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Abstract

Human exposure to ionizing radiation, due to its extensive use in medical and industrial
applications, may result in diverse biological effects depending on the radiation quality, absorbed
dose and dose rate. In addition, accidental radiological exposure in the event of a major incident or
act of nuclear terrorism can cause serious health effects to hundreds or thousands of people.
Consequently, for mass-casualty medical management, there is a critical need for the development
of suitable biomarkers of exposure that could enable high-throughput biodosimetry, in order to
obtain individualized dose estimates. Moreover, the evaluation of the associated health consequences
of an exposure could be greatly facilitated by the elucidation of the mechanisms underlying the
biological action of different radiation qualities, as well as the genetic predisposition to radiation-
induced adverse effects.

In the present doctoral thesis, all the above issues have been thoroughly examined. The research
efforts have been focused on the prompt estimation of individualized absorbed dose, using
cytogenetic endpoints, and on the assessment of the associated health risk based on the
understanding of the mechanisms underlying genomic instability, following exposure to radiation of
different qualities. Specifically, among the biomarkers of radiation exposure, we selected
chromosome aberrations in peripheral blood lymphocytes that can be visualized and analyzed by
means of the cell-fusion-mediated premature chromosome condensation (PCC). Improving on this
assay, we have developed the rapid and minimally invasive micro-PCC assay that has the potential
to automate absorbed dose estimation in large-scale radiological emergencies, since it requires only
100ul of blood and can be performed in 96-well plates. Furthermore, we have explored the
advantages of applying DNA probes and the multicolor fluorescence in situ hybridization (mFISH)
technique to prematurely condensed chromosomes, for the analysis of chromosomal rearrangements
and the identification of predictive biomarkers for early and late health effects.

Additionally, emphasis has been given to the elucidation of the mechanisms underlying the
formation of chromosome aberrations by different radiation qualities and the phenomenon of
chromothripsis, which has been proposed as an alternative mutational process driving
carcinogenesis. Using cytogenetic endpoints, we have provided, for the first time, experimental
evidence for the induction of PCC in micronuclei as the mechanistic origin of chromothripsis.
Moreover, we have demonstrated, for the first time, that high linear energy transfer (LET) radiation
can induce localized chromosome shattering, which we have proposed as a fingerprint of exposure
to high-LET radiation. This observation is considered of great significance, since localized
chromosome shattering may lead to chromothripsis, resulting in chromosomal and genomic
instability, and potentially carcinogenesis.

Finally, for the individualized assessment of intrinsic radiosensitivity, we have developed an
enhanced G2-assay, which is expected to contribute substantially to radiation protection,
personalized radiotherapy, as well as to the safety of personnel related to space exploration.

Keywords: premature chromosome condensation (PCC); PCC assay; micro-PCC assay; high-
throughput biodosimetry; micronuclei; chromothripsis; chromosomal instability; RO-3306; high-
LET radiation; protons; a-particles; C-ions; chromatin dynamics; localized chromosome shattering;
chromothripsis-like chromosomal rearrangements; RBE values; fingerprint of exposure; radiation
oncology; space exploration; individualized radiosensitivity.



IMeQiAnym

H £éx0eom tov avBpwmnov omy ovtiCovoa aktivoPolia, Adyw g evgelag xonong g oe
LLTOIKEG Kol BLOUNXAVIKEG EQAQHOYEC, UTTOQEL Vor 001 YT|OEL O€ TOLKIAEG PLOAOYLKEC ETUTITWOELS
avdAoya pe TNV TOLOTNTA TS AKTVOPOALAS, TNV ATtOQQOPOVHEVT] dOON Kol ToV QUOLLO dOoTG.
EmumAéov, 1 éxBeon oe aktwvoPodia o meQIMTWON HEYAAOL ATUXNUATOC 1) TILENVLIKNG
TQOMOKQATIKNG EVEQYELAC UTOQEL VA TTIQOKAAETEL COPAQES EMUTITWOELS OTNV LYELX eKATOVTADWY
1) akopn Kol XIALGdWV avOowmwy. LUVETIWGS, YA TNV DX EIQLOT ATUXNUATWY LLEYAANG KALAKAG,
Kolvetatl avaykaia 11 avantuln kKatdAANAwv Plodektadv ékBeonc mov Ba progovoav va
eTtQéPouvv 1 BLodootpeTElar LVPNANS amddooTg, TEOokELUEVOL va ANPOoLV eEQTOUKEVLEVESG
exktiunoelg doonc. EminAéov, n a&loAdynon twv oxeTkwy eMMTOoewy pag ékBeonc oty vyeia
Ba prtogovoe va dLevkoALVOEL THAVTIKE ATIO TNV ATTOOAPTVIOT] TWV UNXOVITHWY TIOL DLETOLVV
1 BLoAoy KT DQAOT] AKTIVOPOALWIV DIAPOQETIKWV TIOLOTHTWYV, KaBWG Kol T YEVETIKT] ToodixOeomn
Yot DUOHEVEIS EMMTWOELS IOV TTROKAAOVVTAL ATO TIV AKTLVOBOALX.

Zanv magovoa dAKTOQLKT) dITOLBT] €xouv e€etaatel dLeE0dKd OAx Tar TagaTtdvw Bépata.
Ot egevvnrtikéc mMEooTABeleg emikevVTEWONKAY OTNV €yKALEN eKTiUnon g eEatopucevuévng
ATIOQEOPOVEVNS DOONG, XOTOLHOTOWOVTAG KUTTAQOYEVETLIKOUG BLOdelKTES, Kat 0TV aloAdynon
TOV OXETIKOU KLVOUVOU YA TNV LYElR e BA0T) TNV KATAVONOT] TWV UNXAVIOUWOV TOU JEMOLV 1)
YovOlwpatiky] aoctabewa, petd amd €xkOeon o0& AKTIVOPOALES OLAPOQETIKWY TOLOTHTWV.
Zuykekopéva, Hetald twv Blodetktwy ékBeong oe akTvoPoldia, emAéEaple TIC XOWHOOWLLLKES
AVOHAALEG 0Tt AEHPOKVTTAQA TOV TEQLPEQIKOV AIUATOS OL OTIOLEG UTTOQOVV VA ATIELKOVIOTOVV
Kat va  avaAvBodv  Héow TG MEOWENS XQWUOOWLKNG ovpmvkvwone (PCC)  movu
TEAYUATOTIOLEITAL Pe KLTTAQIKEG ovvThEels. BeAtwvovtag ) néBodo avtr), avamtvéape v
taxela kat  eAdyxwota  emepPatiery péBodo micro-PCC mov éxert 1 dvvatdmta  va
AVTOHATOTOMOEL TNV EKTIUNOT] ATIOQEOQOVHEVNC DOONG 08 UEYAANG KALAKAS QADLOAOYIKEG
KATAOTAOELS EKTAKTNG avaykng, kabws amartel povo 100 pl aipatog kat propel va exteAeotel
oe TOUPAlx 96 koot twv. EmimAéov, diegevvroape ta TAEOVEKTHHATA TNG EQAQHOYTS
avixvevtwv DNA kat g texvikrg moAvxowpov in situ vpowdiopod @bopopov (mFISH) oe
MEOWQEX OUUTMUKVWHEVA XQWHOOWHATA, YOt TNV AVAAVOT] TWV XQWHOOWHIIKWOV avadlxta&ewv
KL TN OLEQEVVNOT] TEOYVWOTIKWV PBLODEIKTWYV YIX KLLETES KAL ATIWTEQES ETUTTWOELG OTNV LYElA.

Eminpoo0eta, wiaitepn éugpoaon d60nKe 0T dxAeKAVOT TWV UNXAVIOHWV TTOL DLETIOVY TOV
OXNHATIOUO XQWHOTWUIKWV AVWHAALOV amtd aKTVOBOALES DLAPOQETIKWY TOOTHTWY KAL TO
Pavouevo G xewpoBoLYPNG, To omoio éxet MEOTADEl WG EVAAAXKTIKY] 000G YOVIDLWUATIKNIG
aotdfelng Kol KaQKWOyéveonc.  XQONOLUOTIOWOVTAG — KUTTAQOYEVETIKOUG  [lodeikTeg,
TIAQOVOLATALLE, YL TOWTI POQA, TELQARATIKA dedopéva yior v emaywyr) PCC oe pucgomuprjveg
WG TN UNXaVIoTKY EoéAgvon ¢ XowpoBbouynge. EmtmAéov, tekpunoudoatle, yix mowTn @ooay,
TG 1 akTvoBoAiot VPNATG Yoappikng petagopdag evégyetag (high-LET) pumoget va mookaAéoet
TOTtKG OQUUUATIONO XOWUOCWUATWY, TOV OTIOL0 TIQOTELVAHLE WG DAKTUALKO aTOTUTTWHA ékOEoT)g
oe aktwvofoAia high-LET. Avty 11 magationon elvatl wwitepa onpavtiky, kabwe o Tomucog
OOUHUATIOUOS XOWHOOWHATWY HUTI0QEL Vo odnynoel oe XowpoOovym, pe amotéAeoua TNV
XOWHUOOWLLLKT] KAL YOVIDLWHATIKT] A0TAOELX, KAL DUVITIKA TNV KAQKLVOYEVEDT).

TéAog, v v e€atopucevpévn a&loAdynon g eyyevoig aktivoevaloOnolag, avantoéopie
Ll EVIOXVUEVT] XQWHOOWLKT] HéBodo G2 (enhanced G2-assay) 1) oTtoix avapléveTal vat OUHBAAEL
OVOLAOTIKA OTNV aKTIVomEootacia, otnv efatoutkevpévn axtvobegameia, kabwe xat otnv
AOPAAELX TOV TIROCWTILKOV TIOL OXETILeTAL He TNV e£€QEVVIOT] TOL DXTTHATOC.
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Doctoral Thesis Outline and Structure

Human beings and living organisms are continuously being exposed to ionizing radiation from
cosmic rays, terrestrial radiation and naturally occurring radon. In addition, human exposure to
radiation occurs because of its extensive use in medical and industrial applications. Although
radiation can have potential health effects, it is at present a powerful tool in medical diagnostics and
is the preferred treatment modality for most human cancers. Furthermore, occupational and
accidental radiological or nuclear exposure can cause serious health issues and, in the event of a major
incident or act of nuclear terrorism, hundreds or thousands of people may potentially get exposed to
radiation. Particularly, the incidents of Chernobyl and Fukushima showed that the first responders
to these radiation emergencies sustained high levels of radiation exposure. This clearly illustrates a
critical need for the development of suitable automatable biomarkers of exposure for individualized
radiation dose estimates, which are a prerequisite for risk assessments based on epidemiological
studies of cancer incidence. Moreover, it reinforces the necessity for the elucidation of the
mechanisms underlying the biological action of different radiation qualities, and the development of
predictive assays for health risk assessment based on the genetic predisposition to radiation-induced
early and late effects. Indeed, the individualized response to radiation is increasingly documented,
yet the underlying mechanisms are not clearly understood. Consequently, for mass-casualty
management in radiation accidents and large-scale radiological emergencies, improved research
strategies, adopted for individualized absorbed dose estimates and risk assessments, are critically
needed. Specifically, biological dosimetry measurements, based on biomarkers, and the mechanistic
insights of the interaction of an exposure with living organisms, can be useful not only for appropriate
medical/clinical management, but also for predicting the stochastic effects of exposure to ionizing
radiation, such as genomic instability and cancer. Such undesirable effects of radiation depend on
radiation quality defined by linear energy transfer (LET), dose, and dose rate. High-LET radiation,
such as neutrons and a-particles, produce far more severe biological effects than y-rays and X-rays,
which are low-LET electromagnetic radiation, and epidemiological studies, based on the cancer
incidence observed among the A-bomb survivors, have identified radiation-induced cancer risks at
doses above 50 mSv.

At present, it is well established that exposure to ionizing radiation results in a variety of
biological effects that depend on the nature and quality of radiation, exposure duration, dose, and
dose rate. However, although biodosimeters can help in absorbed radiation dose estimation, there is
still a big gap in our knowledge regarding prediction of health risks from estimated doses following
exposure to different radiation qualities. Therefore, a thorough understanding of the mechanisms
underlying the radiation-induced biological effects may help in predicting not only the short- but
also the long-term effects of radiation exposure. Among the different biomarkers used for
biodosimetry, we considered that chromosomal aberrations in peripheral blood lymphocytes (PBL),
and particularly those that can be visualized and analyzed by means of cell-fusion-mediated
premature chromosome condensation (PCC) in Go-lymphocytes, are advantageous as biological
dosimeters. This is because the lymphocytes are non-cycling cells, live long and thus have “memory”,
circulate throughout the body, and are continuously exchanged with lymphocytes in tissue. This
means that lymphocytes with chromosome aberrations that have been induced anywhere in the body
will eventually be present in the peripheral blood. In addition, radiation-induced chromosomal
aberrations can be predictive of processes leading to the development of cancer, and all the evidence
concerning their prognostic role in carcinogenesis also applies to the target tissue, on the
understanding that the extent of genetic damage observed in blood lymphocytes may reflect as well
similar events in cells of the target tissue. This indicates that chromosomal aberrations are not only
significant biomarkers of radiation effects, but also are essential for predicting health risk. Indeed,
the hypothesis that chromosomal aberrations are associated with cancer and can possibly act as an
intermediate step of the causal pathway is supported by many reports. Evidence can be summarized
in four major arguments: (1) chromosome rearrangements play an important role in the activation of
protooncogenes and inactivation of tumour suppressor genes; (2) subjects with a congenital disease,
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such as Fanconi’s anemia or Ataxia Telangiectasia (AT), are characterized by abnormally high
chromosomal aberration rates and increased incidence of malignancies; (3) alterations of the
karyotype have been found in all types of neoplastic cells and are often highly specific for particular
diagnostic categories; (4) there is a tendency for carcinogenic chemicals to be clastogenic and that
clastogenicity tends to be associated with known human carcinogens.

In the present doctoral thesis, all the above issues, and particularly the processes underlying
DNA damage induction and repair, gene mutations, as well as the mechanisms of radiation-induced
chromosomal aberrations, chromothripsis and genomic instability, have been thoroughly examined
and used for biodosimetry and risk assessment purposes. Emphasis has been given to the potential
biomarkers of exposure to different radiation qualities and to the elucidation of the mechanisms
underlying the formation of chromosome aberrations and the phenomenon of chromothripsis, which
may be the biological basis for the induction of chromosomal instability and carcinogenesis,
particularly by high-LET radiation. Using cytogenetic endpoints, we have provided, for the first time,
experimental evidence for the mechanistic origin of chromothripsis, and we have clearly
demonstrated that high-LET radiation can induce localized chromosome shattering, which is a
critical risk for chromothripsis to occur. Rather than by a stepwise accumulation of subsequent
genetic alterations that may cause genomic instability, chromothripsis is a mutational process in
which large stretches of chromosomes undergo massive but localized shattering and random
rearrangements in response to a one-step catastrophic event. Furthermore, we have developed an
automatable biodosimetry assay for absorbed dose estimates in large-scale radiological emergencies,
predictive biomarkers for early and late health effects, as well as for the evaluation of inherent
individualized radiosensitivity using an enhanced G2-assay.

Specifically, this doctoral thesis aims to address the following five key research questions:

1. How can the throughput of the micro-PCC assay we have developed be increased by
automating acquisition and analysis of images of lymphocyte prematurely condensed
chromosomes (PCC) spreads?

2. What chromosomal rearrangements visualized directly in unstimulated blood lymphocytes
by means of the mFISH technique have a potential for risk assessment as predictive
biomarkers of exposure for early and late health effects?

3. What are the mechanisms underlying the phenomenon of chromothripsis, whose discovery
challenges the long-standing concept of carcinogenesis as the result of progressive genetic
events?

4. How can high-LET radiation induce localized chromosome shattering, which is a critical risk
for chromothripsis to occur and may underlie their increased effectiveness?

5. How can an enhanced G2-assay be developed for intrinsic individualized radiosensitivity
testing and risk assessment in radiation protection, personalized radiotherapy, and space
exploration?

Doctoral Thesis Structure

The present doctoral thesis is structured in seven Chapters and two Appendices. Following the
General Background, the five core Chapters describe the research conducted in order to provide
answers to the key research questions stated above and present the achievements attained. The
Epilogue summarizes the key outcomes, provides the overviews of the core Chapters and the future



research directions, while the Appendices provide this same information, and the thesis outline and

structure in Greek.

More specifically,

Chapter 1 introduces important concepts in radiation physics, radiation biology and radiation
cytogenetics. Also, it describes at the DNA, chromosome, and cell level the main biological endpoints
and biomarkers currently available for the detection and quantification of the impact of an exposure
to ionizing radiation of different qualities. Emphasis is given to the premature chromosome
condensation (PCC) method, as a powerful and unique cytogenetic tool to study conversion of
radiation-induced DNA lesions into chromosomal aberrations directly in interphase cells.

Chapter 2 describes the micro-PCC assay that we have developed, as well as the research aiming
to investigate how the throughput of this assay can be increased by automating the acquisition of
images of lymphocyte prematurely condensed chromosomes (PCC) spreads. In radiation accidents
and large-scale radiological emergencies, a fast and reliable triage of individuals, according to their
degree of exposure, is important for accident management and identification of those who need
medical assistance. The micro-PCC assay is a suitable candidate for high-throughput biodosimetry
since we have shown that it requires blood volumes of only 100ul and can be performed in 96-well
plates. Towards the automation of the micro-PCC assay, we explored the potential of the Metafer
slide scanning platform by MetaSystems to enable the automated acquisition of images, as well as
automated analysis based on residual PCC fragments following an accidental exposure.

Chapter 3 describes research aiming to explore potential novel biomarkers for biodosimetry
purposes and risk assessment, in the case of radiological or nuclear mass-casualty scenarios.
Realizing the advantage of the PCC-assay that can be instantaneously applied to unstimulated
lymphocytes, the analysis is based on chromosomal rearrangements visualized directly in PCC
spreads, through the application of mFISH and mBAND techniques. Our study clearly demonstrates
that these techniques, coupled with the PCC-assay, can efficiently detect both numerical and
structural chromosome aberrations at the intra- and inter-chromosomal levels in unstimulated T- and
B-lymphocytes. Unstable chromosome aberrations (chromosome fragments and dicentric
chromosomes) can be used for early radiation dose estimation, while stable chromosome exchange
events (translocations) may help the retrospective monitoring of individualized health risks.

Chapter 4 describes a research study aiming to provide insights into the mechanisms underlying
the phenomenon of chromothripsis, whose discovery in cancer genomes challenges the long-standing
concept of carcinogenesis as the result of progressive genetic events. Chromothripsis is a mutational
process in which large stretches of chromosomes undergo massive but localized shattering and
random rearrangements, in response to a one-step catastrophic event. The prevailing conception is
that it arises from a massive accumulation of fragmented DNA inside micronuclei (MN), whose
defective nuclear envelope ruptures or leads to aberrant DNA replication, before the main nuclei
enter mitosis. Using cytogenetic endpoints, we provide, for the first time, experimental evidence
supporting an alternative hypothesis. Premature chromosome condensation (PCC) dynamics in
asynchronous micronucleated cells underlie the mechanistic origin of chromothripsis. As the main
nuclei enter mitosis, premature chromosome condensation provokes the shattering of chromosomes
entrapped inside MN in a single catastrophic event, the hallmark of chromothripsis.

Chapter 5 describes a research study aiming to provide insights into the mechanisms underlying
the enhanced biological effectiveness of high-LET radiation such as a-particles, accelerated protons
and C-ions, as compared to y-rays. In contrast to the sparse deposition of low-density energy by X-
or y-rays, particle irradiation causes focal DNA damage through high-density energy deposition
along the particle tracks. This is characterized by the formation of multiple damage sites, comprising



localized clustered patterns of DNA single- and double-strand breaks as well as base damage, which
are considered key determinants of the enhanced relative biological effectiveness (RBE) of energetic
nuclei. In this study, we provide for the first time, experimental evidence that such clustered DNA
damage can be converted into localized shattering of targeted chromosome domains in a single
catastrophic event, which is a critical risk for chromothripsis to occur. Our results highlight the
potential use of shattered chromosome domains as a fingerprint of high-LET exposure. Furthermore,
they support the new model we propose for the mechanistic origin of chromothripsis-like
rearrangements that can be observed following exposure to high-LET radiation.

