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Abstract: The genome of eukaryotic cells is generally instable. DNA damage occurs by
endogenous processes and exogenous toxic agents. The efficient DNA repair pathways conserve
the genetic information to a large extent throughout the life. However, exposure to genotoxic
agents can increase the genomic instability. This phenomenon develops in a delayed manner after
approximately 20 and more cell generations. It is comparatively thoroughly investigated after
the exposure to ionizing radiation. The increase of genomic instability has been observed
after exposures to ionizing radiation in vitro and in vivo as well as with many different types of
radiation. The effect is induced over a wide dose range, and it has been found with cell death,
chromosomal damage, cell transformations, mutations, double-strand breaks, malformations,
and cancers. No specific chromosomes or genomic sites have been observed for such events. The
increased genomic instability can be transmitted to the next generation. Possible mechanisms
such as oxidative stress (mitochondria may be involved), reduced DNA repair, changes in telom-
eres, epigenetic effects are discussed. A second wave of oxidative stress has been observed after
radiation exposures with considerably high doses as well as with cytotoxic agents at time periods
when an increased genomic instability was seen. However, the increase of genomic instability
also happens to much lower radiation doses. Hypoxia induces an increase of genomic instability.
This effect is apparently connected with a reduction of DNA repair. Changes of telomeres appear
as the most probable mechanisms for the increase of genomic instability. Syndromes have
been described with a genetic predisposition for high radiosensitivity. These individuals show
an increase of cancer, a deficient DNA repair, a disturbed regulation of the cell cycle, and an
increased genomic instability. Several studies with cancer patients show an increased genomic
instability in the blood lymphocytes before any treatment has been performed. It is generally
accepted that the increased genomic instability is a promotor for carcinogenesis.
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Introduction

It was generally accepted after the publication of the double helical structure of DNA
by Watson and Crick! in 1953 that DNA is a relatively stable molecule. A structural
change would unavoidably lead to a mutated cell or to cell death. Only during the
following decades, it was realized that the large DNA molecules are rather unstable.
However, it was soon observed that the breaks of the polynucleotide chains, loss of
DNA bases and failures during the processes of DNA replication steadily occur to a
high degree by intracellular, metabolic events, eg, oxidative processes in vivo, and the
continuity of the genomic information is only established by very efficient DNA repair
pathways.> However, the DNA repair is frequently not complete and not always perfect;
misrepair can occur. Therefore, cells with mutations and chromosome breaks including
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translocations appear, which are usually observed during
the metaphase of mitotic cell division.*” These processes
are seen as one of the dominating principles of evolution.
These observations show that there is always some genomic
instability developing in living cells. This article reviews and
especially updates on which cellular processes and mecha-
nisms the genomic instability is depending, which exogenous
processes and mechanisms influence and especially increase
genomic instability and what is the impact of genomic insta-
bility on certain pathophysiological events.

Increase of genomic instability

by ionizing radiation

In 1922, Caspari described that the “Zustand” (condition)
of the chromatin is decisive for the cellular radiosensitivity,’
and in 1943, Langendorff described the induction of chro-
mosomal breaks, which were observed during mitotic
cell division in plants and frogs after exposure to ionizing
radiation.”® Interestingly, Langendorff also described in
1943 the “Heilung” (healing) of chromosomal damage,
although the first molecular pathways of DNA repair were
only discovered in the end of the 1950s and in the 1960s
of the last century. Many publications’ followed where the
dose-response of chromosomal aberrations after radiation
exposures with different radiation qualities (different ener-
gies and different types of radiation) have been described.
Therefore, the measurement of chromosomal aberrations
has often been proposed as a technique for biodosimetry and
recently strong efforts have been undertaken in this direc-
tion.” It is generally accepted and strongly proposed that it
is more appropriate to study the aberration rate in the first
mitosis after radiation exposure, and it was assumed for a
long time that cells have to be hit by an ionizing particle to
express radiation-induced chromosomal aberrations (targeted
effect).!” However, in 1989, it was reported that an increase of
chromosomal aberrations occurred in cells, which were not
exposed by radiation but their ancestors had been exposed
many cell generations earlier, and this effect was described
as an “increase of instability of the genome”."!

