

tumor formation in laboratory animals [reviewed by Stich, 1990].

An unresolved issue is to what extent such agents can cause DNA
damage and induce tumor formation in humans. Under normal
conditions, protective enzymes (catalase, peroxidases, and superoxide
dismutase) and cellular antioxidants prevent DNA damage by these
species. When DNA damage is induced, it can still be effectively repaired
before it bécomes a permanent lesion. However, it may be possible to
overwhelm these protective mechanisms [Cerutti, 1985]. For example, that
may be the case in chewers of betel quid, where transition metals and
alkaline conditions act to accelerate the oxidation of areca nut tannins. The
oral cavity of the chewer may be exposed to levels of active oxygen species
which exceed the capacity of protective mechanisms [Stich and Anders,
1989; Stich and Tsang, 1989]. Individuals may also be more susceptible to
damage by such agents because of defective detoxification and/or repair
mechanisms. A-T patients may represent such a group of individuals. In
this study, A-T cells did exhibit a hypersensitivity to H202 (one member of
the active oxygen species). The possible mechanisms are discussed in the

following sections.
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4.2. Mechanism of elevated sensitivity to hydrogen peroxide

Among the possible explanations for the hypersensitivity of A-T
cultures to active oxygen species, two hypotheses are most probable: a)
There may be lower levels of anti-oxidants or anti-oxidant enzymes in A-T
cells than in normal cells, so that greater DNA damage is produced in A-T
cells by active oxygen species; and/or b) The DNA repair system in A-T cells
may be defective and unable to cope with active oxygen species-induced

DNA damage.

4.2.1. Defects in defence against active oxygen species

Previous reports have suggested a reduced catalase activity
[Vuillaume, 1987] or a defect in glutathione metabolism [Meredith and
Dodson, 1987] in A-T cells. Vuillaume and his colleagues have studied
several A -T fibroblast cell lines and have found that A-T cell extracts have a
lower cataiase activity than normal cells, with the possible exception of one
A-T cell line which showed normal catalase activity. Glutathione (GSH)
biosynthesis in A-T fibroblast and lymphoblast cultures was assessed by
Meredith and Dodson. They concluded that cells from A-T homozygotes are
deficient in cysteine (a substrate for GSH synthesis) transport, thus limiting
GSH resynthesis after a depleting challenge such as ionizing radiation,
which produces H202 or GSH-depleting xenobiotic compounds. However,
these results of defects in antioxidant defences in A-T cells have not been
uniformily observed by all investigators [Dean, 1986; Dean and Jaspers,
1988; Sheridan III and Huang, 1979]. Levels of glutathione (GSH) and two
enzymes involved in GSH metabolism, glutathione reductase(GR) and

glutathione-S-transferase(s)(GST), were measured in A-T fibroblasts in a
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separate study by Dean [1987]. The basal GSH levels were similar in A-T
and normal cells in this report. Although there was some variation in GST
and GR activities, the small deficiency in both enzymes was thought
unlikely to be responsible for the radiosensitivity in A-T. With respect to
superoxide dismutase and catalase levels in A-T cultures, Sheridan III and
Huang [1979] reported that activities of these two enzymes were identical in

normal and A-T cultures.

4.2.2. Defects in damage-repair capacity in A-T cells

An alternative hypothesis which can be used to explain the elevated
sensitivity to H202 in A-T cells is that this characteristic results from a
defect in the repair of DNA damage, similar to that observed after x-ray
damage [Paterson, et al., 1976; Thacker, 1989]. Thacker suggested that
there was a consistent .feduction in the fidelity of rejoining of DNA double-
strand breaks in A-T cells. Shiloh and co-workers [1983] have previously
noted decreased colony-forming efficiency in A-T fibroblast cultures,
compared with normal cultures, after exposure to H2092. In addition,
normal cultures showed a transient inhibition of DNA synthesis after the
H202 treatment, an effect which was significantly reduced in A-T cultures.
A reduced inhibition of DNA synthesis compared with normal cultures has
also been observed immediately after treatment of A-T cultures with x-ray
or bleomycin and may indicate a defect in the capacity of A-T cells to

recognize and/or repair damage.
4.3. G2-phase sensitivity to x-ray and H202in A-T cells