Chapter 6 describes research towards the development of an enhanced G2-chromosomal
radiosensitivity assay for inherent individualized radiosensitivity testing and risk assessment. While
the individualized response to radiation is increasingly documented, the underlying mechanisms for
the predisposition to radiation-induced early and late effects are not yet clearly understood. The
Ataxia Telangiectasia (AT) patients, who have a defective G2/M checkpoint, have been shown to be
highly radiosensitive. ATM, ATR, and Chk1 kinases facilitate cell cycle arrest (G2-block) protecting
against the conversion of DNA lesions into chromatid breaks during G2/M phase transition. We
propose here an enhanced G2-assay for estimating individualized radiosensitivity as a percentage of
AT- radiosensitivity (100% radiosensitive). Specifically, we are using the ATR inhibitor VE 821 to
abrogate the G2 checkpoint to better approximate the AT response. Moreover, we make use of the
CDK1 inhibitor RO-3306 for the enrichment of G2-phase cells before irradiation. This robust
cytogenetic assay is very promising for testing inherent individualized radiosensitivity that is of great
importance for radiation protection, personalized radiotherapy, and space exploration.
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Chapter 1: General Background

1.1. The Discovery of X-rays and Radioactivity

On 8 November 1895, as Wilhelm Rontgen was examining the effects of passing an electric
current through a partially air evacuated glass tube, a sheet of light-sensitive barium platino-cyanide
paper, which happened to be on the bench, was seen to glow every time the current was switched on
[1]. The value that the unknown radiation emitted from his “Crookes tube” might have in medicine
was clearly understood by Rontgen at the time of his discovery of X-rays. He noticed that the X-rays
emitted from the tube caused exposure of photographic plates and that, although radiation passed
through cardboard that was opaque to light, it did not pass as readily through metal or various other
dense objects. Rontgen also quickly demonstrated that when his hand was placed between the tube
and a fluorescent screen, the X-rays passed through the soft tissue of the hand with little diminution,
but the bones of the hand were sharply outlined.

In fact, it was early recognized that the X-ray applications in medical diagnosis depended on
differences in absorption by different materials, and that the amount of absorption depends on the
electron density of the materials through which radiation pass. Light chemical elements, such as the
hydrogen, carbon, nitrogen, and oxygen of which the soft tissues of the body are largely composed,
have low electron density, and thus radiation is transmitted relatively freely. However, absorption is
high in materials composed of heavier chemical elements such as calcium, barium, iodine, and
various metals, with absorption varying with the thickness of the material through which the X-rays
pass or the concentration of the heavier element in it. X-ray pictures of bone structure or of fractures
could therefore be obtained due to greater opacity to X-rays of the calcium-rich bone than of the soft
tissues, and the detection of calcium-containing stones in the gallbladder or urinary tract was possible
by 1905.

X-rays were soon established to be electromagnetic waves, differing essentially from those of
visible light merely by having a much shorter wavelength and a correspondingly higher energy.
Absorption of this energy as radiation passes through an object is sufficient to knock electrons from
the atoms leaving positively charged ions. X-rays have thus the distinct effect of causing ionization,
which radiations in the visible, ultraviolet, or infra-red ranges do not. Following the absorption of
energy, the free ions formed and the complex succession of events is instrumental in causing
characteristic kinds of chemical damage in important biomolecules that can be reflected as biological
damage, particularly in the chromosomes of the cells of body tissues. The production of free radicals,
which continue to react with each other and with their environment, may lead to biological effects
that can extend over seconds or hours to many years. The harm that could be caused by radiation
exposure of the skin was recognized soon after the discovery of X-rays, and already by 1902 a cancer
had developed on the hand of a worker in a factory making X-ray tubes.

Other types of radiation, which proved to have a similar ionizing effect, were also identified
within a few months of the discovery of X-rays. Henri Becquerel was examining various substances
in February 1896, which were known to fluoresce after exposure to sunlight, to see whether X-rays
were emitted while they were fluorescing. No such effect was found, but it was discovered that one
of the substances tested, a compound of uranium, did cause darkening of the photographic plate,
irrespectively whether it had been exposed to sunlight or not. Becquerel’s discovery of radioactivity
was rapidly followed by the identification by Pierre and Marie Curie of other chemical elements
which spontaneously emitted electromagnetic radiation such as y-rays and particulate such as a-
particles. Radium, thorium, and polonium were isolated chemically and found to have these
properties in 1898. Particulate radiations such as electrons, protons, neutrons, a-particles, as well as
the y-rays, are also ionizing.

The increasing variety of diagnostic applications, however, and particularly the use of X-rays
and radioactive materials in treatment, demonstrated the dangers of over-exposure of patients or
staff. The need to secure the fullest medical benefit without causing any undue harm was largely
responsible, therefore, for an increasing detailed study during 1920s of the effects of radiation on
living organisms. It led also to the development in 1928 of internationally accepted recommendations
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on bases for protection against radiation, and methods of measuring amounts of radiation exposure.
The present different ways in which people may be exposed to radiation shows the importance of
assessing the amounts of each such exposure, and the types and likely frequencies of any resulting
harmful effects. Towards this goal, studies are still needed, particularly for the effects of ionizing
radiation at low doses, using physical, radiobiological, and medical methods, for dose assessment
using adequate biomarkers to make it possible to estimate potential risks with considerable
confidence.

1.2. Types of Ionizing Radiation and Absorption of Radiation Energy

It is customary to classify ionizing radiation either as electromagnetic radiation or particulate
radiation [2]. Like radio waves, microwaves, visible light and ultraviolet light, X-rays and y-rays are
forms of electromagnetic radiation. The wavelengths of the ionizing electromagnetic radiations are
ultra-short, the frequencies very high, and consequently the energy per photon large. Particularly,
electromagnetic radiation is considered to be ionizing if it has photon energy in excess of 124eV,
which corresponds to a wavelength shorter than 10nm. Thus, X-and y -rays do not differ in nature or
in properties, the designation X- or y- reflects the way in which they are produced. X-rays are
generated extranuclearly. An electrical device accelerates electrons to high energy and stops them
abruptly in a target. Part of the kinetic energy of the electrons is converted into X-rays. On the other
hand, y-rays emitted by radioactive isotopes are produced intranuclearly, and represent the excess
energy that is given off as the unstable nucleus breaks up and decays in its effort to reach a stable
form. Particulate radiations such as electrons, protons and a-particles are also emitted during the
decay of radionuclides, whereas neutrons are emitted as a by-product when heavy radioactive atoms
split to form smaller atoms, a process called fission.

When any form of radiation is absorbed in biological material, there is a possibility that it will
interact directly or indirectly with critical targets in the cells [3]. Specifically, to follow the
development of radiation damage is instructive to divide the complex chain of events that follow
absorption into four characteristic stages (Figure 1.1). During the first, physical stage (10 -* sec) of
radiation action, energy is transferred from the radiation to matter. This process leads mainly to
molecular excitations and ionizations in a drastically non-uniform spatial distribution. These primary
species are usually extremely unstable and promptly undergo secondary reactions, either
spontaneously or by collisions with molecules in their vicinity, to yield reactive secondary species.
This second or physicochemical stage (duration: 100 sec) may consist of a single reaction or a
complex succession of reactions. The third, or chemical stage (duration: 10 sec) begins when the
system finally reestablishes thermal equilibrium. In this stage the reactive species (usually free atoms
or free radicals) continue to react with each other and with their environment.

If the chain of events is initiated by absorption of radiation energy in the system under
investigation, for example in a DNA molecule or a particular biological structure, this is referred to
as the direct action of radiation or the direct effect. The primary processes of radiation absorption
may, however, have occurred in the environment of a biological molecule under investigation,
containing other biological molecules in its immediate vicinity. The energy absorbed by these
molecules may be transferred to the one under investigation by intermolecular energy transferred
mechanisms, or by the liberation of diffusible radicals, such as hydrogen atoms. Alternatively, if the
biological molecules are in an aqueous environment, they may be attacked by diffusing reactive
species (such as hydroxyl radicals, hydrogen atoms, or hydrated electrons) produced by the
radiolysis of water. The term indirect effect of radiation refers to both of these mechanisms.
Regardless of their mode of formation, molecular changing occurring in biological organisms may
cause alterations in the system which, in passing through the fourth, or biological stage (duration:
seconds to many years), finally lead to the development of the observed biological effect. The kind
and magnitude of the damage depend very much on whether the defect can be repaired, or whether
the cellular processes tend to amplify the damage (Figure 1.1).
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Figure 1.1. The temporal stages of radiation action. The reaction steps represented by broken lines are
affected by metabolic processes [3]

1.3. Linear Energy Transfer (LET) and Relative Biological Effectiveness (RBE)

The distribution of primary events, ionizations and excitations along the track of an ionizing
particle will vary according to the type of radiation. The average separation of these primary events
decreases with increasing charge and mass of the particle. A comparative term to describe the
deposition of energy by different types of radiation is the linear energy transfer (LET), which is
defined as the average energy deposited per unit length (keV/um). Various types of radiation can
differ considerably in LET values (Table 1.1). The track-average of LET of 250 kV X-rays is about
2keV/um, whereas heavy charged particles have LET values 100-2000 keV/um or greater. Exposure
to radiation with low LET values, or sparsely ionizing radiation (e.g. X-rays, y-rays) leads to a random
distribution of ionizations between the cells, particularly since there is very large number of tracks.
The DNA damage is randomly distributed between cells and the resulting distribution of aberrations
between cells might be expected to conform to a Poisson distribution. After high-LET irradiation, or
densely ionizing radiation (e.g. protons, carbon ions, a-particles, neutrons), the ionization tracks are
non-randomly distributed within the cell nucleus since the energy is deposited in clusters. The result
will be a non-random distribution of chromosomal aberrations between cells. There will be more cells
with multiple aberrations and less with one aberration (over-dispersion) than expected from a
Poisson distribution.



Table 1.1. Typical LET values for various types of radiation [4].

o Relative LET value
Radiation (Energy) (keV/uum)
60 Co y-rays (1.17, 1.33 MeV) 0.3
X-rays (250 kVp) 2
Electrons (1 MeV / 10 keV) 025/23
Protons (2 MeV /10 MeV / 150 MeV) 16/4.7/0.5
Neutrons (14 MeV) 12
Heavy charged particles >100-200
a-particles (2.5 MeV / 5MeV) 166 /100
Fe ions (2 GeV) 1000

The amount of radiation is expressed as the dose (in Gray, Gy), a physical quantity of the energy
absorbed per unit mass of tissue (1Gy = 1 Joule/kg). Equal doses of radiation with different LET
values, do not produce equal biological effects. The effectiveness of different types of radiation for
inducing a particular biological end-point is usually expressed by the term relative biological
effectiveness (RBE). The RBE is defined as the ratio between the dose of the reference radiation
(usually 250 kV X-rays) and the dose of the radiation under study that produces the same biological
effect. As shown for many end-points (including cell killing and chromosomal aberrations), the RBE
values increases with LET up to an optimum value of about 100 keV/um, and then decreases at higher
values of LET. At a density of 100 keV/um, the average separation between ionizing events just
coincides with the diameter of the DNA double helix (2nm). Radiation with this density of ionization
is most likely to cause a double—strand break (DSB) by the passage of a single charged particle and
these DSBs have the highest biological effect. Radiations with lower LET, might require two tracks to
induce a DSB, which is less efficient. On the other hand, radiation with LET above the optimum value
deposits more energy in the target than necessary, resulting in a wastage of the energy. Thus, the RBE
of radiations with a LET value >100 keV/um will be lower.

To produce chromosome exchange aberrations (e.g. dicentrics, translocations) a minimum of
two ionizations are necessary. Hence, most of the exchanges will be produced by ionization from two
independent tracks. At low doses (<0.5 Gy), the probability of two tracks traversing a target is
sufficiently low so that exchanges will be produced almost exclusively by just one track and at low
frequencies. As the dose increases, the contribution of two track-induced exchanges will increase.
Therefore, the dose-response curve for X-rays induced exchanges will be a contribution of one- and
two-track events, with the former being more frequent at low doses and the latter being much more
frequent at high doses. The resulting dose-response curveis generally well fitted by a linear-quadratic
equation: Y =x+ aD + 3D?, where Y is the yield of exchanges, D is the dose, a- is the linear coefficient,
[ is the dose-squared coefficient, and x is the background frequency.

The radiation-induced DNA lesions can be repaired or mis-repaired, leading to chromosomal
aberrations, taking from a few minutes up to several hours depending on the particular lesion. Using
conventional cytogenetics, the analysis of chromosomal aberrations is exclusively restricted to mitotic
cells arrested at metaphase since only in this phase of the cell cycle the chromosomes can be observed
under the light microscope (Figure 1.2). Only by fusion of interphase cells with mitotic cells,
premature condensation of interphase chromosomes (PCC) can be induced, allowing visualization
also of interphase chromosomes and their analysis at all phases of the cell cycle, as we explain in
detail later in this chapter.
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give rise to the highly condensed metaphase chromosome [2].

1.4. Repair of DNA Damage Induced by Ionizing Radiation

It has been estimated that a dose of 1Gy of low-LET, and of high-LET radiation results in base
damages, DNA single strand breaks (SSBs) and double strand breaks (DSBs) as shown in Table 1.2.
The frequency of DNA-protein cross-links is about 3% of the frequency of SSBs. Upon induction of
such DNA damages by radiation, cells activate a complex network of sophisticated signaling
pathways, known as the DNA damage response (DDR), in order to maintain genomic stability. It
includes multiple DNA repair pathways, activation of cell cycle checkpoints that slow down or arrest
cell cycle progression to facilitate DNA repair, alterations of gene expression, apoptosis or senescence
to ameliorate the threat to the organism [5,6].

Although DSBs are relatively infrequent, they are the major cause of the biological effects
induced by ionizing radiation. Also chromosomal aberrations are believed to be the result of mis-or
non-repaired DNA DSBs. In fact, DSBs are precursor lesions for translocations and their formation
implies error prone DSB processing. Higher eukaryotes have evolved several mechanisms for
processing DSBs. The four main pathways for processing of DSBs are the classical or canonical, DNA-
PK-dependent non-homologous end joining (C-NHE]), the homologous recombination (HR) repair,
the single strand annealing (SSA) and the alternative end joining (Alt-EJ).
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Table 1.2. Average yield of induced damage in a typical mammalian cell after 1 Gy of low- or high-
LET radiation [7].

Events / Type of damage Low-LET High-LET
Tracks in nucleus 1000 2
Ionizations in DNA 1500 1500

Base damages 10° 105

SSBs 850 450

DSBs 50 70
Chromosome aberrations 1 3

Lethal lesions 0.5 2.6

Non-Homologous End Joining (NHE]) is the simplest repair mechanism for DSBs. The damaged
DNA ends are directly rejoined. This pathway is fast, cell cycle independent but more error-prone as
during this process the broken strands are simply rejoined without the need of a homologous
template. In the repair process, DNA breaks may fail to rejoin correctly and this could lead to
sequence alterations at the damage site and formation of chromosome aberrations, particularly
translocations. The homologous recombination (HR) repair is slow but the only error-free repair
pathway and it is highly evolutionary conserved through species. In HR the sister chromatid or the
homologous chromosome is used as a template and the information is copied. Thus, this pathway is
restricted to S and G2 phases of the cell cycle where the sister chromatid is available for the restoration
of the damaged sequence. The Single-strand annealing (SSA) is also a slow and cell cycle dependent
DNA double-strand break (DSB) repair pathway, which uses homologous repeats to bridge DSB
ends. SSA involving repeats that flank a single DSB, causes a deletion rearrangement between the
repeats, and hence is relatively mutagenic. The alternative end joining (Alt-EJ) is again slow, error-
prone, and cell cycle dependent pathway that becomes active when C-NHE] fails. This pathway is
considered to operate as backup, hence also the term backup non-homologous end joining (B-NHE]).

In addition, some other DNA damage repair pathways are: Base Excision Repair (BER) - a
cellular mechanism which is initiated by the excision of modified base from the DNA. DNA
glycosylases recognize, remove and replace specific damaged or mis-incorporated bases, forming
abasic (AP) sites. The damaged base is modified and excised forming an SSB that is repaired to
regenerate an intact helix; Nucleotide excision repair (NER) - removes bulky damage from the DNA
(i.e. bases that have been modified with bulky chemical groups, like the ones that get attached to the
DNA when exposed to chemicals in cigarette smoke), and also fixes some types of damage caused by
UV radiation; and mismatch repair (MMR), which recognizes and removes errors introduced during
DNA replication and recombination, such as mis-inserted nucleotides, small loops, insertions and
deletions.

1.5. Need for Effective Biodosimetry Measurements in Large-Scale Radiation Exposure

Currently, awareness is growing regarding the possibility that large-scale radiological accidents
or terrorism acts could result in potential radiation exposure of hundreds or thousands of people and
that the present guidelines for evaluation after such an event are seriously deficient. There is a great
and urgent need, therefore, for after-the-fact biodosimetric methods enabling the assessment of
radiation doses, which must be at the individual level, timely, accurate, and plausibly obtained in
large-scale disasters [8,9].

By definition, biodosimetry is the quantification of absorbed doses with the help of biological
material obtained from exposed individuals. Ideally, the biodosimetric methods for estimating
human radiation exposure must have first the ability to determine which individuals did not receive
a significant exposure so they can be removed from the acute response system. Second, must have
the capacity to classify those initially assessed as needing further evaluation into treatment-level
categories, and third, must have the ability to guide both short- and long-term treatments. Towards
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this goal, significant attempts have been made for the development of biodosimetric methods using
appropriate biomarkers based on biological or physical parameters and considering their features
such as speed, accuracy, capacity and ease of getting information for dose assessment. Specifically,
there are two main methods of biodosimetry, biologically-based and physically-based, and in practice
their use indicates that combining physical and biological techniques may sometimes be most
effective.

Biologically-based biodosimetry approaches are essentially based on biological processes or
parameters that are affected by IR. Examples include cytogenetic approaches enabling the
visualization and evaluation of chromosome integrity following the initial radiation-induced damage
at the DNA level. The subsequent activation of repair/misrepair mechanisms may cause production
of unusual chromosomal aberrations in case the enzymatic repair processing of DNA damage is not
error free. Dose estimation using cytogenetic analysis is based on the relationship between
chromosome aberration frequency and the amount of dose absorbed. The preferred choice of sample
to analyze aberration frequency is the blood lymphocytes as they are easy to collect, culture and
processing for biodosimetric studies. Exposed lymphocytes show different types of chromosome
aberrations like dicentric chromosome (DC), centric ring, acentrics and translocation, all of which can
be related to dose. For reliable dose estimation, there are several important biological parameters
such as low background frequency, specificity to IR, a clear dose- effect relationship for high and low
linear energy transfer (LET) radiation with different dose and dose rates, and most importantly
reproducibility and comparability of in vitro to in vivo results [10].

Physically-based biodosimetry approaches are mainly based on physical parameters measured
in the tissues of exposed individuals. Examples include, levels of long-lived radiation-induced free
radicals detected by Electron Paramagnetic Resonance (EPR) [11-13] and Optically Stimulated
Luminescence (OSL) [14]. EPR dosimetry is especially well-developed and established as one of the
principal methods for estimating doses many years after an exposure. Originally, this technology was
based on exfoliated teeth but more recently, EPR has been used for acute dosimetry using
measurements of teeth in situ [15,16] and fingernail clippings [17,18].