In these experiments, zygotes of mice and omnipotent
stem cells were X-irradiated. A skin biopsy was taken from
the newborn mice or from the mouse fetuses just before
the birth, and the epithelial cells were cultured in vitro for
48 hours. After addition of colcemid, the metaphases, which
develop during the mitotic cell division, were analyzed for
chromosome aberrations. A significant increase of aberrations
was observed in those epithelial cells that originated from the
newborn mice with radiation exposure in the zygote stage

in comparison with the epithelial cells from newborn mice,
which had developed from zygotes without X-ray exposure.
Thus, the affecting radiation exposure had occurred in many
cell generations before the cytogenetic analysis. The increase
of genomic instability expressed as chromosomal aberrations
has developed during the course of the prenatal development.
Therefore, it is expressed in many cell generations after the
radiation exposure. In contrast to the former assumption that a
radiation effect with changes of the chromatin structure does
only occur in those cells, which have been directly hit by an
ionizing particle, and these additional chromosomal changes
have developed although the affected cell nuclei have not
been exposed at all. These radiation effects are classified as
“nontargeted effects”.!” These radiation effects are “delayed”
in contrast to the direct, targeted effects, which are manifested
shortly after radiation exposure.

Many experimental studies on genomic instability have
been performed in the last century and in the following years.
These data have extensively been reviewed by the “United
Nations Scientific Committee on the Effects of Atomic
Radiation” (UNSCEAR) in 2006.'° “Radiation-induced insta-
bility is observed in cells at delayed times after irradiation
and manifests in the progeny of exposed cells of multiple
generations after the initial insult (Figure 1). Instability is
measured as chromosomal alterations, changes in ploidy,
micronuclei formation, gene mutations and amplifications,
mini- and microsatellite (short tandem repeat) instabilities,
and/or decreased plating efficiency”.'

The increase of genomic instability has been observed in
a wide range of cells and organisms, in vivo and in vitro with
very different radiation qualities (different types and energies
of ionizing radiation).'? After the above described experiments
with radiation exposure to the zygotes of mice, Kadhim et al'?
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Figure | Radiation-induced genomic instability as a new mechanism of mutagenesis.
Note: Green, cells with no mutation; red, cells with mutation-1; purple, cells with
mutation-2. Copyright © 2009. Modified from Streffer C. Radiological protection:
challenges and fascination of biological research. Strahlenschutzpraxis. 2009;2:2—12.%
Abbreviation: LET, linear energy transfer.
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observed abnormalities of the karyotype in 40%—-60% of
hematopoietic stem cells of mice exposed to doses of alpha
particles that would lead in the average to approximately one
hit per cell. Sabatier et al'* found chromosomal instability
in >80% of metaphase cells from human dermal fibro-
blasts irradiated with heavy ions (neon, argon, and lead). A
wide range of high linear energy transfer (LET) radiations
(386—-13,600 keV/u) was used in these experiments. This
instability had developed after more than 20 passages of the
cell culture. Similar to the studies with the aforementioned
exposure of the zygotes to X-rays, Limoli et al'® observed
that chromosomal instability was induced with X-rays (low
LET radiation). In that way, approximately 3% of surviving
hamster—human hybrid GM10115 clones showed an increase
of genomic instability after exposure to 1 Gy X-rays.

Thus, the induction of the increased genomic instability
by ionizing radiation is apparently a general phenomenon in
living cells and tissues, which develops more than 20 cell gen-
erations after exposure to all qualities of ionizing radiation.
Similar data have been reported with other genotoxic and
cytotoxic agents. Very variable dose-response was found
in different experiments.'” In some cases, the radiation
effect significantly increased with the radiation dose; in
other experiments, this did not happen. A significant linear
dose-response was described after radiation exposure of
mouse zygotes for the increase of genomic instability in
skin epithelial cells from neonatal mice in the dose range of
0.5-2.0 Gy X-rays. This effect persisted over many further
cell generations.'® Ullrich and Davis'” observed a significant
dose response in the dose range of 0.1-1.0 Gy for delayed
chromosomal aberrations in epithelial cells of the mammary
gland after irradiation of BALB/c mice. The authors removed
mammary gland tissue at different times after radiation
exposure, cultured the tissue in vitro and then performed a
cytogenetic analysis. The dose-response reached a plateau
at higher radiation doses. It is interesting that the same
specific differences could be observed for the mouse strain
susceptibility with respect to the induction of mammary
carcinomas as well as for the ranking for the increase of
genomic instability.'?