A-T cells may be defective in their capacity to monitor and repair

DNA damage during the G92-phase of the cell cycle. An elevation in
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chromosomal breakage during the G9-phase is characteristic of A-T cells
after x-ray treatment [Bender, et al., 1985; Mozdarani and Bryant, 1989;
Parshad, et al., 1983; Sanford, et al., 1989; Taylor, 1978]. Our results with
induction of micronucleated cells by H202 treatment are consistent with
such a G2-phase sensitivity. Mozdarani and Bryant [1989] suggest that
although normal and A-T cells display equal levels of double strand breaks
immediately after x-ray treatment, A-T cells subsequently convert more of
these double strand breaks into chromatid deletions. A-T heterozygote
fibroblasts clearly show increased susceptibility to the lethal effect of x-
irradiation. However, the difference in post-irradiation survival between
A-T and normal controls is not always large enough to allow the use of x-
ray sensitivity as a laboratory assay for carrier detection in A-T. Shiloh, et
al. [1989] have shown ffhat the extent of chromatid damage induced in the
G2-phase by x-ray is mérkedly higher in A-T heterozygous cells than in
normal cells. '1“hey have successfully applied this test of G2-phase

sensitivity to detect cases of A-T heterozygotes.

4.4. Correlation between spontaneous and H202-induced micronucleus

frequencies in A-T cellg

A question which arises is whether there exists a common
mechanism for spontaneous and oxidative stress-induced chromosomal
breakage in A-T cells. This study showed that cells from different A-T
patients displayed a variation in spontaneous micronucleus formation.
Furthermore, a significant linear correlation existed between spontaneous
and H2092-induced micronucleus frequencies in A-T cells from these
different patients. A-T cell lines with higher levels of spontancous

frequencies exhibited higher levels of H202-induced micronucleus
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frequencies. The correlation between spontaneous and H202 -induced
mironucleus frequencies in A-T cells was observed only when the CB
technique was used. This technique permitted us to differentiate dividing
cells and to correct for variations in toxicity and the fraction of cycling cells
in different cell cultures. Although this correlation supports a common
mechanism for spontaneous and induced chromosomal breakage in A-T, it
does not prove this association. Future studies are required to obtain such

evidence.

4.5. Future studies

It has been suggested that hydroxyl radicals may be involved in the
formation of damage induced by both hydrogen peroxide and x-ray.
Therefore, an analysis of the effect of hydroxyl radical scavenging agents
such as desferrioxamin.e, mannitol, or phenanthroline on spontaneous and
H20292-induced ‘chromosomal breakage in A-T cells could further elucidate
the mechanism(s) underlying these phenomena. It also might be
enlightening to analyze the levels of antioxidant enzymes in A-T cells from
different patients and to determine whether there is a correlation between
these levels and between spontaneous micronucleus formation or H202-
induced micronucleus production. Alternatively, catalase or other radical
scavengers could be added to the A-T cultures with or without H209
exposure and the preventive effects of these antioxidants on both
spontaneous and H202-induced micronucleus production could be
compared. Finally, it might be possible to use microcell-mediated
chromosome transfer to study the mechanism of elevated active oxygen
species-induced damage in A-T patients. Komatsu, et al. [1990] have

reported that radiation resistance is restored in A-T cells by the
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introduction of normal! human chromosome 11. The hybrid cells showed a
level of cytotoxicity similar to normal cells after x-irradiation. The same
technique could be used to examine whether the damage induced by H202
can be reduced to the normal level by the introduction of normal human
chromosome 11. In addition, the level of spontaneous micronucleus

formation in hybrids could be determined.
4.6. anglgsign

In summary, the results of this thesis suggest a greater sensitivity of
A-T patients to chromosomal damage by H202. These in vitro observations
may possibly be used to explain the "spontaneous” chromosomal instability
observed in vivo in A-T patients. Since A-T patients represent a group of
human population which have increased risk of cancer development, A-T
could be a good model f"br studying the active oxygen species in
carcinogenesis. Finally, an understanding of the mechanism by which
active oxygen species alter DNA is crucial to a development of preventive

measures that could act to suppress cancer development in exposed

humans.
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