The use of biodosimetry to measure radiation dose after-the-fact has become a very important
and high-priority field due to the need for governments to be prepared for the heightened potential
for exposures of large numbers of individuals from radiological accidents or terrorism acts [8].
Estimating radiation doses would greatly help to medically evaluate the injured in four different
ways. Biodosimetry would help estimate how many people received doses that did not require acute
care, classify those patients who need further evaluation into treatment- level categories, guide actual
treatment, and help providers and patients with the long-term consequences of exposures to IR,
including planning for treatment and patient compensation.

1.6. Triage patients

The next level of use of biodosimetry, which could follow the initial screening, would be to assist
in assigning individuals as rapidly and effectively as possible into major action classes. The number
of categories would depend on the volume of people triaged for care and the capabilities of the
medical care system for addressing their treatment. Under some circumstances, such as the limited
availability of stem-cell transplantation, it would be desirable for the biodosimetry technique to
provide reliable estimates for subclasses of risk so that the limited capabilities for high-intensity
treatments could be used most effectively. In general, the exposed individuals can be assigned into
three categories [9].

Category 1. Identify false positives and those near 2 Gy—These individuals would not need
urgent medical care. They might possibly need to be evaluated for risks of long- term effects but
would have little need for prompt actions. Individuals assigned to this category could leave the
emergency medical care system, at least during the period of time when there is greatest stress and
potential for overwhelming the system.

Category 2. Admit patients into the medical care system for observation and, as needed, active
medical care—This would be done to reduce the probability of a near-term deleterious clinical course
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due to ARS. This group is likely to require active symptomatic medical care and may also receive
complex (and potentially risky) more aggressive treatments, such as bone marrow transplantation
and/or high doses of radiation- mitigating drugs. The assignment of individuals into this action class
would typically occur when the dose is in the range of 3-8 Gy.

Category 3. Provide palliative or expectant care—This level would identify individuals whose
radiation exposure is too high for effective active or mitigating therapy. The actual threshold level
may vary under the conditions of the event and the ability of the system to provide advanced care;
however, a likely threshold would be 8 Gy. If fewer individuals are involved and the treatment
capability is not overwhelmed, the threshold for entry into this category would probably be
increased. On the other hand, if the healthcare system was potentially overwhelmed, the dose range
for active treatment (i.e., placement into Category 2) might be narrowed on both ends. That is, more
people could be placed into Category 1 (by raising the minimum dose to qualify for active treatment)
and more placed into Category 3 (by lowering the maximum dose to qualify for active treatment).

Many of the useful characteristics of biodosimetry techniques for this more refined sorting into
action categories would differ from those required for the initial triage. The information would not
need to be available as rapidly. While it would be desirable to avoid the need to transport the samples,
it would sometimes be feasible to transport samples, especially to nearby facilities such as an
emergency center set up near the event site. The throughput could be less. Techniques for measuring
dose could include bringing expert operators to the site. It would be important for the technique to
have a low false-assignment rate, i.e., neither assigning too high nor too low a category or
subcategory. For this purpose, an estimate of dose within +0.5 to 1.0 Gy of the actual dose is probably
sufficient, because the known variation in response among individuals receiving the same exposure
dose is likely to render more precise estimates of dose clinically irrelevant.

1.7. Biomarkers of Radiation Exposure

Exposure to radiation induces certain changes on the proteins, carbohydrates, lipids, nucleic
acids and gene expression in the exposed cell, which are collectively known as biomarkers. In
particular, traversal of IR in a cellular system can bring about a variety of changes such as base
damages, alkylation, intercalation adduct formation, nucleotide modifications, single strand and
double strand breaks in the deoxyribonucleic acid (DNA). Those changes can result either due to
direct deposition of energy on the nucleic acids (direct action) or can be mediated by the release of
electrons and generation of free radicals like OH, released at some point in the interaction with water
(indirect action) and membrane (lipid peroxidation) which surrounds the cells. The biomarkers are
classified based on the changes being looked into like chromosomal aberrations, alterations in cell
number, change in an enzyme level and or activity, proteins, or expression of genes, etc [19,20]. Of
late based on the temporal parameters, it has been classified into markers of exposure, marker of
susceptibility, markers of late effects and markers of persistent effects [21]. Thus, the manifestations
of any of those changes are resulted due to the traversal of ionization track and deposition of energy
in exposed cells/tissues. A summary of biomarkers of radiation exposure reported in the literature is
given in Figure 1.3.
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Radiation signature on the exposed cells
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Figure 1.3. Biomarkers of exposure to ionizing radiation. FISH: Fluorescence in situ hybridization;
PCC: Premature chromosome condensation; ROS: Reactive oxygen species; ATM: Ataxia
telangiectasia mutated [22].

Upon the energy deposition of radiation in the exposed cells, many changes can be induced and
in turn the cells respond to those changes explicitly activation player molecules involved in check
points activation, DNA repair and apoptosis [23]. The end result and fate of the cells depends on the
many physical parameters of the incident photon as well as the cellular biological machinery. The
chromosome aberrations are formed predominantly due to the repair activation that results in a not
perfect rejoining or mis-rejoin to form chromosome aberrations. Thus, the aberration produced
depends on the number of breaks, chromatids and chromosomes as well as its proximity of induced
breaks involved [24]. The type, complexity and frequency of aberrations induced by radiations are
diverse, which are traditionally being used to quantify and relate to the absorbed dose (Figure 1.4).
Chromosomal changes are named based on the methodology employed, or stain used (Giemsa or
fluorescence) to observe those changes or the end product (micronucleus, translocations) [25].
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Figure 1.4. Diagrammatic illustration on the formation of ionizing radiation induced chromosome

aberrations [22].

1.8. Cytogenetic Biomarkers of Radiation Exposure

Cytogenetics focuses on the study of chromosomes, in particular chromosomal anomalies.
Several cytogenetic endpoints are routinely used as biomarkers of exposure as they show a high
degree of specificity and sensitivity. Other cytogenetic measurements might be useful as biomarkers
of late effects but need to be validated against well-defined outcomes/endpoints. Cytogenetic
biomarkers are summarized in Table 1.3.

Table 1.3. Cytogenetic biomarkers [21]

Biomarkers Assays/methodology Sensitivity Specificity to IR and Time window after Biological material
confounders exposure during which needed to perform
assays might be performed the assays®
Dicentrics Dicentric chromosome 0.1-5Gy Almost exclusively Before renewal of PBL WB: fresh;
assay induced by IR PBMC: fresh and frozen”
Translocations Single colour FISH 0.25-4Gy Confounding factors: Years WB: fresh;
G-banding smoking; strong age effect PBMC: fresh and frozen®
CCR Multiple colour FISH Unknown High LET and heavy Before renewal of PBL WB: fresh;
ion exposure PBMC: fresh and frozen
PCC PCC assay combined PCC fragments: IR specific to a PCC fragments: PBMC: fresh and frozen
or not to FISH 0.2-20Gy large extent ideally immediately

Telomere length

Micronuclei

chromosome painting
or c-banding

Flow cytometry
Quantitative-FISH
Southern blot

qPCR

Cytokinesis block
micronucleus assay
Micronucleus centromere
FISH assay for low doses
Flow cytometric detection
of DNA in reticulocytes

PCC rings: 1-20Gy

Not yet established

0.2-4Gy* but limited
sensitivity at

doses <1Gy.
Selective scoring after
centromere FISH:
~100mGy

Not specific: modulated
by viral infection
Potential confounders:
age, oxidative stress
Not specific: modulated
by genotoxins
Confounding factors:
age, gender

after exposure

PCC rings: before
renewal of PBL
Not yet established

In lymphocytes:
before renewal of PBL
In reticulocytes:

not yet established

WB, PBMC, cell lines:
fresh and frozen

WB, PBMC: fresh
and frozen®;
Reticulocytes: fresh

CCR: complex ch

| rear

FISH: Fluorescence in situ hybridization; PBMC: Peripheral Blood Mononuclear Cell (lymphocytes, monocytes, etc.); PBL:

Peripheral blood lymphocytes (T lymphocytes for assays requiring cycling cells); PCC: premature chromosome condensation; qPCR: quantitative polymerase chain reaction;

WB: whole blood.

4 Sample storage conditions listed when known.

b Frozen samples give lower yields of scorable cells.
¢ Dose range for photon equivalent acute whole-body exposure 24 h ago.
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1.8.1. Dicentric Chromosomes

The dicentric chromosome, which is a chromosome with two centromeres instead of its normal
structure with one centromere (Figure 1.5), is the most widely used cytogenetic biomarker for dose
assessment following exposure to IR. Its formation is a complex event because it needs double strand
breaks (DSBs) in at least two different chromosomes. The DSBs should be in close proximity to each

other so that they will have a high probability for misrepair and formation of abnormal structures
[26].
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Figure 1.5. Examples of normal chromosomes (top left), dicentric and centric ring chromosomes (top
right) as visualized by Giemsa staining; or by combining Centromeric/Telomeric (C/T) Peptide
Nucleic Acid (PNA) probes with the FISH technique (bottom).

In order to estimate the dose from accidental exposures, appropriate dose-response curves
should be constructed in every biodosimetry laboratory for different radiation qualities by irradiating
in vitro heparinized peripheral blood samples using sufficient dose points. The irradiated blood
samples are then cultured for 48-50h under aseptic conditions in the presence of
phytohaemagglutinin (PHA) and microscope slides are prepared with good quality of metaphase
chromosomes and high mitotic index.
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Stained slides with Giemsa are used to measure the number of dicentric and centric ring
chromosomes at each dose point and their frequency per lymphocyte metaphase is used to construct
a reference dose-response curve. Representative images of normal metaphase and a metaphase with
DC obtained from human blood lymphocytes exposed to ®Co-y-irradiation are given in Figure 1.5
top. DC scoring can be supplemented with the application of C/T-FISH, which simultaneously stains
centromeres and telomeres (Figure 1.5 bottom). This technique enables the detection of true dicentrics
in ambiguous cases with complex configurations, which is technically challenging with classical
Giemsa staining only[27,28].

The constructed dose-response curve under in vitro conditions follows the equation
Y=C+aD+pD? or Y=C+aD, depending upon the quality of radiation, and can be applied for estimating
doses of the exposed individuals, where: Y is the yield of dicentrics plus centric rings, D is the dose,
Cis the background frequency, a is the liner coefficient, and [ is the dose squared coefficient (Figure
1.6). The ratio of a/ can be referred to as the cross-over dose. It is equal to the dose at which the
linear and the quadratic components contribute equally to the formation of dicentrics. It has been
shown that the number of DC obtained with a given amount of dose is the same when irradiated
either in vitro or in vivo condition [29].

T
1Y Single track event

Yy

3
5N Double track event

Aberration per cell

Dose (Gy)

Figure 1.6. Dose response relationship for chromosome aberrations induced by different types of
ionizing radiations.[22]

The linear component (aD) often interpreted as the number of aberrations formed due to the
traversal of a single particle track and is expected to be independent of dose-rate. The dose squared
(BD?) term is formed due to the interaction between two independent particle tracks and its degree
determined by the time interval between the two tracks.

With low LET radiation such as X rays and y-radiation, the ionization at any particular dose will
be randomly distributed between cells, particularly since there will be a very large number of tracks.
The DNA damage as well as the chromosomal aberrations will be also randomly distributed between
cells. With high LET, or densely-ionizing radiation, the ionization tracks will be non-randomly
distributed between cells, with the energy being deposited in more “discrete packets”, and
consequently the induced aberrations will be non-randomly distributed between cells. Therefore, for
low LET radiation, there is greater probability that two lesions within the target will be induced by
two ionization events along the same track, resulting in two consequences. In the case of high LET
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radiation, there is a greater probability that two lesions within the target to be produced by one track,
and the dose-response curve mostly follows the equation Y = C + aD (Figure 1.6).

A useful comparative term to describe the deposition of energy by different types of radiation is
the linear energy transfer expressed in keV/um (LET), and the track average appears to be the better
quantity to describe the relative biological effectiveness (RBE) variations for chromosomal damage
[27,30]. The track average for LET of 250 kVp (kilovolts peak) X rays is about 2 keV/um, as compared
with heavy charged particles that have track average LET values of 100-2000 keV/um. The quantity
of energy deposited per micrometer of track will determined the biological effectiveness of different
types of radiation. By definition, the relative biological effectiveness (RBE) is defined as the ratio of
the dose of the reference radiation (200-250 kvp of X rays) to the dose of the particular radiation being
studied that produces the same biological effect.

The dicentric chromosomes are stable within non-dividing cells such as GO-lymphocytes but as
the half-life of blood lymphocytes is in the order of months/years depending on the sub-population,
the dicentric is the biomarker of choice for investigating recent exposure to IR. In general, as there
are no major confounders influencing the yield of dicentrics, its natural occurrence is very low
(generally in the order of 0.5-1/1000 cells scored) [27]. Individual dose assessment can be achieved
for homogeneous whole-body exposures to doses as low as 100 mGy for low-linear energy transfer
(LET) IR if up to 1000 cells are analyzed.

The scoring of dicentrics based on chromosomal morphology requires expertise, and time to
analyze a large number of cells required particularly for low dose exposures. However, after
exposure to low doses, the calculated estimates often carry large uncertainties, mainly due to the
insufficient number of cells scored. Since the dicentric assay is very laborious, counting sufficiently
large numbers of cells will be a limiting factor and will limit the possibilities for adequate dose
estimation in the low dose range on an individual level. Automated systems are under development
and provide very reproducible results but their major limitation is the dicentric’s detection efficiency
that remains around 50-70% [27]. Nevertheless, automated dicentric assays are currently being
investigated in the framework of the European Multi- biodose project (http://www.multibiodose.eu)
that is aimed at analysing and adapting biodosimetric tools to manage high scale radiological
casualties.

In addition to acute whole-body exposures, dose estimation for protracted and partial-body
exposure can also be achieved by scoring dicentrics in lymphocytes. It should be noted that in order
to estimate dose, calibration curves are necessary. Although the scoring of dicentrics is most suitable
as a biomarker for external exposures [31], it can also be informative after internal exposures to
radionuclides that disperse fairly uniformly around the body. Isotopes of caesium and tritiated water
are two such examples [27]. Dicentric aberrations are unstable because their frequency decreases with
the turnover of peripheral blood lymphocytes. Thus, for reliable dose assessment, dicentric aberration
assays should be performed within a few weeks of exposure. If performed later, the precision of the
assay is diminished as the dose calculation requires the use of half-time estimates for the
disappearance of dicentrics.

1.8.2. Translocations

In contrast to dicentrics, reciprocal translocations are chromosomal aberrations that can persist
in peripheral blood lymphocytes for years and can thus be used as biomarkers of past exposures [27].
This persistence reflects the presence of translocations in the lymphatic stem cells and is affected by
many factors. These include exposure conditions, such as dose rate and whole- body vs. partial-body
exposure. As translocations may be parts of complex chromosomal rearrangements (CCRs) [32] that
are unstable, it is essential to distinguish their origin within the cell. The cells that are scored also
influence measurements and dose calibration for translocations, as it has been shown that the
presence of unstable chromosomal aberrations in the same cell reduces the frequency of
translocations with time [33]. Therefore, only cells free of any unstable chromosome damage should
be scored.
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The FISH technique or ““chromosome painting’” is commonly used for the detection of inter-
exchanges, such as translocations and dicentrics (Figure 1.7). Currently the assay could be semi-
automated, for instance through the use of a metaphase finder system, but there is still a need for a
fully automated image analyzer that would reliably differentiate normal cells from cells with
chromosomal aberrations [34,35]. Rapid developments in the probe labelling methodology, optics
and imaging modalities, the assay has evolved in different directions like m-FISH, SKY-FISH, and m-
band where exchanges involved in any chromosomes or regions within chromosomes can be
identified easily similar to that, GTG-banding technique have been in use for the identification of
aberrations in individual chromosomes as well as in entire genomes. It was an attractive option for
many years back; however, RT measurements with latest FISH technology, and G-banding, in
dosimetry is limited because of either time factor and/or cost factor. However, it can provide a true
estimation of translocation frequency by analyzing the individual chromosomes for chronic dose
estimation.

A common feature of translocations among non-exposed subjects is the large inter-individual
variation in their number, age being the most important confounding factor [36]. Therefore, natural
occurrence and accumulation with lifespan can confound very low dose exposure estimations.
Despite the strong age-effect for translocations, subjects of the same age may show large variation in
translocation frequencies. The reasons for the age-dependent baseline frequency is not fully
established, but some of them may be linked with cellular mechanisms changing with age such as
DNA repair. From a number of confounders tested, smoking has been demonstrated to increase
translocation frequencies in some studies, but not in others, possibly due to variations in cigarette
types or numbers smoked [34]. Other sources of variation may include clastogenic agents in the diet
or environment, gender, ethnicity and genetic polymorphisms in genes involved in cellular defense
mechanisms. Individual dose assessment using translocations is strongly dependent on the personal
baseline frequency of this aberration, and from a practical point of view, the time required for the
analysis would severely limit the use of such an approach for triage biodosimetry in large studies.

Figure 1.7. Human lymphocyte metaphase illustrating FISH-based chromosome “painting’ to detect

chromosomes 1 (yellow/green), 4 (green) and 8 (orange) using whole chromosome and pan-
centromeric probes (left). A dicentric chromosome and its associated acentric fragment (red arrows)
as well as a reciprocal translocation of chromosome 1 illustrated by the two bicolored chromosomes
(green arrows) (right)
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1.8.3. Micronuclei

Micronuclei (MN) form when mainly fragments or intact chromosomes are not properly
segregated into daughter cell nuclei at anaphase but instead remain in the cytoplasm after cell
division. Generally, they are regular in shape with a similar staining intensity to that of daughter
nuclei and they can be visualized as small spherical objects using any conventional DNA dye (Figure
1.8). In comparison to most other cytogenetic techniques, MN are far easier to score both manually
and using automated microscopy slide scanning and image analysis systems [27,37,38]. As MN form
only during cell division and, like dicentrics, are lost when cells continue to divide. Fenech et al [39]
developed a simple, most effective and reliable methodology to select cells between first and second
mitosis division using cytochalasin-B to inhibit cell division at cytokinesis in a cycling cell and named
as cytokinesis blocked micronucleus (CBMN) assay. Indeed, reliable quantitative results are achieved
by blocking the cell cycle progression of PHA- stimulated lymphocytes at the stage of cytokinesis
after the first mitosis, and by performing microscopic scoring of MN only in binucleated cells. An
important caution is that many factors like age, genetic makeup and storage of blood samples could
influence the dose estimation using the MN assay [40]. Similar to DC many laboratories have
established dose response curves to estimate the dose; it follows linear-quadratic pattern despite the
fact that there are differences in the obtained coefficients among the established laboratories.

MN reflects chromosomal damage and thus it is a useful index for monitoring environmental
effects on genetic material in human cells [41]. Due to the simplicity and the rapidity of scoring, this
assay has shown promising potential in the triage medical management. However, due to
background frequency of spontaneous MN frequency (0.002 to 0.036/cells) the sensitivity is 0.25 Gy
[27]. The CBMN assay in addition to measuring the MN, it can also be used to measure nuclear-
plasmic bridges, nuclear buds, necrotic cells, apoptotic cell and nuclear division rate collectively
known as cytome assay [42]. Several studies have been carried out using the MN analysis in vitro
and in vivo, for the purposes of biological dosimetry. A good correlation between the doses estimated
from the MN frequency was observed in radiation workers [43] and in thyroid cancer patients
undergoing radioiodine treatment [44]. A large volume of published reports for in vitro dose
response curves is available. MN measured by cytokinesis-blocked micronucleus (CBMN) assay
show promise as a biomarker for individual radiosensitivity and susceptibility to environmental
carcinogens [45]. Consistent with this notion, a recent twin study provided evidence for the high
heritability of baseline and induced MN frequencies [46].