Very impressive experiments have been performed by
Okada et al.'® This group studied the cell growth (increase
of cell number) and the appearance of double-strand breaks
(DSBs) in DNA (measured by immunofiuorescence foci'® as a
marker for DSB) after exposures to X-rays and to carbon ions
with low radiation doses down to 1 mGy. Genomic instabil-
ity significantly increased for both cell growth and foci for
DSBs, after the 25th passage and for both radiation qualities.

However, the effect was stronger after exposure to carbon
ions than to X-rays when identical absorbed radiation doses
(mGy) were compared. In case of the carbon ions such a
radiation dose means, that one out of 18 cells is hit by an
ionizing particle. These data show that low-absorbed radia-
tion doses induce an increase of genomic instability in prin-
ciple, but considering the local distribution of the radiation
energy it means that the locally absorbed energy density is
considerably higher with the carbon ions than with X-rays
in the hit cell nucleus. Generally, it appears that a significant
increase of genomic instability has only been observed after
radiation doses higher than 100 mGy when low LET radia-
tions (X-rays, photons, gamma- or beta-radiations) are used.
However, under specific conditions, it is apparently possible
that lower radiation doses are effective.'®

With the studies of the cytogenetic effects after radia-
tion exposures to the zygotes, it was also possible to inves-
tigate the quality of the damaged chromosomal structure.
The analysis of the chromosome and the chromatid breaks
showed after exposure to X-rays a higher number of chromo-
some breaks than of chromatid breaks in the metaphase of
the first mitotic cell division (targeted, direct effect), while
chromatid breaks were dominating in the metaphases of
those mitotic cell divisions without radiation exposure.!620
However, more chromatid breaks than chromosome breaks
were also observed in the metaphases of the epithelial cells
from the newborn mice independent whether the zygotes
received an X-exposure (delayed, nontargeted effects) or
not.!1¢ Thus, these data show a difference in the quality of
the chromosomal aberrations when the metaphases were
analyzed directly or delayed (at the time of increased genomic
instability) after the radiation exposure (Table 1). These find-
ings are in agreement with observations of Little et al*! who

Table | Chromosomal aberrations without X-ray exposure and
after radiation exposure with 2 Gy X-rays of zygotes of HLG-mice

Chromosome Chromatid Ratio
breaks per breaks per ChroS/ChroT
metaphase metaphase
First mitosis postradiation
Control 0.013 0.022 0.59
X-irradiated 0.316 0.118 2.68
Epithelial cells of neonates
Control 0.030 0.043 0.70
X-irradiated 0.078 0.122 0.64

Notes: The aberrations were determined directly after radiation exposure (mitotic
division from zygote [one-cell] to two-cell embryo) or delayed after radiation
exposure (skin epithelial cells of neonates). Copyright © 2004 Elsevier B.V. All rights
reserved. Reproduced from Streffer C. Bystander effects, adaptive response and
genomic instability induced by prenatal irradiation. Mutat Res. 2004;568(1):79-87.'¢
Abbreviations: ChroS, chromosome breaks; ChroT, chromatid breaks.
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studied the molecular structure of mutations in the Hprt locus
of Chinese hamster ovary cells directly and delayed (delayed
for 23 cell generations) after exposure to ionizing radiation
(Table 2). It was concluded that as “thus the mutational
spectrum for delayed mutations is very different from that
of direct X-ray-induced mutations. It is, however, similar to
the spectrum for spontaneously arising mutations.”!

Several studies have shown that the increased genomic
instability can be transmitted to the next generation of mice
or humans.'® Such effects have been observed with the induc-
tion of cancer, malformations, and other hereditary effects.
Very interesting is the transmittance of mutations in mini-
satellites of DNA and “expanded simple tandem repeats”.
Dubrova et al* observed the mutations of expanded simple
tandem repeats in different mouse strains and determined a
radiation doubling dose of approximately 0.5 Gy for such
effects. Similar data were found with human studies after
the Chernobyl accident.?