Due to variable base levels in different individuals, the standard CBMN assay cannot detect
acute whole-body doses below 200 mGy for low-LET IR. In addition, a wide range of clastogenic and
aneugenic agents (i.e. agents causing chromosome breakages and abnormal number of chromosomes,
respectively) can induce MN, and confounding factors include age and gender. Most of this
background ‘noise” of MN in non-exposed individuals can be attributed to the loss of one intact copy
of the X-chromosome.
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Figure 1.8. Normal cell division (A), aberrant divisions with 2 (B), 3 (C), and 4 (D) micronuclei.

Selective scoring of MN that are negative for centromere-specific FISH signals (Figure 1.9) can
significantly improve the sensitivity to a minimum detectable acute whole-body gamma-ray dose of
100mGy for individuals [47]. First steps have been made towards the development of an automated
analysis system for the micronucleus centromere assay [48] which would enable large-scale studies
of cohorts exposed to low-to-moderate radiation doses. Other limitations of the CBMN assay include
the minimum delay of 3 days between sampling and first results becoming available, loss of the signal
with lymphocyte turnover (as discussed above for dicentrics) and its inability to detect non- uniform
exposures [47].
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Figure 1.9. Binucleated cells showing a centromere negative MN (left) and a centromere positive MN

(right). Centromeres are stained with a pan-centromeric probe (spectrum orange) and nuclei and MN
are counterstained with DAPL

1.8.4. Premature Chromosome Condensation (PCC)

When cycling cells enter mitosis, their nuclear membrane is dissolved and chromatin condenses
into the familiar shaped of metaphase chromosomes by the histone phosphorylation processes of
phosphokinases, which are generated during G2 to M-phase transition. Therefore, measurement of
chromosomal aberrations by means of the conventional metaphase method requires that the cells of
interest are in mitotic phase where chromosomes are highly condensed and visible.

Alternatively, techniques have been developed to cause chromatin that is not at mitosis to
condense prematurely in cycling, quiescent or even in non-cycling cells. This phenomenon is termed
premature chromosome condensation (PCC), and it can be induced by fusing interphase cells to
mitotic Chinese hamster ovary (CHO) or HeLa cells using Sendai virus or, particularly for
lymphocytes, using the fusing agent polyethylene glycol (PEG). PEG is used for lymphocytes since
cell fusion by means of Sendai virus requires cells with membranes especially receptive to the virus
particles and it has been reported that Go lymphocytes cannot be satisfactorily fused using the Sendai
virus. This difficulty was overcome for the purpose of biological dosimetry with the use of PEG for
PCC induction in peripheral blood Go lymphocytes, as shown in Figure 1.10 [27,49].
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Figure 1.10. Premature chromosome condensation induced by PEG-mediated fusion in an
unirradiated human lymphocyte fused with a mitotic CHO cell. Forty-six distinct single chromatid
PCCs can be seen (left). In irradiated quiescent cells a number of excess PCC fragments (>46
chromosomes for human) can be scored (right).
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The major advantage of the PCC method is that radiation-induced chromosomal damage can be
observed shortly after blood sampling (Figure 1.11), and it is also possible to score centric ring
chromosomes, dicentrics and translocations if the PCC method is combined with FISH chromosome
painting or C-banding [27,50,51]. The PCC technique is a very useful research tool to probe the
immediate post-irradiation processes and kinetics of chromosomal break restitution and/or misrepair
to form aberrations (i.e. dicentrics and translocations). These studies demonstrate that the dicentrics,
complete and incomplete translocations and acentric fragments, that one sees eventually at
metaphase, are formed essentially in Go-lymphocytes and, therefore, their formation does not require
lymphocyte stimulation, culture and DNA replication (Figure 1.12).
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Figure 1.11. Human lymphocytes (Ly) are isolated using Biocoll separating solution (left), mixed with

mitotic CHO cells (center) and fused by means of PEG (right).
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Figure 1.12. The presence of Mitosis-Promoting Factors (MPF) in the hybrid cells dissolves the nuclear
membrane of interphase lymphocytes and condenses their diffuse chromatin into distinct
chromosomes, enabling thus their visualization.
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Chapter 2: Automated Analysis of PCC Spreads and
Acquisition of Images Can Increase the Throughput
of the micro-PCC Assay for Prompt Individualized
Absorbed Dose and Risk Assessment in the Event of
Accidental Overexposure

2.1. Introduction

Following a large-scale radiological event, hundreds or thousands of people could have been
potentially exposed to unknown and variable doses of radiation. It is a high priority, therefore, to use
biomedical tools, sensitive biomarkers and automatable methods in order to reflect promptly the
biological importance of the radiation exposure [27,49,52]. At present, it is estimated that the
throughput of a cytogenetic laboratory is a few tens of samples per day and even large cytogenetic
laboratory networks can only analyse a few hundred of samples per day [53-55]. For large-scale
incidents, rapidity and ease of screening are essential in order to obtain quick radiological dose and
risk assessments [8]. This will enable categorization of individuals according to the degree of their
exposure and, subsequently, identification of those who need medical assistance, which is essential
for optimal post-exposure management [56-58]. Towards this goal, two main approaches of
biodosimetry, biologically-based and physically-based, have been developed and essentially three
criteria are minimally necessary for an effective biodosimetric technique: the dose can be assessed
promptly after-the-fact; the technique can assay at the level of an individual; and the technique can
provide information sufficient to determine what actions should be taken for that individual [9].

Biologically-based biodosimetry approaches are based on biological processes or biomarkers
that can be affected by ionizing radiation allowing thus a dose of radiation to be estimated. The status
and suitability of current biomarkers for radiation exposure have been reviewed recently [59-62].
Particularly, cytogenetic biomarkers are the most widely used and, at present, several well-
established biological dosimeters exist. They can offer accurate dose estimates but, are both time-and
labour-consuming and therefore not ideal for use in radiological mass-casualty scenarios where short
turnaround times and high throughput are of prime importance [57]. When an ideal biomarker is
used for early triage biodosimetry in radiological events, the collection of the required biological
samples from the potentially exposed individuals should be easy and non-invasive, while the
procedures involved for dose and risk assessments should be rapid and automatable. The latter will
pave the way to the subsequent automation of the assay’s workflow so that it could be used in the
event of a large-scale radiological emergency. The state-of-the-art advances in radiation biodosimetry
for mass casualty events involving radiation exposure have been also reviewed recently [22,63].

Among the different cytogenetic assays used for triage biodosimetry and the estimation of
absorbed doses in exposed individuals, the dicentric chromosome (DC) assay remains the most
widely used. The DC assay is essentially based on the analysis of dicentrics and centric ring
chromosomes present in the peripheral blood metaphase lymphocytes of the exposed individuals.
Nevertheless, this assay has a significant drawback with respect to the time needed to obtain dose
estimates for rapid decision on the right line of medical treatment. It requires culturing of peripheral
blood T-lymphocytes for two days before allowing the analysis of chromosomes at metaphase.
Hence, it fails the requirement of rapid dose estimation, which is a high priority in radiation
emergency medicine.

On the other hand, it is noteworthy that following radiation-induced DNA damage and the
enzymatic repair processing of the lesions, which depend on the quality of radiation and the
complexity of DNA damage [64], chromosomal rearrangements in the nuclei of blood lymphocytes
are well known to be formed within 8h post-irradiation, without requiring blood culture, T-
lymphocyte stimulation and DNA replication for their formation. Following accidental exposure, the
biomarkers of exposure i.e. dicentric and centric ring chromosomes as well as residual chromosomal
fragments, will be present, therefore, as single chromatid chromosomes in the blood lymphocytes by
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the time the blood samples reach a reference Biodosimetry Laboratory for dose estimation.
Consequently, rapid dose and risk estimates can be achieved by taking advantage of the unique
features of cell fusion mediated premature chromosome condensation (PCC) in blood lymphocytes
for biological dosimetry [50,65,66]. This phenomenon enables visualization, analysis and
quantification of chromosomal aberrations directly in unstimulated Go-peripheral blood T- as well as
B-lymphocyte prematurely condensed chromosomes (PCCs), without requiring a two-day blood
culture [67-69].

In the present study, the main objective is to explore the applicability of the PCC phenomenon
in order to devise an automatable micro-PCC assay using very small blood sample volumes of 100ul
and 96-well plates to obtain rapid dose estimates and risk assessments for the categorization of a large
number of individuals according to the degree of their exposure. For high-throughput triage
biodosimetry there are previous interesting attempts using other cytogenetic assays [70-74] including
chemically-induced PCCs in Ge-phase cultured lymphocytes [75]. Here cell fusion-mediated
induction of PCCs in non-stimulated Go-phase lymphocytes is used, and for the standardization of
the proposed micro-PCC assay the morphology of the lymphocyte PCCs obtained for non-irradiated
and irradiated blood samples was first compared to those obtained using the conventional PCC
assay. Subsequently, appropriate calibration curves for dose assessments were constructed, while the
applicability and reliability of the micro-PCC assay was compared to the conventional DC assay,
through the evaluation of speed of analysis and minimum number of cells required to be analyzed
for each method. The development and standardization of such a micro-PCC assay for high-
throughput analysis could pave the way to its subsequent automation, which is critically needed for
timely triage biodosimetry in mass-casualty radiological emergencies.

2.2. Materials and Methods

2.2.1. Blood Samples, Irradiation Conditions and the Conventional DC Assay

Peripheral blood samples in heparinized tubes were obtained from healthy donors and used
after their informed consent, according to our institutional ethics procedures. Irradiation of whole
blood samples was carried out in vitro using a Co-60 Gamma Cell 220 irradiator (Atomic Energy of
Canada Ltd., Ottawa, Canada) at room temperature and at a dose rate of 20 cGy/min. Different
irradiation times were applied in order to administer to the whole blood samples doses ranging from
0.5 to 6 Gy. Subsequently, irradiated blood samples were processed according to the experimental
design and, for comparison purposes, radiation-induced chromosomal aberrations were visualized
and quantified by applying the conventional DC assay, the conventional PCC assay, as well as the
micro-PCC assay.

For the conventional DC assay, whole blood cultures were set up by adding 0.5 ml of whole
blood to 5ml of RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS), 1%
phytohemagglutinin (PHA), 1% glutamine and 1% antibiotics (penicillin, streptomycin). Cultures
were then incubated at 37°C in a humidified atmosphere with 5% CO2. After 48-50h at 37°C, cell
cultures were harvested, treated with hypotonic solution KCl (0.075 M) and fixed with
methanol:glacial acetic acid (3:1, v/v), following standard cytogenetic procedures with centrifugation
at 250g. Chromosome spreads were prepared, slides were air-dried and stained with 3% Giemsa
solution. Only metaphases with 46 centromeres were analyzed and for the irradiated samples, the
yield of dicentric plus centric ring chromosomes was obtained for each experimental point using light
microscopy and appropriate image analysis system (Ikaros MetaSystems).

2.2.2. Preparation of the PCC-inducer Mitotic CHO Cells

Chinese hamster Ovary (CHO) cells were grown in McCoy’s 5A (Biochrom), culture medium
supplemented with 10% FBS, 1% l-glutamine and 1% antibiotics (Penicillin, Streptomycin), incubated
at 37 °C in a humidified atmosphere with 5% CO2. CHO cultures were maintained as exponentially
growing monolayer cultures in 75 cm? plastic flasks at an initial density of 4 x 105 cells/flask. For
optimizing harvest of mitotic cells via cell synchronization, routinely the cells in a flask were allowed
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to grow until confluence and subcultured equally into three new 75 cm? plastic flasks. Following a
24-30h incubation at 37 °C, Colcemid (Gibco) at a final concentration of 0.1 pg/ml was added to CHO
cultures for 4 hours and the accumulated mitotic cells were harvested by selective detachment. Once
a sufficient number of mitotic cells had been obtained, they were used as supplier of mitosis
promoting factors (MPF) to induce PCC in human lymphocytes by both the conventional and the
micro-PCC assay.

2.2.3. Conventional Cell Fusion-Mediated Induction of Premature Chromosome Condensation

Human lymphocytes were separated from heparinized irradiated whole blood samples using
Biocoll separating solution (Biochrom). The blood sample was diluted 1:2 in RPMI-1640 without FBS,
and was carefully layered on top of an equal amount of Biocoll in a test tube before centrifugation at
400g for 20 min. Collected lymphocytes were washed with 10 ml culture medium, centrifuged at 300g
for 10 min and kept in culture medium (RPMI-1640 supplemented with 10% FBS, 1% glutamine and
antibiotics) to be mixed and fused with mitotic CHO cells. When the conventional PCC assay is
applied, the mitotic CHO cells harvested from a 75 cm? flask were used for 2-3 fusions using
lymphocytes isolated from 1-2ml of blood for each experimental point. The conventional procedure
for cell fusion mediated PCC-induction in non-stimulated Go lymphocytes was carried out as
described earlier [67,69,76].

2.2.4. The Micro-PCC Assay Using Very Small Blood Volumes and 96-Well Plates

The various steps of the conventional PEG-mediated cell fusion and PCC induction mentioned
above were adapted for the development of a micro-PCC assay that could be applied to the very
small blood volumes of 100ul using 96-well plates of 2ml per well. Briefly, whole blood samples of
100ul for each experimental point were transferred to each well in 96-well plates and 1.5ml of cold
red blood cell (RBC) lysing solution of ammonium chloride was added for 10 min. For the preparation
of lysing solution, 8.02g ammonium chloride, 0.84g sodium bicarbonate and 0.37g disodium EDTA
were dissolved in 11t of distilled water. The RBC lysing solution is used as an alternative to the Biocoll
gradient required by the conventional PCC assay for the separation of lymphocytes from whole blood
before their fusion to the mitotic CHO cells.

Following centrifugation of the 96-well plates at 200g for 6min, the supernatants were discarded
all at once and 1.5ml of mitotic CHO cells (2x105 cells) in serum-free RPMI-1640 medium with Hepes
(25mM) and colcemid (0.1pgr/ml) was added to the lymphocyte pellet in each well. Subsequently,
the plates were centrifuged for 6min at 200g and supernatants were discarded without disturbing the
cell pellets, keeping the plate inverted on a paper towel to drain well the pellets from excess liquid.
Immediately after the plates were turned in up-right position and 100ul of 45% (w/v) PEG (mol wt
1,450, Sigma-Aldrich/serum-free RPMI 1640 with Hepes) was injected into each well and held for
about 1 min. Subsequently, 1ml of phosphate buffered saline (PBS) was slowly added to each well of
the plate, shaken gently and centrifuged at 200g for 6 min. The supernatants were discarded and 0.3
ml RPMI-1640 complete growth medium containing 2% phytohemagglutinin (PHA) and 10% FBS,
was added to each well.

After culturing for 75 min at 37°C, 1.5 ml of hypotonic KCL (0.075 M) was added to each well,
and cells were fixed twice (1.5 ml/well) with methanol:glacial acetic acid (3:1 v/v), following standard
procedures for chromosome preparation. Fixed cells were resuspended in 50l of fixative and three
microscope slides with chromosome spreads were prepared by dropping 15l aliquots at the centre
of each pre-cleaned slide. Finally, air-dried slides were stained with 3% Giemsa solution in Sorensen’s
buffer (pH 6.8) and covered with cover slips using Entellan mounting medium. The analysis of PCC
spreads on the microscope slides and the quantification of radiation-induced excess chromosomal
fragments in lymphocyte PCCs was greatly facilitated by combining light microscopy with image
analysis systems (Ikaros, MetaSystems). The various steps required by the micro-PCC assay are
summarized in the scheme below presented as Figure 2.1.
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Add blood Add lysing Add CHO Add PBS Add Final Add Fixative Prepare slides

samples  solution  mitotics medium
100 1.5 ml 1.5 ml Iml 0.3 ml 15ml 1.5ml 50 4l 154 154 15 4l
Incubate
75 mins
Centrifuge and discard Centrifuge and discard

Figure 2.1. Scheme of the automatable micro-PCC assay for simultaneous analysis of 96 individuals.
Added volumes refer to each well of the 96-well plate.

2.2.5. Analysis and Scoring Criteria

Lymphocyte PCC spreads were located manually and their analysis was facilitated by the use
of a semi-automated image analysis system (Ikaros, MetaSystems). Specifically, the analysis of excess
PCC fragments in lymphocyte PCC spreads stained with Giemsa was greatly facilitated by the
appearance of the PCCs, which are single chromatid chromosomes and lighter stained than the
double chromatid chromosomes of metaphase CHO cells. The lymphocyte PCCs are, therefore, easily
distinguished from the darkly stained chromosomes of the PCC-inducer mitotic CHO cells. In
unirradiated lymphocytes, 46 single chromatid elements can be scored in the PCC spreads and, in
order to calculate the frequency of excess PCC fragments following exposure to ionizing radiation,
the number 46 was subtracted from the mean value of lymphocyte PCCs per cell obtained in the
irradiated blood samples. Generally, a number of 20-30 PCC-spreads was considered adequate for
dose estimation following a single exposure, as we have already shown previously via inter-
laboratory accident simulation exercises [76].

2.2.6. Construction of Dose-Response Curves for Dose Assessment Using the Micro-PCC Assay

For dose assessment purposes by means of the micro-PCC assay, three different dose-response
calibrations curves were constructed to be used depending on whether the blood samples from
potentially exposed individuals are received within 6, 12 or 24 hours post-exposure. Specifically,
whole blood samples were exposed in vitro to doses of 0, 1, 2, 3, 4, 5, and 6Gy as described earlier,
and allowed to repair radiation-induced chromosomal damage for 6, 12 or 24 hours at 37 °C.
Subsequently, the blood samples were processed for cell fusion, PCC induction and preparation of
slides with lymphocyte PCC spreads as described earlier in this section and summarized in Figure
2.1. The frequencies of excess PCCs per cell for the different doses used were obtained by the analysis
of 30 PCC spreads for each experimental point, and mean values + SD were calculated from two to
three independent experiments.

2.3. Results

2.3.1. Development of an Automatable Micro-PCC Assay for Early Triage Biodosimetry

The original protocol for the conventional PCC assay uses 1-2ml blood sample volumes per
experimental point, lymphocyte isolation by means of Ficoll-Paque or Biocoll gradients, as well as
15ml round-bottom culture tubes for cell fusion, PCC induction, and chromosome preparation. The
various steps of the procedure were adapted successfully towards the development of an
automatable micro-PCC assay using blood volumes of only 100y, and multi-tube racks or 96-well
plates of 2ml. In order to comply with the requirements of a high-throughput blood sample collection
based on small volumes of around 100ul, we experimented with two methods for lymphocyte
isolation, namely the Biocoll separating solution and the ammonium chloride red blood cells lysing
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solution. Even though the isolation of lymphocytes by means of Biocoll was feasible, it was time-
consuming and less efficient than the ammonium chloride solution, which we adopted.

In this way, the entire procedure including blood sample collection, red blood cell lysis,
lymphocyte fusion to mitotic CHO cells, culturing of fused cells for PCC induction, and cell fixation
were carried out in a single 2ml well. This improvement reduces the number of sample transfers,
minimizes cell loss, and simplifies tracking operations. Our results demonstrate for the first time that
lymphocytes isolated from 100ul blood sample via ammonium chloride lysing solution in 96-well
plates can be fused with CHO mitotic cells.

2.3.2. Morphology of the Lymphocyte PCCs Obtained Using the Micro-PCC Assay

The morphology of the lymphocyte PCCs obtained with the above micro-PCC procedure is
practically identical to that obtained using the conventional PCC assay. It allows, therefore, the
analysis of radiation induced excess PCC fragments stained with Giemsa, which is simple, rapid and
cost-effective. Interestingly, the use of only 1.5ml of hypotonic solution and the fixation of cells twice
with 1.5ml of Carnoy’s fixative in 96-well plates of 2ml/well offers high quality PCC images as shown
in Figure 2.2. Figure 2.2A presents a typical image of a non-irradiated lymphocyte (46 PCCs), whereas
Figures 2.2B and 2.2C enable visualization and quantification of radiation-induced PCC fragments
following 0.5Gy (3 excess PCCs) and 2Gy (10 excess PCCs) of Co-60 y-irradiation, respectively.
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Figure 2.2. Giemsa stained PCCs, obtained by means of the micro-PCC assay, demonstrating 46 single
chromatid chromosomes in a non-irradiated lymphocyte (A). Three excess (over 46) PCC fragments
can be visualized in an irradiated lymphocyte with 0.5 Gy of Co-60 y-irradiation (B). Ten excess PCC
fragments can be scored following irradiation with 2 Gy (C).

2.3.3. Construction of Appropriate Dose Response Calibration Curves

Following the protocol of the micro-PCC assay described in the previous section, three dose-
response calibration curves were constructed using doses of 0 to 6Gy of y-irradiation, for dose
assessment according to the time elapsed from irradiation to sample processing for biodosimetry
purposes. Figures 2.3A, 2.3B, 2.3C present these calibration curves for 6, 12 or 24 hours post-exposure
repair times, respectively. A comparison of the dose-response curves obtained under the different
post-exposure repair times is depicted in Figure 2.3D.
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Figure 2.3. Dose-response curves are presented for Giemsa-stained excess lymphocyte PCC fragments
per cell for post-exposure repair time of 6 h (Linear, al = 1.70 + 0.08, y01 = 0.075) (A), 12 h (Linear, a2
=1.54£0.08, y02 =-0.20) (B) and 24 h (Linear, a3 = 1.41 + 0.06, y03 = 0.06) (C). (D) depicts a comparison
of the dose-response curves obtained under the different post-exposure repair times. Mean values +
SD are calculated from three independent experiments.

2.3.4. Dose Estimates by Means of the Micro-PCC and DC Assay

To evaluate the applicability and reliability of the micro-PCC as compared to the conventional
DC assay, we examined the speed of analysis and the minimum number of cells required to be
analyzed for each method. For this purpose, a simulation of an accident was performed by irradiating
blood samples from healthy individuals with doses of 0.5Gy, 1Gy and 2Gy of y-rays, coded blindly
and, subsequently, used for dose estimation by means of the two assays.

Table 2.1 presents the yields of excess fragments in Go-Lymphocyte PCCs obtained by scoring
10, 20 or 30 cells, while the yields of dicentrics plus centric rings analysed at metaphase were obtained
(with a delay of two days due to lymphocyte culturing) by scoring 50, 100, 200 or 300 cells, and are
presented in Table 2.2. The results obtained suggest that the analysis of only 20-30 cells by the micro-
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PCC assay offers dose estimates with an accuracy that would require the analysis of 200-300 cells by
the DC assay.

Table 2.1. Simulated whole body exposure to 0.5, 1 and 2 Gy and dose estimation using the micro-
PCC assay for the analysis of Giemsa-stained excess PCC fragments by scoring 10, 20 or 30 PCC
spreads in non-stimulated lymphocytes. Mean doses are shown with low- (LCL) and upper- (UCL)
confidence limits.

Analysis of 10Cells Analysis of 20Cells Analysis of 30Cells
Estimated Dose (Gy) Estimated Dose (Gy) Estimated Dose (Gy)
True Excess Excess Dose  LCL ucL Excess Excess Dose  LCL UCL Excess Excess Dose LCL UCL
PhysicalDose (Gy) fragms fragms fragms fragms fragms fragms
/eell feell feell

0.5 5 0.5 0.31 0.15 049 13 0.65 0.42 025  0.60 19 0.63 0.41 0.24 058
1.0 11 1.1 0.74 056 093 23 1.15 0.77 059 097 42 1.40 0.95 076 116
2.0 24 2,4 1.66 144 190 57 2.85 1.98 1.75 223 91 3,03 2.11 1.87 236

Table 2.2. Simulated whole body exposure to 0.5, 1 and 2 Gy and dose estimation using the Dicentric
plus centric ring (Dic + CR) analysis at metaphase lymphocytes. Mean doses are represented with
low- (LCL) and upper- (UCL) confidence limits.

Analysis of 50Cells Analysis of 100Cells Analysis of 200Cells Analysis of 300Cells

Estimated Dose (Gy) Estimated Dose (Gy) Estimated Dose (Gy) Estimated Dose (Gy)

True Physical Dose Dic + CR Dose LCL ucL Dic + CR Dose LCL ucL Dic + CR Dose LcL ucL Dic + CR Dose LCL ucL
(Gy)

0.5 0 0 0 0.95 1 0.26 0 0.81 3 0.36 0.10 0.70 7 0.47 0.26 0.74
1.0 2 0.66 0.15 1.38 7 0.92 0.54 1.38 18 1.06 0.79 1.37 24 0.99 0.76 1.24
20 10 1.65 1.10 2.30 16 1.46 1.07 1.91 44 1.74 1.46 2.04 82 1.96 1.73 2.20

2.4. Discussion

The main goal of biodosimetry is to utilize biological changes caused by ionizing radiation in an
individual and use them as biomarkers of exposure in order to estimate the dose received and to
predict its clinically relevant consequences. The development of rapid, accurate, and reliable
biodosimetry tools has been primarily motivated by the potential need to confront large-scale
radiological events. In such cases, it is crucial to be able to identify the exposed individuals who
would benefit from receiving urgent medical care.

To this end, it is imperative to set a reasonable cut-off dose of absorbed radiation as a threshold
that will allow the categorization of the exposed population. Specifically, for doses below such a cut-
off value, countermeasures are not immediately needed and medical treatment would not be
expected to impact mortality. On the other hand, for individuals with absorbed doses above the cut-
off value, medical treatment would be necessary to improve survival rates. This cut-off is generally
set at 2 Gy, yet this threshold could be set higher if the number of affected individuals is beyond the
capacity of the available medical facilities [8,53,77-79]. Such biodosimetry screening enables the
categorization of the exposed individuals into three categories: those who have suffered radiation
injury, for whom immediate medical intervention is vital; those with intermediate exposure close to
the threshold cut-off dose, for whom medical intervention is necessary to mitigate the short, medium
and long term effects of exposure, and the “worried well” with probable low doses, for whom no
deterministic effects are expected but long term monitoring may be required [80].

For timely biodosimetry dose assessments, the 48hour peripheral blood lymphocyte culture
required for the standard DC analysis at metaphase remains the major obstacle for rapid dose
estimation and the use of the dicentric assay for triage of a population after a mass exposure event.
Alternatively, the conventional PCC fusion technique, which is based on the induction of premature
chromosome condensation in unstimulated Go-peripheral blood lymphocytes, allows a rapid
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visualization of radiation-induced chromosomal aberrations enabling their analysis. However, the
use of this technique for triage biodosimetry has been restricted so far, since it requires 1-2ml blood
samples per exposed individual, so that fingerstick blood sampling, which is crucial for large
population screening, cannot be utilized.

To overcome this obstacle, we developed in the present work, an automatable micro-PCC assay
that is appropriately designed to be suitable for triage biodosimetry to obtain rapid individualized
dose estimates in cases of large-scale radiological emergencies or accidental overexposures. Indeed,
this new method has the potential to screen fingerstick derived blood samples, in order either to
estimate past radiation exposure, or to sort a large number of individuals exposed above or below a
pre-set cut-off dose. Compared to the dicentric chromosome assay, which at present is the standard
technique for biological dosimetry, our results demonstrate that the micro-PCC assay is quicker as
well as reliable and cost effective for early triage biodosimetry. Indeed, Giemsa-stained excess PCC
fragments can be visualized for scoring within 2 hours from the moment blood samples are available
and dose estimations can be obtained subsequently using the appropriate calibration curves that we
have constructed for standardization purposes of this assay.

Specifically, we have introduced for the first time the use of blood samples of 100ul for PCC
induction in 96-well plates. Interestingly, the morphology of the lymphocyte PCCs so obtained is
practically identical to that obtained using the conventional PCC assay. This innovation in the PCC
protocol has two main advantages for its use in early triage of radiation emergencies involving large
populations, as such very small amounts of blood need to be sampled together with the use of the
96-well plates, allowing thus a fast and reliable triage of many individuals simultaneously. Indeed,
the analysis of only 20-30 lymphocyte PCC spreads are sufficient to obtain reliable dose estimates, as
presented in Table 2.1. This is because the analysis is based on radiation-induced chromosomal
fragments in excess of 46 PCCs. This number of 46 PCCs constitute the human genome, which is
remarkably stable in healthy individuals. This allows to link every single excess fragment above 46
to radiation exposure. In contrast, using the conventional DC analysis at metaphase, radiation-
induced dicentric chromosomes are rare, especially at low doses, and therefore many more cells must
be analysed for reliable dose assessment. Therefore, the micro-PCC technique has the potential to
deliver data for dose assessment in a significantly shorter period of time than any other biological
assay being used currently, as only few lymphocyte PCC spreads need to be analysed in order to
detect exposed individuals, in agreement with previously reported results [76]. Indeed, the results
presented in Table 2.1 and Table 2.2 suggest that the analysis of only 20-30 cells by the micro-PCC
assay offers dose estimates with an accuracy that would require the analysis of 200-300 cells by the
DC assay.

While overexposed individuals are identified and categorised using the micro-PCC assay
through the analysis of Giemsa stained excess lymphocyte PCCs, centromeric and telomeric staining
could be applied to lymphocyte PCCs using PNA probes and the FISH technique (C/T-PCC-FISH)
for the accurate scoring of dicentric and centric ring chromosomes. This additional analysis would
permit the reliable detection of all unstable chromosomal aberrations in lymphocyte PCCs with high
level of precision and sensitivity, as we have previously reported [66,67]. Therefore, it can be carried
out in order to confirm doses in the overexposed individuals only, given that it is quite an expensive
procedure. Additionally, in the event of an accident, the micro-PCC assay combined with C/T FISH
staining for the accurate scoring of dicentric and centric ring chromosomes in Go-lymphocyte PCCs,
would enable further evaluation of exposed individuals into treatment-level categories.

To conclude, the micro-PCC assay developed in this work has the potential to deliver data for
dose assessment in a significantly shorter period of time than any other cytogenetic assay currently
being used, as it does not require lymphocyte culture and only a few cells need to be analysed in
order to detect exposed individuals. In addition, this automatable assay has the potential to
discriminate between whole- and partial-body exposure, based on the frequency between damaged
and not damaged lymphocytes encountered in the PCC spreads, as we have previously demonstrated
for the conventional PCC assay [76]. Indeed, when all the analysed lymphocyte PCCs exhibit
chromosomal damage, whole body exposure is confirmed, which is valuable for designing the
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treatment of individuals exposed to life threatening doses of radiation. Finally, the analysis of
Giemsa-stained excess PCC-fragments using the micro-PCC assay is a simple and cost-effective
biodosimetry tool that enables the rapid estimation of absorbed doses within 2-3hours. The
automation of the micro-PCC assay remains a challenge for the near future as it would increase its
throughput and scoring objectivity.
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Chapter 3: Chromosomal Rearrangements Analyzed
in Go-Lymphocyte PCC Spreads Using mFISH
Technique as Potential Biomarkers for Early
Biodosimetry and Retrospective Assessment of
Radiation-Induced Effects

3.1. Introduction

Exposure to ionizing radiation (IR) can adversely affect human health including mortality from
acute radiation syndrome with a LD50/30 value of 3.5 Gy-4.5 Gy without treatment and 6.5 Gy- 7.5
Gy with appropriate therapy. Therefore, it is imperative to determine the absorbed radiation dose to
initiate appropriate medical countermeasures. Bender and Gooch (1962) reported for the first time
that the detection of dicentric chromosomes (DCs) in peripheral blood lymphocytes can be reflective
of the absorbed radiation dose in exposed humans. Since then, Dicentric Chromosome Assay (DCA)
has been routinely used for radiation dose assessment of either occupationally or accidentally
exposed humans. DCA was effectively utilized in the past for radiation dose assessment in the victims
of many well-known accidents such as Chernobyl [81-83], Goiania [84-86] and Fukushima-Daiichi
[87-89]. The conventional DCA requires the stimulation of T-lymphocytes in wvitro by
Phytohaemagglutinin-M (PHA-M) for at least 48 hrs with an additional time of 24-48 hrs for cell
fixation, DC analysis and radiation dose estimation. Although DCA is considered as the gold
standard for radiation dose assessment, its labor-intensive and time-consuming nature make DCA
largely unsuitable for mass casualty incidents. Rapid individualized dose assessment is an absolute
requirement for segregating people with moderate or high radiation exposure from non-exposed but
“worried well” population so that individuals who need urgent care can be prioritized for treatment.

Several efforts have been continually made to reduce the turnaround time for DCA: (I)
optimization of chromosome preparation [90], (II) automated dicentric chromosome scoring [91-98],
(LII) sample tracking [99], (IV) establishment of network for cytogenetic biodosimetry laboratories
[53,54,100], (V) data generation through electronic scoring of digital images [101-104] and a triage
mode of scoring either 50 cells or 30 dicentrics [105-107]. Although these efforts significantly reduce
the turnaround time for dose estimation, in vitro culturing of lymphocytes for 48 hrs is still inevitable
for performing the conventional DCA. Further, sensitivity of lymphocytes to high doses of IR is yet
another confounding factor that restricts the use of DCA in certain situations where radiation
exposure exceeds 5 Gy. To overcome the technical limitations of DCA, Prematurely Condensed
Chromosome (PCC) technique [fusion of non-stimulated Go lymphocytes with Chinese Hamster
Ovary (CHO) mitotic cells; hereafter referred as Go PCC] was used for analyzing IR induced
chromosomal aberrations [50,108,109]. The main advantage of using the PCC technique is that it
enables chromosome aberration analysis instantaneously by alleviating the need for lymphocyte
stimulation in vitro for 48 hrs. The PCC technique was effectively used in an earlier study for
estimating the radiation dose from the frequency of excess chromosome fragments and rings [109].
The PCC technique was also utilized for detecting partial and whole body exposure of non-human
primates [110]. One drawback of the PCC technique is that the centromeric regions are not readily
detectable by conventional Giemsa staining technique. Initially, Pantelias et al. [65] used the
centromeric heterochromatin banding technique (C-banding) for analyzing the frequency of IR
induced dicentric chromosomes. Subsequently, the fluorescence in situ hybridization (FISH)
technique was employed using DNA probes specific for human centromeres and telomeres for DC
detection in PCCs obtained from non-stimulated lymphocytes [67,111,112]. Karachristou et al. [67]
demonstrated the utility of PCC-FISH technique for triage biodosimetry by constructing a dose
response curve up to 10Gy of y-rays. An inter-laboratory comparison study on PCCs was recently
undertaken within the RENEB (Realizing the European NEtwork of Biodosimetry) network of
laboratories in Europe to improve the harmonization, standardization and optimization of the PCC
assay for biological dosimetry [76].
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The PCC technique is distinctly advantageous over the conventional DCA because it can be
performed instantaneously after blood collection without the need for lymphocyte stimulation. In
contrast to conventional DCA which is routinely applied to the analysis of T-lymphocytes, PCC
technique offers the flexibility of assessing radiation induced chromosomal aberrations in both T-
and B-lymphocytes simultaneously. When lymphocytes are exposed to high radiation doses (> 5Gy),
many heavily damaged lymphocytes may either die or may not even reach mitosis resulting in an
erroneous dose estimation when assayed by the conventional DCA. As the PCC assay does not
involve in vitro lymphocyte proliferation, high radiation exposure exceeding 5 Gy is not a constraint
for chromosome aberration analysis. Despite these advantages, the PCC technique is not quite widely
used for biodosimetry. In the current study, we have evaluated and expanded the applicability of Go
PCCs for detecting different types of IR induced interchromosmal and intrachromosomal aberrations
by multicolor FISH (mFISH) and multicolor band (mBAND) techniques. Our study indicates the
potential of using the PCC-FISH technique in detecting a wide variety of stable and unstable
chromosomal aberrations for early radiation biodosimetry and retrospective assessment of
radiation-induced effects.

3.2. Materials and Methods

3.2.1. Collection and Irradiation of Human Blood Samples

Peripheral blood samples in heparinized tubes were obtained from healthy male and female
donors and used after their informed consent, according to our institutional ethics procedures.
Irradiation of whole blood samples was carried out in vitro using a Co-60 Gamma Cell 220 irradiator
(Atomic Energy of Canada Ltd., Ottawa, Canada) at room temperature and at a dose rate of 0.2
Gy/min. Blood samples were exposed for different times to deliver doses ranging from 1 to 6 Gy.
Blood samples, after irradiation, were allowed to repair at 37°C either for 2 hrs or 6 hrs and
subsequently processed for cell fusion and PCC induction. Sometimes, male and female lymphocytes
isolated after irradiation were mixed for cell fusion and PCC generation. X-rays irradiation (RS 2000;
RAD Source, 0.3mm copper filter that allows 160kV operation at 25mA; dose rate 2 Gy/min) of whole
blood samples was performed using the X-ray irradiator at the University of Tennessee Knoxville,
TN, USA. Go PCCs after X-rays exposure were prepared at 2 hrs of post-recovery time at the
Cytogenetic Biodosimetry Laboratory (CBL), Oak Ridge, TN.

3.2.2. Preparation of the PCC-inducer Mitotic CHO Cells

Chinese hamster Ovary (CHO) cells were grown in McCoy’s 5A (Biochrom) medium
supplemented with 10% FBS, 1% L-glutamine and 1% antibiotics (Penicillin, Streptomycin) at 37 °C
in a humidified atmosphere with 5% CO2. CHO cells were maintained as exponentially growing
monolayer cultures in 75 cm? plastic flasks at an initial density of 4 x 105 cells/flask. For optimizing
the harvest of mitotic cells via cell synchronization, cells were allowed to grow until confluence and
sub-cultured equally into three new 75 cm? plastic flasks. Following 24-30 h of incubation at 37 °C,
Colcemid (GIBCO, Life Technologies Corporation, Grand Island, NY) at a final concentration of 0.1
pg/ml was added to CHO cultures for 4 h and the mitotic cells were harvested by selective
detachment. Once a sufficient number of mitotic cells had been obtained, they were used as supplier
of mitosis promoting factors (MPF) to induce PCC in human Go lymphocytes. Alternatively, the
harvested mitotic CHO cells can always be stored as frozen stocks to be used for PCC induction in
Go lymphocytes whenever needed.

3.2.3. Cell Fusion-mediated Induction of Premature Chromosome Condensation in Lymphocytes

Lymphocytes from control and irradiated cells were isolated from whole blood using Biocoll
separating solution (Biochrom, Berlin, Germany). The blood samples diluted 1:2 in RPMI-1640
without FBS were carefully layered on top of equal amounts of Biocoll in 12 ml test tubes and
centrifuged at 400x g for 20 min. Collected lymphocytes from each tube were washed with 10 ml of
culture medium (RPMI-1640 supplemented with 10% FBS, 1% glutamine and antibiotics), centrifuged
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at 300x g for 10 min and kept in culture medium before fusing them with mitotic CHO cells. The
mitotic CHO cells harvested from a 75 cm? flask were used for 2-3 fusions using the lymphocytes
isolated from 1ml of whole blood sample for each experimental point.