Some interesting data have been obtained after radia-
tion exposures during pregnancy. Ohtaki et al** observed no
increase of chromosome aberrations in the hematopoietic
cells of such individuals who were exposed to ionizing radia-
tion during their prenatal development by the atomic bomb
explosions in Hiroshima and Nagasaki, although their moth-
ers showed an increase of aberrations in the lymphocytes. It
was concluded that aberrant cells could be eliminated during
the prenatal development. However, Nakano et al* found that
after prenatal exposure of rats, no increase of chromosomal
aberrations was observed again in lymphatic (spleen) cells
but an increase of chromosomal aberrations was found in
epithelial cells of the mammary tissue in these prenatally
exposed animals. Thus, there are differences between the
tissues or organ systems during the prenatal development
with respect to the development of an increased genomic
instability. Uma Devi et al?® found an increased number of
leukocytes with an increase of polyploid cells in 12-month

Table 2 Molecular structure of direct and delayed Hprt mutations
in Chinese ovary hamster cells after X-ray exposure (for direct
effects: 4.0 Gy; for delayed effects: 8.0 Gy)

Treatment Number Large deletions Small

group of clones deletions
Total Partial % Number %

Control 27 2 8 37 17 63

X-rays, direct 73 16 37 73 20 27

(2.0-6.0 Gy)

X-rays, delayed 17 | 3 24 13 76

(80 Gy)

Note: Data from Little et al.?!

old mice, which were irradiated in utero at the fetal stage.
These animals developed leukemia later.

Cytogenetic studies with leukemia patients of the Japanese
A-bomb survivors showed a higher rate of chromosomal
aberrations after radiation doses >2 Gy than patients who
were unexposed or exposed to lower radiation doses.?” Further
studies of the strongly exposed A-bomb survivors with acute
myeloid leukemia or myelodysplastic syndrome indicated
chromosomal instability.?® Thus, it was concluded that the
instability might influence the development of leukemia in
humans exposed to ionizing radiation. Such an association
will be discussed in detail later.

Genomic instability and genetic
disposition

From clinical experience, it is very well-known that indi-
vidual radiosensitivity can be very different. There are strong
indications that the genetic predisposition is very important
in this context. Thus, it has been observed by Scott®® that the
number of chromosomal aberrations can differ tremendously
in a range of 60-200 aberrations per 100 lymphocytes of
breast cancer patients after X-ray exposure to 0.5 Gy. When
studying the radiosensitivity of relatives from the patients
with high numbers of chromosomal aberrations in their lym-
phocytes, it turned out that a large number of these relatives
also developed many aberrations. A genetic predisposition
for increased radiosensitivity is apparently involved in these
processes.

During the treatment of cancer patients with cytostatic
drugs or ionizing radiation, patients are observed in rare cases,
who develop severe side effects although the same treatment
schedules are well tolerated without these side effects in the
vast majority of patients. Experimental studies with cells and
tissues from the extremely sensitive patients have revealed
that the genetic disposition is responsible for these severe
side effects. In a number of cases, distinct syndromes could
be classified and the genetic background with mutations in
certain genes could be identified. Table 3 shows such syn-
dromes are ataxia telangiectasia,'“*’** Bloom’s syndrome,'
Fanconi anemia,'*?%3%3! Li—Fraumeni syndrome,'%2%:30-32
neurofibromatosis,**>> Nijmegen breakage syndrome,?’3%-3¢
and retinoblastoma.?*3’ Further syndromes caused by the
genetic disposition have been described in the textbook of
Weinberg.*

In most cases, the involved genes have been described
and quite often the locations of the mutations are known.
Some of the involved genes are very large, and mutations
can occur in different locations as well as different exons.
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Table 3 Human syndromes with genetic predisposition for
increased sensitivity against cytostatic drugs and ionizing radiation,
with cancer proneness and genomic instability

Syndrome Name Cancer Genomic
of gene  proneness instability

Ataxia telangiectasia'®” ATM Leukemia, lymphoma Increased'

Bloom’s syndrome'® BIM Leukemia, lymphoma, Increased'

solid cancers

Fanconi anemia'®28 Several AML, several cancers Increased'®?®
genes

Li-Fraumeni? TP53, Several cancers, Increased'®?
CHK2 breast-, colon-CA

Neurofibromatosis®®*32  NF genes, Malignant and Increased*
Elgl benign nerve tumors

Nijmegen breakage NBS Lymphoma and Increased”

syndrome other cancers

Retinoblastoma Rb-gene  Retinoblastoma Increased*

Abbreviation: CA, chromosomal aberration.