Cell fusion and PCC induction were performed using 45% polyethylene glycol (PEG, p5402
Sigma-Aldrich, St. Louis, MO) in serum-free RPMI-1640 medium with HEPES. Lymphocytes and
mitotic CHO cells were mixed in serum-free RPMI-1640 medium in a 12 ml round-bottom culture
tube in the presence of colcemid. After centrifugation at 1000 rpm for 8 min, the supernatant was
discarded without disturbing the cell pellet, keeping the tubes always inverted in a test tube rack on
a paper towel to drain the pellet from excess liquid. While holding the tubes in an inverted position,
0.15 ml of PEG was injected forcefully against the cell pellet using a micropipette, and immediately
after the tube was turned in an upright position and held for about 1 min. Subsequently, 1.5 ml of
PBS was slowly added to the tube with gentle shaking and the cell suspension was centrifuged at
1000 rpm for 8 min. The supernatant was discarded and the cell pellet was suspended gently in 0.7
ml RPMI-1640 complete growth medium with HEPES containing PHA and colcemid. The tubes were
incubated for 75 min at 37°C for the completion of cell fusion/PCC induction. Cells were then treated
with hypotonic KCI (0.075 M) and fixed with two changes of methanol: glacial acetic acid (v/v 3:1).
The chromosome spreads were prepared by the standard air-drying technique and slides were
stained using 3% Giemsa in Sorensen buffer solution for PCC analysis. Go lymphocyte PCCs appear
as single chromatid chromosomes and can be easily distinguished from CHO metaphase
chromosomes, which have two chromatids per chromosome. Alternately, the slides were subjected
to fluorescence in situ hybridization (FISH) for detecting both unstable (dicentric chromosomes) and
stable (translocations and inversions) chromosomal aberrations induced by IR. Cell fusion after X-
rays exposure was performed at the CBL, Oak Ridge using both PEG and Sendai virus (HV]J)
Envelope Cell Fusion Kit (Cosmo Bio, Carlsbad, CA) following the manufacturer’s instructions.

3.2.4. Fluorescence In Situ Hybridization (FISH), Multicolor FISH (mFISH) and multicolor BAND
(mBAND)

Procedure for the fluorescence in situ hybridization (FISH) technique using peptide nucleic acid
(PNA) based human telomeric and centromeric DNA probes was essentially the same as described
in our previous studies [113,114]. A cocktail of probe specific for human chromosomes 1, 2 and 4 was
obtained from MetaSystems and the FISH procedure using this probe was performed essentially as
described by the manufacturers. The mFISH technique was performed essentially as described before
[113]. Briefly, slides were treated for 1 min with 0.001% acidic pepsin solution (0.01N HCI) at 37°C
for 1-2 min followed by two washes of 5 min each in phosphate-buffered saline. The slides were post-
fixed for 10 min in a solution of formaldehyde/MgClz (1% formaldehyde/50mM MgCl2 in PBS). The
slides after denaturation (2X SSC at 70°C for 20 min and after cooling to ambient temperature 1 min
in 0.07N NaOH) were dehydrated in graded series of ethanol (30%, 70%, 90% and 100%) and air
dried. The mBAND probe was denatured separately by incubation at 75°C for 5 min followed by
incubation at 37°C for 30 min to allow the annealing of repetitive DNA sequences. An aliquot of 10ul
probe was placed on the slide and covered with a coverslip. The slides were kept in a humidified
hybridization chamber at 37°C for at least 72hr. The unbound probe was removed by washing the
slides in pre-warmed (75°C) 1X SSC (pH 7.0-7.5) for 5 min followed by incubation in 4XSSCT (4X SSC
with 0.1% Tween 20) for 5 min. Indirectly labeled probe (Cy5), if needed, was amplified by incubation
with antibodies (biotinylated anti-streptavidin and Cy5 conjugated streptavidin; Invitrogen,
Carlsbad, CA, USA) sequentially for 30 min followed by two washes of 3 min each in 4XSSCT and in
PBS. The nuclei were counterstained with DAPI (Vectashield Laboratories, Burlingame, CA, USA).
Images were captured using the Zeiss epifluorescence microscope. Image analysis was performed
using the ISIS software (MetaSystems, Boston, MA, USA) essentially according to the published
procedure. Normal and aberrant chromosomes were identified by unique chromosome specific
processed color generated by the ISIS software based on pixel intensities of combinatorial labeling of
the five fluorochromes (FITC, Spectrum Orange, Texas Red, DEAC and Cy5). Human chromosome 5
specific multicolor BAND was obtained from MetaSystems. Procedures for hybridization, post-
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hybridization washes and detection were essentially the same as described for mFISH.
Intrachromosomal aberrations were scored using the ISIS software. Fluorescently labeled gene
specific probes sets were purchased from CytoCell, Lincolnshire, IL, USA. The frequencies of
chromosomal aberrations are expressed as mean with lower and upper confidence limits at 95%
interval.

3.3. Results

The Go PCC-FISH technique is distinctly advantageous because the turnaround time for
radiation dose assessment is reduced 12-fold (6-8 hrs after the receipt of blood samples) relative to
72-96 hrs by the conventional DCA. Previous studies on Go PCC have focused mainly on dicentric
chromosomes for radiation dose assessment [65-67]. The current study was undertaken to determine
the applicability of PCC-FISH technique for detecting both inter- and intrachromosomal aberrations
using a wide variety of multicolor DNA probes.

3.3.1. Detection of Dicentric Chromosomes by Centromere/Telomere FISH after y-rays Exposure

As stated before, centromeric regions are not clearly detectable in Go PCCs when conventional
Giemsa staining technique is used. Therefore, the frequency of dicentric chromosomes was analyzed
in the present study by centromere and telomere FISH in Go PCCs obtained at 6 hrs after exposure to
varying doses of y-rays (0 Gy, 1 Gy, 2 Gy, 4 Gy and 6 Gy). The frequency as well as the distribution
of dicentric chromosomes observed in 50 fused cells for each radiation dose is summarized in Table
3.1. In corroboration with earlier studies, a dose dependent increase in dicentric chromosomes was
observed (Mean + SEM; 0.06 + 0.03/cell for 1 Gy, 0.14 + 0.05/cell for 2 Gy, 1.32 + 0.24 /cell for 4 Gy and
2.48 + 0.41/cell for 6 Gy) in the PCC spreads. Consistent with the increase in dicentric chromosome
number, the total number of chromosome objects (fragments) also increased as a function of radiation
dose presumably owing to excess fragments resulting from chromosome breakage. At the highest
dose of 6 Gy, the number of excess fragments ranged from 2-12 with mean value of 6.60. Earlier
studies [67,68] have demonstrated that the initial yield of fragments was high at 2 hrs after radiation
exposure but reached a plateau at 6-8 hrs post-exposure. We compared y-rays induced dicentric
frequencies between Go PCC and conventional DCA by the triage mode of scoring (50 cells or 30
dicentrics) and found that the frequencies detected by the two assays were grossly similar for
different radiation doses: Go PCC (0.06/cell for 1 Gy, 0.14/cell for 2 Gy, 1.32/cell for 4 Gy and 2.48/cell
for 6 Gy) and conventional DCA (0.06/ cell for 1 Gy, 0.38/cell for 2 Gy, 1.42/cell for 4 Gy and 2/cell for
6 Gy). It is interesting to note that the dicentric frequency detected by the conventional DCA for 6 Gy
was less than that detected by Go PCC probably owing to either increased death of severely damaged
cells or inability of severely damaged cells to progress to mitosis due to a prolonged cell cycle arrest
at G2.

Table 3.1. Detection of dicentric chromosomes in y-rays irradiated human Go PCCs by centromere

and telomere FISH.
Dose (Gy) Cells scored Distribution of dicentrics Mean 95% CI
0 1 2 3 4 5 >5

0 50 50 0 0 0 0 0 0 0.00 0.00

1 50 47 3 0 0 0 0 0 0.06 0.01-0.11
2 50 45 3 2 0 0 0 0 0.14 0.05-0.23
4 50 12 20 10 [ 2 0 0 1.32 0.85-1.79
6 50 6 8 10 14 8 3 1 248 1.68-3.28

3.3.2. Detection of Interchromosomal Exchange Events by multicolor FISH after y-rays Exposure

Although dicentric chromosome detection has been well established in Go PCCs, no attempt has
been made to determine the feasibility of using Go PCCs for detecting stable/symmetrical
chromosomal aberrations. We evaluated this feasibility by using a cocktail of fluorescently labeled
DNA probes specific for human chromosomes 1 (Texas Red), 2 (fluorescein) and 4 (Both Texas Red
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and fluorescein yielding a yellow color). For painting, PCCs prepared at 6 hrs of post-recovery from
lymphocytes irradiated with different doses of y-rays (0 Gy, 1 Gy, 2 Gy, 4 Gy and 6 Gy) were utilized.
Color junctions, which are reflective of interchromosomal exchange events involving painted and
non-painted chromosomes, were scored in 60-100 cells for each radiation dose (Table 3.2).
Representative images with reciprocal translocation and insertion detected by whole chromosome
specific cocktail probe are shown in Figure 3.1A. The frequencies of color junctions observed for
various doses of y-rays are shown in Figure 3.1B. The frequency of interchromosomal exchange
events showed a dose dependent increase in PCCs prepared after 6 hrs of recovery time (0.01 for 0
Gy, 0.11 for 1 Gy, 0.21 for 2 Gy, 1.35 for 4 Gy and 3.61 for 6 Gy).

Table 3.2. Detection of y-rays induced inter-chromosome exchange events in prematurely condensed
Go human chromosomes using whole chromosome specific DNA cocktail probe (Chr. 1, 2 and 4).

Dose (Gy) Cells scored Distribution of exchanges Mean 95% CI

0 1 2 3 4 5 >5
0 100 99 1 0 0 0 0 0 0.01 -0.01-0.03
1 100 93 3 4 0 0 0 0 0.11 0.06-0.16
2 67 58 5 3 1 ] 0 0 0.21 0.09-0.33
4 100 36 26 20 8 7 2 1 1.35 1.02-1.68
6 85 12 10 13 9 9 8 24 3.61 2.75-4.47
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Figure 3.1. (A) Detection of inter-chromosomal exchange events in human Go PCCs prepared 6 hrs
after exposure to different doses of y-rays. (a) A cocktail probe specific for chromosomes 1 (red color),
2 (green color) and 4 (yellow color) was used for detection. (b) Detection of chromosome 2 fragment.
(c) Detection of reciprocal translocation between painted chromosomes 2 and 4 and an insertion of
chromosome 2 on chromosome 1 (arrows). (d) Magnification of the same cell showing reciprocal
translocation and insertion. (e) Reciprocal translocation detected between chromosomes 2 and 4
(arrows). (f) Magnification of the same cell shown in e. (B) Frequency of inter- chromosomal exchange
events observed at different radiation doses of y-rays. Mean + SEM.
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Using the mFISH technique, genome wide analysis was performed for the first time in Go PCCs
to detect IR induced simple and complex chromosome exchange events (translocations). As each of
the homologous chromosome pair is color coded, simple and complex translocations can be easily
detected. Color junctions, which are reflective of interchromosomal exchange events, were scored in
Go PCCs prepared at 2hrs (Table 3.3) and 6 hrs (Table 3.4) after exposure to various doses of y-rays (0
Gy, 1 Gy, 2 Gy, 4 Gy and 6 Gy). Representative images of mFISH karyotypes prepared from mock
and 1 Gy y-rays treated Go PCCs are shown in Figure 3.2. The frequencies of chromosome exchanges
observed in Go PCCs at 2 hrs and 6 hrs post-radiation exposure times are given in Figure 3.3 and
Table 3.2. The frequency of color junctions detected in Go PCCs did not differ significantly between 2
hrs and 6 hrs for 1 Gy and 2 Gy of y-rays exposure. However, number of color junctions dramatically
increased at 6 hrs relative to 2 hrs for both 4 Gy and 6 Gy doses. The frequency of color junctions
observed in Go PCCs prepared after 2 hrs of y-rays exposure was 0.53/cell for 1 Gy, 0.80/cell for 2 Gy,
1.83/cell for 4 Gy and 5.60/cell for 6 Gy while the frequency of color junctions detected in Go PCCs
after 6 hrs of exposure was 0.60/cell for 1 Gy, 1.27/cell for 2 Gy, 4.10/cell for 4 Gy and 9.20/cell for 6
Gy.

Table 3.3. Multicolor FISH detection of y-rays induced inter-chromosome exchange events in
prematurely condensed Go human chromosomes prepared 2 hrs after exposure.

Dose (Gy) Cells scored Distribution of exchanges Mean 95% CI

0 1 2 3 4 5 =5
0 30 30 0 0 0 0 0 0 0.00 0.00
1 30 20 5 4 1 0 0 0 0.53 0.22-0.84
2 30 18 5 4 1 2 0 0 0.80 0.39-1.21
4 30 9 5 7 4 2 2 1 1.83 1.03-2.63
6 25 0 0 0 1 4 11 9 5.60 3.23-7.97

Table 3.4. Multicolor FISH detection of y-rays induced inter-chromosome exchange events in
prematurely condensed Go human chromosomes prepared 6 hrs after exposure.

Dose (Gy) Cells scored Distribution of exchanges Mean 95% CI

0 1 2 3 4 5 >5
0 30 30 0 0 0 0 0 0 0.00 0.00
1 30 19 5 5 1 0 0 0 0.60 0.25-0.95
2 30 16 1 8 1 3 0 1 127 0.67-1.87
4 30 2 8 3 2 1 2 12 410 2.48-5.72
6 25 0 0 0 1 1 1 22 9.20 5.42-12.98
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Figure 3.2. Multicolor FISH (mFISH) hybridization of human Go PCCs. (A) Normal lymphocyte PCC
spread and mFISH karyotype. (B) Abnormal lymphocyte PCC spread (Go PCCs prepared 6 hrs after

1 Gy of y-rays exposure) and mFISH karyotype showing a translocation t(6:15) and a fragment of
chromosome 3. Arrows-chromosomes involved in translocation.
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Figure 3.3. Detection of translocations in human Go PCCs by mFISH. Note the reciprocal translocation
involving chromosomes 6 and 15 (arrows) in Go PCCs prepared from 1 Gy y-rays treated cells at 6 hrs
of post-recovery. (A) DAPI counter stained cell shown in grey scale (B) mFISH hybridization pattern
of the same cell with a reciprocal translocation involving chromosomes 6 and 15. (C) Frequencies of
inter-chromosomal exchanges observed for different doses of y-rays at different post-recovery times.
Mean + SEM. Arrows-translocated chromosomes.

It is of interest to note that the average number of chromosome fragments in Go PCCs
showed a decline at 6 hrs for all the radiation doses (46.70/cell for 1 Gy, 47.80/cell for 2 Gy, 49.20/cell
for 4 Gy and 54.40/cell for 6 Gy) relative to PCCs prepared at 2 hrs post exposure (47.90/cell for 1Gy,
50.40/cell for 2 Gy, 61/cell for 4 Gy and 68.60/cell for 6 Gy). The decline in the number of painted
objects observed in the PCCs at 6 hrs after exposure is probably due to rejoining/mis-rejoining of
some of the excess fragments. Similar to the induction of dicentric chromosomes, a dose dependent
increase in the number of color junctions was observed by the mFISH technique.

We next determined whether or not IR induced exchange events detected by mFISH occurred
randomly or in a chromosome specific manner. The chromosome wide distribution of color junctions
observed in the PCCs prepared at 2 hrs and 6 hrs post-recovery are shown in Figure 3.4. In general,
the number of color junctions observed for all the chromosomes was more for 6 hr PCCs than 2 hr
PCCs without any preferential involvement of specific chromosomes. Interestingly, no color
junctions were recorded for chromosomes 5, 12, 19, 20, X and Y for either of the post- recovery times
after 1 Gy of y-rays exposure. Likewise, chromosomes 21 and Y did not involve in any exchange
events following 2 Gy exposure at both recovery times. Color junctions involving chromosomes 3, 5
and 6 showed a substantial increase at 6 hrs post recovery relative to 2 hrs after exposure to 6 Gy of
y-rays. The number of cells analyzed (typically 25-30) for each radiation dose and recovery time) was
too low for any meaningful statistical analysis.
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Figure 3.4. Chromosome specific distribution of color junctions detected by mFISH technique in
human Go PCCs after exposure to varying doses of y-rays exposure at different post-recovery times
(2 hrs and 6 hrs).

3.3.3. Detection of Interchromosomal Exchange Events by Multicolor FISH after X-rays Exposure

Analysis of X-rays induced interchromosomal events was performed on Go PCCs using both
whole chromosome specific cocktail and mFISH probes. Results obtained on the frequencies of
exchanges are shown in Table 3.5. Go PCCs were prepared from human lymphocytes 2 hrs after
irradiation with different doses of X-rays (0 Gy, 2 Gy and 4 Gy). The frequency of exchanges detected
using a cocktail probe specific for chromosomes 1, 2 and 4 was 0/cell for 0 Gy, 0.40/cell for 2 Gy and
0.85/cell for 4 Gy. As expected, genome wide distribution of interchromosomal exchanges detected
by mFISH were higher for all the radiation doses (mean = SE; 0.02 + 0.02 for 0 Gy, 0.75 + 0.21 for 2 Gy
and 2.10 + 0.48 for 4 Gy). The results of multicolor FISH for X-rays induced exchange events are shown
in Table 3.6. Collectively, we demonstrate that Go PCCs can be successfully utilized for detecting
interchromosomal exchange events for rapid biodosimetry.

Table 3.5. Detection of X-rays induced inter-chromosome exchange events in prematurely condensed
human Go chromosomes using whole chromosome specific DNA cocktail probe (Chr. 1, 2 and 4).

Dose (Gy) Cells scored Distribution of exchanges ) Mean 195% CI
0 1 2 3 ‘
0 100 100 0 |0 [0 0.00 | 0.00
2 65 46 13 |5 |1 0.40 |0.23-0.57
4 60 31 11 | 12 6 0.85 0.54-1.16
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Table 3.6. Detection of X-rays induced inter-chromosome exchange events in prematurely condensed
Go human chromosomes using multicolor FISH probe.

Dose (Gy) Cells scored Distribution of exchanges Mean 95% CI
0 1 2 3 4 5
0 50 49 1 0 0 0 0 0.02 -0.01-0.05
28 21 1 2 1 2 1 0.75 0.34-1.16
4 28 8 2 3 10 4 1 2.10 1.16-3.04

3.3.4. Detection of Intrachromosomal Aberrations in Go PCCs by mBAND after y-rays Exposure

Suitability of Go PCCs for detecting IR induced intrachromosomal aberrations (inversions,
insertions, interstitial and terminal fragments) was next evaluated using chromosome 5 specific
mBAND probe. For the detection of intrachromosomal changes, Go PCCs prepared at 6 hrs of post-
recovery were used. Despite the prematurely condensed nature of Go chromosomes, mBAND probe
resulted in a reasonably good resolution of bands to enable the detection of intrachromosomal
changes (Figure 3.5A-C). The frequencies of total intrachromosomal aberrations on chromosome 5
(chromosome fragments, translocations and inversions) resulting from breaks induced in the p- and
q- arms by different doses of y-rays were scored in a total of 25-50 cells (50 cells for 0 Gy, 2 Gy and 4
Gy and 25 cells for 6 Gy) and the results are summarized in Figure 3.5D. We detected 3 translocations
in 4 Gy irradiated Go PCCs and 1 inversion in 6 Gy irradiated Go PCCs. Although not useful for
biodosimetry, mBAND enables the mapping of IR induced chromosome breakage sites and this
feature will be particularly useful to determine whether or not certain chromosomal sites are prone
to IR induced breaks. A representative lymphocyte PCC spread with a terminal fragment of
chromosome 5 is shown in Figure 3.5C. At 2 Gy of exposure, breaks in the p-arm were slightly more
than the g-arm but at higher doses (4 Gy and 6 Gy) breaks in the g-arm were substantially higher
than the p-arm (Figure 3.5E). Our study indicates the feasibility of using the mBAND technique for
detecting IR induced intrachromosomal aberrations in Go PCCs.