Some of these genes with the corresponding gene products
are important for key points in the regulation of the cell pro-
liferation cycle.!®* Thus, the gene products of the ATM gene,
the 7P53, or the Rb-gene are participating at a key point in the
cell cycle where it is decided after a DNA damage whether
the cell will go to the G,/S checkpoint, tries to repair the
DNA damage and then starts DNA replication or whether
the cell will undergo apoptosis and is eliminated. In patients
with these syndromes, various DNA repair processes are
also disturbed;*®3 therefore, certain DNA repair pathways
are generally deficient. Most of these genetic syndromes
are inherited in an autosomal recessive mode. The degree of
sensitivity and genomic instability is always higher with the
homozygote than with the heterozygote carriers.’® Several
attempts have been undertaken to see whether specific
chromosomes are more affected than others in cells with an
increased genomic instability. Such specificity has not been
observed. The distribution of chromosome breaks and pos-
sibly other lesions also seem to be comparatively randomly
distributed over the whole genome.

Present knowledge about
mechanisms for radiation-induced
genomic instability

The mechanisms that are responsible for the development
of genomic instability over many cell generations are not
well understood until now. The following possibilities have
been discussed:

e Oxidative stress — mitochondria involved

e Reduced DNA repair

e (Changes in telomeres

e Epigenetic effects.

It is very well-known since a long time that ionizing
radiation induces in water, especially in the presence of
oxygen, and thus also in living cells highly reactive oxygen
radicals (reactive oxygen species [ROS]), which lead to
oxidative stress in living cells. This is not the only case in
mitochondria through the endogenous metabolism but also
through ionizing radiation and can lead to a perturbation of
mitochondrial metabolism. Such metabolic changes have
usually been studied shortly (hours and days) after radiation
exposure.*” However, Limoli et al*' found that clones of a
human—hamster hybrid cell line showed increased levels of
ROS at later time periods after genotoxic exposures when
an increased genomic instability was induced in these cells
by genotoxic and cytotoxic agents. However, the radiation
doses with 7.5-15 Gy were considerably high. This means
a comparatively low survival of cells. An appreciable selec-
tion of cells had taken place. The authors suggested that
the perturbation and the genomic instability may be linked
to the state of chronic oxidative stress derived in part from
dysfunctional mitochondria. These similar data have been
recently reviewed by Azzam et al.*? It was concluded that the
radiation-induced changes of oxidative metabolism persist
for a long time, which leads finally to a damage of repair
enzymes; consequently genomic instability is caused with
in many cell generations after the exposure.

However, some arguments should be considered as
follows:

e The dose ranges for the delayed metabolic perturba-
tions of mitochondrial metabolism and the induction of
genomic instability are different. The effects on oxidative
stress have been observed only after radiation doses of
several Gy and until now not with lower doses (<1 Gy)
after which the increase of genomic instability has also
been observed.

e Further, it should be considered that genomic instability
is also induced in lymphocytes. These cells have very few
mitochondria per cell and therefore the energy metabo-
lism is quite different in these cells.*

e Furthermore, it should be considered that genomic instabil-
ity is also induced by hypoxia. The situation with hypoxia
is certainly very complex: chronic hypoxia does not induce
oxidative stress. However, hypoxia-reoxygenation cycles,
which occur in connection with the dynamics of changes
in micro-vessel perfusion, can lead to oxidative stress in
the hypoxic tissue regions and cells. Reoxygenation is
necessary to induce oxidative stress.

Huang et al*® discussed that hypoxia-inducible factor-o.
(HIF-01) promotes angiogenesis after phosphorylation of
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HIF-o takes place to form the hypoxia-responsive element
and the induction of vascular endothelial growth factor,
whereas genomic instability is promoted when HIF-o is not
phosphorylated, which then leads to a down-regulation of
the DNA repair genes NBS1 and MSH2. It has further been
shown that p53 also has a significant role in this mechanism.
Deletion or knockdown of 7P53 reduces the basal expression
of MSH2 and MSH6.* In this context, the supply and demand
of the intracellular ATP for the energy metabolism, cell pro-
liferation, and DNA repair is of high importance.** Hypoxia
does apparently not produce DSB in the polynucleotide
chains that are necessary for chromosomal aberrations. The
ROS induction occurs during/after the reoxygenation phase.
The oxygen radicals produce mainly base damage in the DNA
and possible DSBs occur only in later phases.* However, the
complex DSBs within clusters of ionization events, which are
very important for the development of chromosomal breaks,
are produced certainly to a smaller extent by ROS than by
ionizing particles. Therefore, it must be assumed that decisive
differences exist between the reaction of ROS and ionizing
radiation especially in the low-dose range.