3.3.5. Detection of Specific Genes on Go PCCs

We next evaluated the utility of Go PCCs for detecting individual genes. Go PCCs obtained from
control and X-rays irradiated lymphocytes were probed with gene specific probe sets (c-Myc and IgH
and BCR and ABL; Figure 3.6). Recently, we detected y-rays induced translocation, amplification and
gene fusions involving Myc and IgH genes in metaphase chromosomes (unpublished observation).
Our demonstration of using gene locus specific FISH on Go PCCs holds great promise for evaluating
IR induced alterations involving either copy number changes or fusion/fission events at the gene
specific level in the future.
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Figure 3.5. Detection of intrachromosomal aberrations in Go PCCs using chromosome specific
mBAND probe. (A) The hybridization pattern of five different fluorochromes [SpO- Spectrum
Orange, FITC-Fluorescein isothiocyanate, TR-Texas Red, Cy5- Cyanine 5 and DEAC-7-
diethylaminocoumarin, DAPI (4, 6-diamidino-2-phenylindole-chromosome counterstain].
Representative Go PCCs of control (A) and irradiated (B; 4 Gy of y-rays) lymphocytes probed with
chromosome 5 specific mBAND probe are shown. Note the terminal fragment of one of the
chromosomes 5 (arrow) in the irradiated Go PCC spread. The hybridization patterns observed in the
p- and g-arms of metaphase chromosome 5 are shown in the insert. (D) Frequency of total
intrachromosomal aberrations (fragments of p and q arms, translocations and inversions) detected for
different y-rays doses in Go PCCs. (E) Frequency of breaks observed in the p- and g-arms of the
chromosome 5 detected by mBAND technique. The percentage of breaks observed in the short and
long arms of chromosome 5 for different y-rays doses is shown in the form of histogram. Bars
represent SEM.
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Figure 3.6. Detection of gene loci in Go PCCs by FISH using gene specific probe sets. Fluorescently
labeled gene probe sets (c-Myc-Texas Red and IgH- Fluorescein; BCR-Fluorescein and ABL-Texas
Red) were used for detection. PCCs prepared from 3 Gy X-rays treated lymphocytes were used for
detection.

43



3.4. Discussion

DCA is considered to be the gold standard for radiation dose assessment but it requires
proliferation of lymphocytes in vitro for 48 hrs to obtain metaphase chromosomes for analysis.
Therefore, a turnaround time of 3-4 days is required at minimum for DCA to estimate an individual’s
absorbed radiation dose. Further, it is somewhat difficult to perform conventional DCA for radiation
doses higher than 5 Gy because lymphocytes, owing to their radiation sensitivity, may fail to
proliferate or undergo apoptotic death at high radiation doses. Realizing the time-consuming and
laborious nature of DCA, an alternative method was developed by preparing prematurely condensed
chromosomes in unstimulated human Go lymphocytes to detect IR induced chromosomal
aberrations. As the PCC assay bypasses the need for lymphocyte proliferation, chromosomal
aberrations induced by a wide range of radiation exposures up to 20 Gy can be easily measured
within 6-8 hrs of blood collection. PCC assay has been successfully utilized in earlier studies for
analyzing IR induced dicentric chromosomes, rings and excess chromosome fragments
[50,65,109,115-117]. Recent studies have assessed the utility of Go PCCs for triage biodosimetry by
using the FISH technique with telomere and centromere specific PNA probes [66,67,112]. Based on
the ex vivo data obtained, Lamadrid Boada et al.,, [68] suggested the use of PCC-rings for dose
estimation in severely exposed humans. Interestingly, the frequency of rings remained essentially the
same in ex vivo irradiated lymphocytes irrespective of the post-recovery times used for PCC
preparation (8 hrs and 24 hrs). Recently, Pantelias and Terzoudi [118] developed an automatable
micro-PCC assay for rapid individualized dose estimation during large-scale radiological
emergencies. This technique will enhance the practical applicability of Go PCC as an effective triage
tool.

In some of the earlier studies, Calyculin A induced G2 PCC technique was used to detect
IR induced chromosome translocations [119,120] but this technique, unlike Go PCCs, also involves ex
vivo stimulation of human lymphocytes for 48 hrs. A major advantage of using the G2 PCC technique
is that it yields sufficient number of G2 cells even at higher radiation doses (5-20 Gy) as most heavily
damaged cells at these doses may not even progress to mitosis for conventional metaphase
chromosome analysis. To date, cell fusion mediated Go PCCs have been extensively used only for the
analysis of asymmetrical or unstable chromosomal aberrations (dicentric chromosomes, rings and
fragments). Our study is perhaps the first one to demonstrate the applicability of Go PCCs for
analyzing both inter- and intrachromosomal aberrations using multicolor FISH and chromosome
specific mBAND probes. Efficient detection of chromosomal translocations (simple and complex) by
mFISH enables the use of Go PCCs for retrospective biodosimetry and for monitoring long-term
effects of IR exposure on hematopoietic system. The hybridization signal for either whole
chromosome specific probe or mFISH probe was not affected by the prematurely condensed nature
of interphase chromosomes. As demonstrated in the current study, Go PCCs can be easily karyotyped
for numerical and structural analyses of aberrations induced by IR. The mFISH has an additional
advantage over conventional Giemsa staining in identifying chromosome specific origin of excess
fragments. In the current study, the frequency of interchromosmal exchange events was compared
by mFISH in Go PCCs after 2 hrs and 6 hrs of exposure with different doses of y-rays. Using a
combination of centromere and telomere staining, an earlier study demonstrated that the rejoining of
chromosome fragments reached a plateau at 8 hrs after radiation exposure (Karachristou et al., 2015).
Previous studies [110,121] suggested that exchange type aberrations predominantly arising from two
lesions from a single ionizing track are formed instantly after low doses of X-rays (< 2Gy), while those
exchange events resulting from two ionizing tracks at higher doses (> 2 Gy) increase as a function of
post-recovery time. In corroboration, an increased yield of interchromosomal exchange events was
detected by mFISH in Go PCCs after 6 hrs of radiation exposure relative to 2 hrs, most notably for 4
Gy and 6 Gy doses of y-rays.

In the current study, color junctions were scored for interchromosomal exchange events, which
besides translocations (non-reciprocal and reciprocal exchanges) also included dicentric
chromosomes. Using centromere and telomere FISH staining, the frequency of dicentric
chromosomes observed per cell was found to be 0.06 for 1 Gy, 0.14 for 2 Gy, 1.32 for 4 Gy and 2.48
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for 6 Gy in Go PCCs prepared after 6 hrs of post recovery. However, the frequencies of color junctions
detected by mFISH were much higher (0.6/cell for 1 Gy, 1.27/cell for 2 Gy, 4.1 for 4 Gy and 9.2 Gy for
6 Gy) than the dicentric frequencies observed by centromere and telomere staining. These
observations indicate that the translocation frequency detected in Go PCCs was higher than dicentric
chromosome frequency, although a direct comparison was not performed in our study to estimate
the yields of dicentrics and translocations in the same cells. Using a pan centromeric and whole
chromosome specific probes, Bauchinger et al. [122] detected more translocations than dicentrics.
Although DNA double strand break is considered to be the critical lesion for the formation of
exchange type aberrations (dicentrics and translocations), reports of dicentric to translocation ratios
greater than 1 [122-125] suggest that the DSB rejoining processes may be different for their formation.
In support, post-treatment of X-rays irradiated human lymphocytes with DNA repair inhibitors
[Cytosine arabinoside (araC) — an inhibitor of DNA polymerase a; 3-aminobenzamide (3AB) - an
inhibitor of Poly (ADP) Ribose Polymerase] potentiated only the formation of dicentric chromosomes
but not translocations [124-128]. Strikingly, treatment of cells with araA (Adenine arabinofuranoside)
specifically enhanced the frequencies of translocations but not dicentric chromosomes [125].
Although, we did not perform a direct comparison on the yield of radiation induced
interchromosomal exchange events between interphase and metaphase chromosomes, chromatin
structure and cell cycle stage may be important determinants for formation of specific types of
chromosome aberrations. In corroboration, differential yield of dicentrics and translocation was
reported in Calyculin A induced G2 PCCs and colcemid arrested metaphase chromosomes in
lymphocytes exposed to protons and carbon ions [129]. In the present study, distribution of color
junctions detected by mFISH in Go PCCs appeared to be largely random without involving any
specific chromosomes. In general, the number of color junctions induced by 6 Gy of y-rays in the Go
PCCs prepared 6 hrs after radiation exposure seemed to correlate with chromosome size. Muhlman-
Diaz and Bedford [130] analyzed the breaks on chromosomes 4, 19 and Y in non-cycling human skin
fibroblasts immediately after X-rays exposure and found no correlation between breakage per unit
length and the ratio of AT/GC sequences for these chromosomes. The only exception was the
euchromatic portion of the Y chromosome, which showed almost twice the number of chromosome
breaks than expected.

In addition to interchromosomal exchanges, intrachromosomal exchanges were also detected in
Go PCCs using chromosome 5 specific mBAND probe. The banding pattern observed in Go PCCs was
identical to colcemid arrested metaphase chromosomes despite the difference in chromosome size
and chromatin condensation. In addition to chromosome breaks in the p and g-arms, translocation
and inversion events were also detectable using the mBAND technique in Go PCCs. Although not
quite adequate for radiation biodosimetry purposes, it is worth noting that the frequency of breaks
detected in the g-arm was much higher than the p-arm at both radiation doses (4 Gy and 6 Gy) in Go
PCCs. Johannes et al. [131] reported similar observations in the metaphase chromosomes of human
lymphocytes irradiated with 4 Gy of X-rays and the increased number of breaks observed in the q-
arm correlated well with the DNA content (27% for the p-arm and 73% for the g-arm). Interestingly,
we observed almost a 10-fold increase in breaks in the g-arm relative to p-arm after 4 Gy of X-rays.
The number of cells analyzed was too small to allow any meaningful statistical analysis for the
distribution of breaks in the short and long arms of chromosome 5. Our study indicates that Go PCCs
can be successfully utilized for detecting intrachromosomal exchange events such as inversions and
translocations for retrospective dosimetry.

Although no evidence was provided in this study for gene fusion/fission events, successful
demonstration of gene loci indicates the feasibility of detecting some of the radiation induced gene
fusion/fission events in unstimulated lymphocytes. As gene fusion and fission events are important
for cancer development processes, systematic analysis of these changes using Go PCCs may yield
valuable information for radiation induced carcinogenesis. Collectively, our study demonstrates that
Go PCCs can be used effectively for detecting a whole spectrum of inter- and intrachromosomal
aberrations. As the cell fusion technique coupled with FISH can dramatically reduce the turnaround
time for dose estimation by alleviating the need of ex vivo lymphocyte stimulation for 48 hours, we

45



believe that the Go PCC technique has the potential for future development as a biodosimetry tool:
unstable chromosome aberrations (chromosome fragments and dicentric chromosomes) for early
dose estimation and chromosome exchange events in stable cells for retrospective effects of radiation

exposure in unstimulated lymphocytes without any bias or selection for only metaphase cells
obtained after ex vivo stimulation.
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Chapter 4: Premature Chromosome Condensation in
Micronucleated Cells in a Single Catastrophic Event
May Underlie the Mechanistic Origin of
Chromothripsis

4.1. Introduction

First insights into the central role of chromosomes in cancer development emerged in Boveri’s
hypothesis, formulated more than 100 years ago, which posited that somatic genetic changes leading
to uncontrolled cell proliferation caused cancers. By examining cancer cells under the microscope,
Boveri observed the presence of peculiar chromosomes and, essentially, proposed that cancers are
abnormal clones of cells characterized and caused by abnormalities of hereditary material [132]. At
present, one consistent hallmark of human cancer genomes is chromosomal instability [133] and
the formation of numerical and structural alterations in chromosomes, including deletions,
duplications, inversions, and translocations [134-140]. Potential causes leading to chromosome
instability include spindle assembly defects, chromosome segregation defects, erroneous repair of
DNA damage, telomere dysfunction, and DNA replication stress. For example, it has been shown
that deficiencies in key DNA repair factors for homologous recombination (HR) or canonical non-
homologous end joining (c(NHE]) in a p53 deficient environment can result in frequent chromosomal
catastrophic events. These complex genome rearrangements can stimulate tumor development by
the amplification of oncogenes, for instance [141,142]. These and other pivotal regulatory cellular
function defects are also currently considered as the driving mechanisms for the initiation of the
striking phenomenon termed chromothripsis, on the basis of its chromosomal hallmarks that point
to an underlying process involving chromosome (chromo) shattering (thripsis) [143]. Chromothripsis
is characterized by extensive genomic rearrangements with a large number of breakpoints but a
limited number of oscillating copy number states [143-146]. The study of the molecular mechanism
that leads to chromothripsis remains a challenging research topic [147].

Chromothripsis has been extensively studied in primary tumors of diverse histological origin,
and recent studies suggest that it may be far more common that initially inferred from low resolution
DNA copy number data, with a frequency of more than 50% in several cancer types [148]. In 2013,
Korbel and Campbell [145] suggested criteria to discriminate between rearrangements resulting from
chromothripsis and from stepwise DNA alterations. However, chromothripsis is not specific to
cancer, as similar random joining of chromosomal fragments has been observed as well in the
germline [149]. Despite the progress achieved in elucidating this phenomenon, a detailed picture of
the complete process of its mechanistic origin remains elusive, while much remains to be discovered
regarding its prevalence and consequences [146,150,151]. Several non-mutually exclusive hypotheses
have been proposed and discussed in recent reviews [152-155]: Fragmentation and subsequent
reassembly of a single lagging chromosome encapsulated in aberrant extranuclear chromatin bodies
surrounded by a nuclear envelope called micronuclei (MN) [146,156-158]; fragmentation of dicentric
chromosomes and induction of chromothripsis through the breakage-fusion-bridge cycle following
telomere crisis [159,160]; chromosomal shattering and reassembly through excessive shattering of
telomeric DNA by ionizing radiation (IR) during cell mitosis [161], when chromosomes are
condensed and individualized; induction of chromosomal rearrangements through fragmentation of
chromatin by abortive apoptosis; and chromosome shattering and reassembly through premature
chromosome condensation (PCC) within micronucleated cells and asynchronous cell-cycle
progression between main nucleus and MN [146,156,162,163].

A hallmark of chromothripsis is chromosome shattering, and the precise timing of this event is
crucial for determining the underlying mechanisms. Does the massive accumulation of fragmented
DNA that could drive chromothripsis originate, through MN disruption and aberrant DNA
replication inside MN, before main nuclei enter mitosis? Or does it arise as a consequence of the PCC
dynamics in asynchronous micronucleated cells when main nuclei enter mitosis? Consistent with the
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latter case, we have previously proposed that chromatin condensation, triggered by the PCC process
when main nuclei enter mitosis, causes the collapse of replication forks and the massive accumulation
of fragmented DNA in MN [162]. Nevertheless, it is important to note that both potential origins of
shattering might play a significant role. Additionally, the molecular events underlying the fragility
of replication forks in mitosis and their subsequent collapse remain incompletely understood
[150,164]. Following exposure to various genotoxic agents such as IR, MN can encapsulate acentric
fragments of chromosomes, as well as whole anaphase lagging chromosomes. Interestingly, even
though MN maintain several characteristics of main nuclei, studies differ regarding their ability to
undergo normal DNA replication and transcription, exhibit normal DNA damage response, and
assemble normal nuclear envelopes [165,166].

In the present study, we conducted interphase cytogenetic analysis of asynchronous
micronucleated human lymphocytes and Chinese hamster ovary (CHO) multinucleated cells, to
investigate whether the dynamics of the PCC process are an important determinant of the mechanism
that leads to chromothripsis. Our hypothesis, based on earlier work [162,167-169], is that the
chromatin condensation activated by the PCC process exerts mechanical stress on chromosome sites
in MN that are still undergoing normal DNA replication when main nuclei enter mitosis. As a result,
the DNA replication forks in MN may collapse and eventually convert into double strand breaks
(DSBs), thus causing chromosome shattering in a single catastrophic event. Hence, the extent of
chromosome shattering should be proportional to the number of MN replication forks at the entry of
main nuclei into mitosis.

In order to test the above hypothesis, we applied IR to generate asynchronous micronucleated
cells and employed cell fusion procedures in exponentially growing cells to obtain asynchronous
multinucleated cells. Subsequently, using the agent RO-3306, a selective ATP-competitive inhibitor
of CDKI1 that promotes cell cycle arrest at the G2/M boundary, we controlled and delayed the
entrance of main nuclei into mitosis. The rationale is that this delay defers the initiation of the PCC
process and allows time for MN to complete DNA replication and progress towards G2 phase. This
strategy enabled to test at the cytogenetic level whether MN disruption or defective DNA replication
in MN is necessary for chromosome shattering to occur. In fact, if disruption or aberrant DNA
replication takes place in MN before the entry of main nuclei into mitosis, one envisions that the
duplication of chromosomal material residing in MN is expected to be markedly impaired and/or
shattered even if the agent RO-3306 is applied. However, according to our hypothesis, chromosome
shattering is not expected if complete DNA replication takes place in MN before the entry of main
nuclei into mitosis. Indeed, we demonstrate here, for the first time, that anaphase lagging
chromosomes entrapped in MN can proceed into G2 phase without any shattering or impairment in
their duplication. Altogether, our data demonstrate that an important determinant of chromosome
shattering is the asynchrony between MN and main nuclei, supporting thus the PCC hypothesis as
the mechanistic basis of chromothripsis initiation.

4.2. Results

Through four sets of experiments, we demonstrate that the dynamics of the PCC process in
asynchronous micronucleated or multinucleated cells can be the cause of shattering of chromosome
segments, which are entrapped in MN or heterophasic nuclei, and are still undergoing DNA
replication when main nuclei enter mitosis. Specifically, a critical determinant of the extent of
chromosome shattering is the degree of cell cycle asynchrony between MN and main nuclei.
Furthermore, we show that chromosomes entrapped in MN, if given sufficient time, can undergo
chromatid disjunction and complete normal DNA replication, without any impairment in their
duplication. This is revealed by means of a thorough G2-PCC assessment upon the entry of main
nuclei into mitosis, and the interphase cytogenetic evidence obtained here supports the PCC
hypothesis as the mechanistic origin of chromothripsis.
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4.2.1. In Asynchronous Micronucleated Cells Generated by y-Irradiation of Go-lymphocytes, the PCC
Process Triggers Shattering of Chromosomes in MN Still Undergoing DNA Replication When Main Nuclei
Enter Mitosis

In the first set of experiments, asynchronous micronucleated cells were generated by in vitro y-
irradiation (4 Gy) of Go-human blood lymphocytes to induce chromosomal aberrations and anaphase
lagging chromosomes, which will be entrapped by nuclear envelopes and form micronuclei, as
described in Materials and Methods. The effect of the mechanical stress exerted by the dynamics of
PCC on chromosomes trapped in MN when main nuclei enter mitosis was thoroughly examined.
Even though the ultimate fate of chromosomes within MN in asynchronous micronucleated cells
remains unclear, these experiments enable the visualization of the chromosomes and their
progression through the different stages of the cell cycle. Upon entry of main nuclei into mitosis, the
nuclear envelope of MN disassembles and, through the activity of mitotic cyclin B1-CDK1 and
histone phosphorylation, chromatin condensation occurs. The cell cycle phase of MN can be inferred
through the observation of the chromatin architecture and morphology of the prematurely
condensed chromosomes. Therefore, based on the degree of completion of DNA replication, the
chromosomes in the interphase MN can be classified as being in G1, early-S, mid-S, late-S, or G2
phase. The typical appearance of chromosome shattering in S phase MN, classified as early-S, mid-S,
and late-S phase PCCs in interphase MN, is shown in Figure 4.1.
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Figure 4.1. Early-S, mid-S and late-S MN PCCs. In micronucleated cells generated by exposure of Go-
lymphocytes to ionizing radiation (IR) (4 Gy), chromosome shattering of chromosomal material
entrapped in micronuclei (MN) can occur through premature chromosome condensation (PCC), if
MN are in S phase when main nuclei enter mitosis. Upon entry of main nuclei into mitosis, the nuclear
envelope of MN disassembles and, through the mitotic cyclin B1-CDK1 activity and histone
phosphorylation, the shattering and morphology of prematurely condensed chromosomes (PCCs)
characterizes the stage in S phase of MN. Based on the degree of completion of DNA replication, the
MN PCCs can be classified as: (A) early-S, (B) mid-S, and (C) late-S phase. Darkly stained metaphasic
chromosomes belong to main nuclei, while lightly stained shattered chromosomal material indicate
anaphase lagging chromosomes entrapped in MN.