Hypoxia without reoxygenation does apparently not cause
DNA damage via ROS production, but chronic, long-lasting
hypoxia leads to downregulation of DNA repair enzymes.*#
Besides the aforementioned downregulation of NBS1 and
MSH?2, in case HIF-o is not phosphorylated, it was also
observed that the homologous repair-associated genes
BRCAL1 and RADS1 were downregulated by hypoxia. The
decreased homology-dependent repair supports the induction
of genomic instability.*” Undoubtedly ionizing radiation
causes less DSBs under chronic hypoxic conditions than
exposures in the presence of oxygen but the DSBs persist
apparently longer.*’” Therefore, it appears quite plausible
that the changes of DNA repair processes are an important
factor for the development of genomic instability in hypoxic
conditions.

With respect to the reduction of DNA repair, it has already
been mentioned that in humans with the defined syndromes
and high radiosensitivity, DNA repair is very often reduced.
Certain repair pathways are inactivated as discussed earlier,
and this is apparently associated with an increased genomic
instability. In these individuals, such processes have devel-
oped on the basis of the individual genetic predisposition with
mutations in defined genes, eg, ATM and TP53 (Table 3).

There are certainly a number of strong arguments
that telomeres and their possible changes are very much
contributing to the development of genomic instability.

Telomeres are well-known structures today, which stabilize the
chromosomes in eukaryotic cells. They are mainly located at
the ends of the chromosomes. The essential parts are repeats
of 5’-TTAGGG-3’ nucleotide sequences.*’ A protein complex
consisting of six subunits is associated with these nucleotide
sequences. This protein complex is named shelterin.*
The complex shelterin is protecting the telomeres at the end
of the chromosomes and also recognizes possible damage
in telomeres and DNA. Apparently, a very fine tuning and
interplay between these protein complexes and DNA repair
processes take place.*® The whole system of telomeres and the
shelterin complex are very much involved in maintaining the
genomic stability. In proliferating cells, the telomeres can be
shortened when the cells go through the proliferation cycle.
In many cells and tissues, especially in stem cells and regen-
erating tissues including cancers, the enzyme telomerase is
extending the telomeres. The shelterin complex participates in
the regulation of these processes.” Telomere length decreases
with age and has relations to many diseases.’! It has been
reported that telomeres are shortened in irradiated cells, and
this effect occurs in a delayed mode.>>>* An inverse relation
between the induction of micronuclei after incubation of lym-
phocytes from cord blood with mitomycin-C and the length
of telomeres has been observed in a significant manner.>!
Again the increase of micronuclei can be taken as a sign of
increased genomic instability. On the basis of such data, it has
been postulated that the induction of an increase of genomic
instability is caused by telomere dysfunction.>

In conclusion, there is apparently not the only one mecha-
nism for the development of genomic instability. A deficiency
in certain DNA repair pathways is very important. This may
be caused by inheritance or by environmental factors, eg,
hypoxia, which have an influence on the expression of such
genes, which are involved in DNA repair. Energy metabolism
plays a significant role. The ATP supply is very important
in this context.’®® Hypoxia may be a driver for the induction
of genomic instability but this effect can also occur without
hypoxia. Dysregulation of the cell cycle can be inherited or it
can be induced by genotoxic as well as cytotoxic agents, which
then can contribute to the increase of genomic instability. After
radiation exposures with higher doses, oxidative stress will be
significant. It should be always considered that the increase of
genomic instability develops during the progress of a number
of 20 cell cycles or even more and here apparently changes in
the length as well as the structure of telomeres occur associ-
ated with genomic instability. The mechanism, which leads
to the changes of telomeres remains open.
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Genomic instability and
pathophysiological consequences
(health effects)
In principle, genomic instability has an influence on all health
problems where a genetic impact is involved, as the probability
for mutations is increasing with the instability.'** Most studies
and data of such connections are available for cancer diseases
and their development. Several references in this direction have
already been made, and in the following, it will be continued
to focus the discussion on the relation between genomic
instability and cancer including the development of these
diseases. Many experimental studies and clinical experiences
clearly indicate that several mutations are usually necessary
for the development from normal tissues/cells to a cancer with
metastases (Figure 2).3>* The following steps can be defined
for such a development in a comparatively general way.
Exposures of cells/tissues to cytotoxic and genotoxic
agents such as ionizing radiation cause DNA damage in
the cell nucleus. DNA repair processes try to repair this
damage, which may not be complete or even misrepair may
occur. Proliferation of cells with incomplete DNA repair or
misrepair leads to mutated cells and finally to malignantly
transformed cells. The organism is equipped besides the
protective instrument, DNA repair, with a further defense
mechanism, the immune system, which can eliminate
malignant cells by apoptosis or phagocytosis.** Then follow
a number of further mutations, which are different for spe-
cific cancers and where oncogenes, eg, ras- and myc-family
as well as tumor-suppressor genes, eg, 7P53 and other more
specific genes for individual cancers are involved.® The
probability of such mutations increases with cells that have

Normal cells
<——=DNA repair
~—— Cell proliferation

Mutated cells

Cell proliferation

_T
(mutations) ‘

Transformed ceIIs
Carcinoma in situ

Immune defense

Precancer stages
(hyperplasia/dysplasia)

Figure 2 Schematic diagram of the steps for the development of a malignant cancer
after radiation exposure.

Note: Copyright © 2009. Modified from Streffer C. Radiological protection:
challenges and fascination of biological research. Strahlenschutzpraxis. 2009;2:2—12.%

an increased genomic instability. Under these circumstances,
it is quite obvious that an increased genomic instability will
promote carcinogenesis, and this has been proposed quite
fl‘equently.38’39’4"’47’51'53’55‘5(’

Such an association has been already discussed in context
with the genetically dependent syndromes such as ataxia
telangiectasia and others. In all these symptoms, there was
found an increase of cancer, a reduced DNA repair, changes
in the regulation of the cell cycle, and an increased genomic
instability.

Studies with uranium miners who received high exposures
to the respiratory tract mainly by radon and its radioactive
daughter nuclides have shown that genomic instability is
increased in the lymphocytes of these miners measured by
chromosomal aberrations or by the micronucleus-centromere
method.*®*>" The increased genomic instability was observed
in the lymphocytes of miners with a bronchial carcinoma
as well as to a lesser degree in miners without a cancer. An
increase of genomic instability was observed decades after the
loco-regional exposure to the radioactive nuclides and before
any treatment of the cancer. Thus, the increased genomic
instability had developed just as a consequence of the radiation
exposure. Interestingly, an increased genomic instability was
also found in the lymphocytes of patients with head and neck
cancer again before any treatment of the cancer.*®* These data
clearly show that cancer is not a local disease but other cell
systems are also affected to a certain degree. Furthermore, it
may be possible that cancer develops preferably in individuals
with a relatively high genomic instability. Thus, individuals
with an increased genomic instability have apparently a higher
risk to develop a cancer.

An interesting study was published with Hodgkin
lymphoma (HL) patients.*® The telomere length (kb) and
the chromosomal aberrations (CAs per cell) were mea-
sured in the lymphocytes of 30 healthy persons (controls)
(group 1), of 73 patients with HL after radiotherapy without
a secondary cancer (group 2), and of 28 patients with HL
after radiotherapy with a secondary cancer (group 3). The
telomere length decreases in the sequence group 1 (11.7
kb) > group 2 (8.3 kb) > group 3 (6.6 kb), whereas the
number of chromosomal aberrations per cell increases in
the same sequence (group 1: 0.003 CAs per cell; group 2:
0.026 CAs per cell and group 3: 0.164 CAs per cell). These
are clear indications for an increase of genomic instability.
During the course of the study, secondary cancers appeared
in two patients of group 2. With these two patients, it was
observed that the telomere length was in the lower range of
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group 2 (telomere length in these two patients was: 6 kb and
7.5 kb respectively). These observations go in line with the
assumption that the telomere length is strongly associated
with genomic instability, and this result is a predictor for the
appearance of a secondary cancer.

Thus, it is generally accepted that genomic instability is
a strong driver or promotor for the development of cancer
after transformation of normal cells to malignant cells by
endogenous or exogenous processes.’$3%335556 ncreased
genomic instability is apparently an indicator for an enhanced
probability to develop cancer. The German cell biologist
Theodor Boveri suggested approximately 100 years ago that
the loss of “key attributes” (today known as tumor suppressor
genes) is a driving event in the development of cancer and
genetic disposition could play a role in cancer susceptibility.
As well, he predicted that chromosomal (genomic) instability
is a cornerstone of cancer development.>
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