Figure 4.2 presents the typical appearance of G1 and G2 phase PCCs in interphase MN. The
cytogenetic assessment of the chromosome preparations show that PCC-induced chromosome
shattering is only observed in MN that are still undergoing DNA replication when main nuclei enter
mitosis. Indeed, chromosome shattering was never detected when the chromosomes in MN were in
G1 phase or in G2 phase.
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Figure 4.2. G1 and G2 MN PCCs. When main nuclei in heterophasic micronucleated cells generated
by exposure of Go-lymphocytes to IR (4 Gy) enter mitosis, chromosome shattering is not observed in
the MN PCCs if the morphology of chromosomes entrapped in MN is classified as G1 (A) or G2 phase
(B). Anaphase lagging chromosomes entrapped in MN can undergo chromatid disjunction (A), and
complete DNA replication without impairment in their duplication (B). The different level of
chromatin condensation between MN chromosomes and those of the main nuclei leads to dissimilar
shades of staining, making them easily distinguishable. Darkly stained metaphasic chromosomes
belong to main nuclei, while lightly stained chromosomes were entrapped in MN.

Moreover, more than a thousand micronucleated cells per experimental point were assessed for
chromosome shattering in asynchronous micronucleated cells. Chromosome shattering was
visualized in MN only when main nuclei were in M phase, as shown in Figure 4.3. The percentages
of cells in the five different categories of MN PCCs obtained under these experimental conditions are
presented in Figure 4.4 (grey). In order to delay the entrance of main nuclei into mitosis, the agent
RO-3306, a selective ATP-competitive inhibitor of CDK1, was applied to asynchronous heterophasic
micronucleated cells for 20 h. Subsequently, the RO-3306 agent was washed out and the main nuclei
were allowed to proceed to mitosis and then blocked in metaphase, using Colcemid for 4 h. The
corresponding percentages of cells obtained for the five different categories of induced PCCs in MN
are also presented in Figure 4.4 (black). The results of this set of experiments show that, in the absence
of RO-3306, most of the MN PCCs are in G1 and early-S phase, whereas in the presence of this agent,
most of MN PCCs are in mid-S, late-S, and G2 phase.

In order to test whether chromosome shattering, which is a hallmark of chromothripsis, arises
in MN through the PCC process and not as a result of a massive accumulation of fragmented DNA
inside MN occurring before main nuclei enter mitosis, we exploited the unique features of RO-3306.
Indeed, the presence of the RO-3306 agent delayed the entry of main nuclei into mitosis, thus allowing
the progression of DNA replication in the chromosomes entrapped in MN. As a result, an increased
number of MN completed DNA replication and chromosome duplication, and thus entered G2 phase
without any chromosome shattering. Following aberrant mitosis, if given sufficient time, anaphase
lagging chromosomes entrapped in MN can undergo chromatid disjunction and complete normal
DNA replication, without any impairment in their duplication or chromosome shattering, as revealed
through G2-PCC assessment upon the entry of main nuclei into mitosis. Figure 4.5A shows complete
replication and normal duplication of chromosomes 1, 4 and a fragment entrapped in MN, whereas
in Figure 4.5B, the duplication of chromosomes 2 and 10 without any shattering is presented.
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Figure 4.3. MN PCCs are visualized only when main nuclei enter mitosis. Through rigorous
cytogenetic assessment, more than a thousand heterophasic micronucleated cells per experimental
point were analyzed for nuclear envelope rupture and shattering of chromosomal material entrapped
in MN. (A) Chromosome shattering in MN was never observed if main nuclei were not in mitosis. (B)
Shattering of chromosomal material entrapped in MN was solely detected if, and only if, the main
nuclei were in M phase and the MN were in S phase.
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Figure 4.4. Cell cycle distribution of MN PCCs generated by irradiated Go-lymphocytes. Frequencies
of five different cell cycle phase categories of MN PCCs scored in heterophasic micronucleated cells,
generated by irradiation of Go-lymphocytes, upon entry of main nuclei into mitosis. Based on the
progress of completion of DNA replication, the chromosomes in the interphase MN can be classified
as being in G1, early-S, mid-S, late-S, or G2 phase. The agent RO-3306, a selective ATP-competitive
inhibitor of CDK1, was used for 20 h to delay the entrance of main nuclei into mitosis, thus allowing
time for completion of DNA replication in MN. In the absence of RO-3306, 75% of MN PCCs are in
G1 and early-S phase, while only 25% are in mid-S, late-S, and G2 phase. In the presence of RO-3306,
only 11% of MN PCCs are in G1 and early-S phase, while 36% are in mid-S, 32% in late-S, and 21% in
G2. As the DNA replication progresses and MN proceed towards G2 phase, the observed
chromosome shattering decreases. (Mean + SEM based on two independent experiments; a total of
457 MN PCC spreads were analyzed; ** p <0.01, *** p < 0.001)
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Figure 4.5. Normal DNA replication can take place in MN. Following radiation exposure of human
lymphocytes to generate micronucleated cells, anaphase lagging chromosomes entrapped in MN can
undergo chromatid disjunction and complete DNA replication, without any shattering or impairment
in their duplication, if entrance of main nuclei into mitosis is sufficiently delayed by RO-3306. (A)
Duplication of chromosomes 1, 4 and a fragment entrapped in MN. (B) Duplication of chromosomes
2 and 10 entrapped in MN. Based on G-banding ideograms for chromosomes 1, 4, 2, and 10, there is
no impairment in the duplication of these chromosomes entrapped in MN.

Figure 4.6 shows replication and duplication of aberrant chromosomal material entrapped in
MN following radiation exposure, again without any apparent chromosome shattering.

If massive accumulation of fragmented DNA inside MN had occurred before main nuclei
entered mitosis, the duplication of the chromosomes in Figures 4.5 and 4.6 residing in MN would be
markedly impaired and result into their shattering, which is not observed in the above experiments.
Therefore, these results suggest that chromothripsis may not arise from a massive accumulation of
fragmented DNA and unrepaired DSBs inside MN before main nuclei enter mitosis.
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Figure 4.6. Aberrant chromosomes entrapped in MN can be duplicated. If entrance of main nuclei
into mitosis is sufficiently delayed by RO-3306, radiation-induced aberrant anaphase lagging
chromosomes entrapped in MN can also undergo chromatid disjunction and complete DNA
replication, without any apparent chromosome shattering. (A) Duplication of aberrant chromosome
1 (lightly stained) entrapped in MN following radiation exposure (4 Gy) of human Go-lymphocytes.
(B) Duplication of aberrant anaphase lagging chromosomes (lightly stained) entrapped in MN
following 4 Gy exposure of Go-lymphocytes.
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4.2.2. The PCC Process Underlies the Mechanistic Origin of Chromosome Shattering by a One-Step Cellular
Catastrophic Event in Asynchronous Micronucleated Cells Generated by y-Irradiation of Lymphocytes in the
G1/S Phase Border

In the second set of experiments, asynchronous micronucleated cells were generated by in vitro
v-irradiation with 4 Gy delivered to blood cultures at 17 h following their stimulation with PHA, i.e.,
at the G1/S phase border, as described in the section of Materials and Methods. Since the G1/S phase
border is a highly radiosensitive stage, the rationale of this set of experiments was to induce an
increased yield of chromosomal aberrations, resulting into an increased yield of MN, to further test
our hypothesis. The percentages of cells in the five different categories of MN PCCs obtained under
these experimental conditions, in the absence of RO-3306, are presented in Figure 4.7 (grey). The
corresponding percentages obtained when micronucleated cells were treated with the RO-3306 agent
for 20 h are also presented in Figure 4.7 (black). The results of this set of experiments confirm that,
even under different experimental conditions for the generation of micronucleated cells, delaying the
entry of main nuclei into mitosis by means of RO-3306 allows progression of DNA replication and
progression of MN towards G2 phase.

4.2.3. The PCC Process Induces Shattering of Chromosomes in MIN Still Replicating DNA When Main
Nuclei Enter Mitosis in Asynchronous Micronucleated Cells Generated by y-Irradiation of Mitotic CHO
Cells

In the third set of experiments, asynchronous micronucleated cells were generated by in vitro y-
irradiation (3 Gy) of M phase CHO cells harvested via cell synchronization and selective detachment,
as described in the section of Materials and Methods. The M phase is known to be extremely
radiosensitive and the rationale of the experimental design was, again, to induce an increased yield
of chromosomal aberrations, in order to obtain an increased yield of asynchronous micronucleated
cells. The percentages of cells in the five different categories of MN PCCs under these experimental
conditions in the absence of the RO-3306 agent are presented in Figure 4.8 (grey), while the black
columns in Figure 4.8 present the corresponding results in the presence of the agent. The results
confirm again that the presence of RO-3306 allowed time for the progression of DNA replication in
the chromosomes entrapped in MN, alleviating the shattering effect.
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Figure 4.7. Cell cycle distribution of MN PCCs generated by irradiated G1/S lymphocytes.
Frequencies of five different cell cycle phase categories of MN PCCs scored in heterophasic
micronucleated cells, generated by irradiation of PHA-stimulated lymphocytes at the highly
radiosensitive G1/S border to induce an increased yield of MN. In the absence of RO-3306, 78% of MN
PCCs are in G1 and early-S phase, while only 22% are in mid-S, late-S, and G2 phase. In the presence
of RO-3306 for 20 h, only 17% of MN PCCs are in G1 and early-S phase, while 40% are in mid-S, 26%
in late-S, and 17% in G2. Following complete DNA replication, the anaphase lagging chromosomes
entrapped in MN can proceed to G2 phase, without any apparent chromosome shattering. (Mean +
SEM based on four independent experiments; a total of 499 MN PCC spreads were analyzed; ** p <
0.01, ** p <0.001).
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Figure 4.8. Cell cycle distribution of MN PCCs generated by irradiated mitotic Chinese hamster ovary
(CHO) cells. Frequencies in five different cell cycle phase categories of MN PCCs scored in
heterophasic micronucleated cells, generated by irradiation of CHO mitotic cells with 3 Gy y-rays. In
the absence of RO-3306, 85% of MN PCCs are in G1 and early-S phase, and only 15% are in mid-S,
late-S, and G2 phase. In the presence of RO-3306 for 12 h, 33% are in G1 and early-S phase, while 27%
of MN PCCs are in mid-S, 24% in late-S, and 16% in G2 phase. The presence of RO-3306 in
micronucleated cells effectively delayed the main nuclei to proceed to mitosis, allowing time for the
progression of DNA replication in chromosomes entrapped in MN. (Mean + SEM based on four
independent experiments; a total of 958 MN PCC spreads were analyzed; * p < 0.05, ** p < 0.01, ** p <
0.001).

4.2.4. The Presence of Asynchronous Mitosis in Multinucleated Cells Generated by Fusion of Exponentially
Growing Cells is an Important Determinant of the Shattering of Genetic Material in a Single Catastrophic
Event

To further test the proposed hypothesis, in the fourth set of experiments, asynchronous
multinucleated cells were generated by the cell fusion procedure using exponentially growing CHO
cells and the fusogen polyethylene glycol, as described in the section of Materials and Methods. The
rationale of this set of experiments is based on the fact that, when a nucleus in asynchronous
multinucleated cells is in S phase, while a neighboring nucleus proceeds to mitosis, the chromosomes
in the S phase nucleus will be forced to condense prematurely and will shatter when the neighboring
nucleus enters mitosis. According to the degree of completion of DNA replication, the chromosomes
visualized in interphase nuclei can be classified as being in early-S or late-S, shown in Figure 4.9, and
early-G2 or late-G2, shown in Figure 4.10.
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Figure 4.9. Early-S and late-S induced PCCs in multinucleated CHO cells. When main nuclei in
heterophasic multinucleated cells generated by cell fusion procedures using exponentially growing
CHO cells enter mitosis, the shattering and morphology of prematurely condensed chromosomes
(PCCs) characterizes the stage in S phase of interphase nuclei. Based on the degree of completion of
DNA replication, the induced PCCs in interphase nuclei can be classified as early-S (A) and late-S
phase (B).

The percentages of PCCs obtained in the absence of RO-3306 (grey), or in the presence of 5 pM
(black diagonal) or 10 puM (black) of the agent, are shown in Figure 4.11. The synchronization of
heterophasic nuclei is more effective when 10 uM of the agent RO-3306 is applied.

These results demonstrate that chromosome shattering is induced in interphase nuclei by the
dynamics of premature chromosome condensation in asynchronous multinucleated cells and
depends on the stage of the nucleus in S phase. Indeed, the use of RO-3306 to synchronize the cell
cycle phase of the nuclei of multinucleated cells shows that the extent of chromosome shattering is
inversely related to the degree of synchronization achieved, which is more effective when 10 uM of
the agent is used. In fact, as the nuclei complete DNA replication and proceed to G2 phase, there is
no chromosome shattering when the main nucleus enters mitosis.
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Figure 4.10. Early-G2 and late-G2 induced PCCs in multinucleated CHO cells. Based on the degree of
completion of DNA replication in interphase nuclei in CHO multinucleated cells, the induced PCCs
in interphase nuclei, upon entry of main nuclei into mitosis, can be classified as early-G2 with long
lightly stained double chromatid chromosomes (A) or late-G2 with short lightly stained double
chromatid chromosomes (B). The darkly stained condensed metaphase chromosomes belong to the
main nuclei. Chromosome shattering in G2 phase PCCs was never observed.
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Figure 4.11. Cell cycle distribution of induced PCCs in multinucleated cells generated by fusion of
asynchronous CHO cells. Frequencies in four different cell cycle phase categories of PCCs in
asynchronous heterophasic multinucleated cells generated by cell fusion procedures using
exponentially growing CHO cells. In the absence of RO-3306, 45% of PCCs observed are in early-S,
26% in late-S phase, 19% in early-G2, and 10% in late-G2; whereas in the presence of 5 uM RO-3306
for 12 h, only 12% were in early-S, 14% in late-S, 36% in early-G2, and 38% in late-G2. When 10 uM
RO-3306 was used to inhibit CDK1 and delay more effectively the entrance of main nuclei into mitosis,
90% of heterophasic nuclei proceeded into early-G2 and late-G2, without any chromosome shattering,
whereas only 10% of PCCs were left in early-S and late-S cell cycle phase, exhibiting chromosome
shattering. The use of RO-3306 to synchronize heterophasic nuclei in multinucleated cells
demonstrates that the extent of chromosome shattering is inversely related to the degree of
synchronization achieved. (Mean + SEM based on three independent experiments; a total of 1083
induced PCC spreads were analyzed; ns p > 0.05, ** p <0.01, *** p <0.001)

4.3. Discussion

Chromothripsis is a phenomenon characterized by chaotic localized rearrangements, all
curiously restricted to one or a few chromosomes. Specifically, at the cytogenetic level, a simple
model that fits the observed rearranged chromosomes, most likely entrapped in MN, involves a
shattering of chromosomes into pieces with narrowly spaced breakpoints. This is initiated by a one-
step cellular catastrophic event, followed by reassembly of the chromosomal segments in random
order and orientation. As a result, some fragments are lost and others preserved into functioning
highly derivative chromosomes, so that an alternating pattern of heterozygosity emerges [170].
Consequently, chromothripsis provides a mechanism for the rapid accumulation of hundreds of
rearrangements in few cell divisions, in contrast to the traditional view of carcinogenesis as a gradual
Darwinian process of progressive mutation accumulation. Yet, considering that chromosome
shattering usually reflects induction of DSBs and DNA fragmentation [171,172], a number of
questions have been raised: How is shattering of the genetic material initiated by a one-step cellular
catastrophic event? Why is shattering confined to only one or a few chromosomes? How is the
shattered DNA not lost but integrated into the genome? Which DNA repair mechanisms are
involved? In addition, at which stage are DSBs generated in MN? Does the massive accumulation of
DNA damage that leads to chromosome shattering and chromothripsis originate from MN
disruption or aberrant DNA replication in MN before main nuclei enter mitosis?

It has been previously proposed that the physical isolation of chromosomes in aberrant nuclear
structures called MN, which are considered to be built with dysfunctional nuclear envelopes
[173,174], might explain the localization of DNA lesions in chromothripsis [156]. However, the
interesting question that still remains is why does DNA in MN get fragmented as the cell progresses
to the next cycle? It has been shown that many processes taking place in the main nucleus are
dysfunctional in the MN [173], including transcription and DNA replication [156,175]. Therefore,
DNA damage can result as a direct consequence of aberrant DNA replication, potentially due to a
reduced density of replication origins. DSBs could then be generated by stalled or slowed replication
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forks [176], but why forks are so fragile in mitosis is unclear. Furthermore, it has been reported that
the ensuing loss of nucleocytoplasmic compartmentalization throughout interphase triggers
micronucleus-specific DSBs, which were hypothesized to persist unrepaired into mitosis. These DSBs
are expected to subsequently resolve into highly fragmented chromatin during mitotic entry
[156,163], which reintegrates into daughter cell genomes after mitotic exit [146,156]. In addition,
defects in repair inside MN have been reported to be associated with defects in the assembly of
nuclear pore complexes on the MN envelope. This may prevent recruitment of DNA replication or
repair enzymes inside MN, producing DNA breakage [177].

Further work has shown that MN in cancer cells may undergo rupture of the MN envelope,
which is associated with loss of compartmentalization and extensive DNA damage, and that this
rupture represents an essential step for chromosome shattering to occur [173]. These findings led to
the hypothesis that envelope disruption could expose DNA in the MN to cytoplasmic components,
including endo and exonucleases that recognize collapsed replication forks or unrepaired DNA
extruded from the MN, thereby generating pulverized chromosomal regions at mitotic entry [173].
Finally, DNA replication in MN was found to be asynchronous relative to the main nucleus [156,162].
Therefore, if the replicating DNA within the MN is exposed to “mitotic signals” when the main
nucleus is in mitosis, the micronuclear envelope disassembles, while the residing chromosomes could
potentially undergo PCC and pulverization, a phenomenon that was observed long ago [178-180].
Using different cytogenetic approaches, we previously provided experimental evidence supporting
the above PCC model for chromosome shattering in MN as the mechanism underlying
chromothripsis initiation [162]. Specifically, we reported that PCC induction in micronucleated cells
exerts mechanical stress and shattering of chromosome segments still undergoing DNA replication
in MN, when main nuclei enter mitosis. These results suggest that replication forks, which are
sensitive to mechanical stress, may be directly damaged and collapse through premature chromatin
condensation at the DNA replicating sites, causing chromosome shattering.

In the present study, we further assessed whether the dynamics of the PCC process studied
earlier [162,167,169] represent an important determinant of the mechanistic origin of chromothripsis.
The experimental design we used allowed for the examination of whether massive accumulation of
DSBs, which underlie chromosome shattering and chromothripsis, originate necessarily through MN
disruption or aberrant DNA replication in MN, before main nuclei enter mitosis. Through four
different experimental setups and using asynchronous micronucleated or multinucleated cells, we
demonstrated that a decisive parameter for the extent of chromosome shattering is the degree of cell
cycle asynchrony between MN and main nuclei. Indeed, using asynchronous micronucleated cells
generated by in vitro y-irradiation of GO human blood lymphocytes combined with the agent RO-
3306, a thorough cytogenetic assessment was carried out at the time main nuclei proceeded to mitosis.

The induced MN PCCs were classified as G1, early-S, mid-S, late-S, or G2 phase, as shown in
Figures 4.1 and 4.2. Analysis of MN PCCs in asynchronous micronucleated cells was possible only if
main nuclei were in M phase, as explained in Figure 4.3. The results presented in Figure 4.4 show
that in the absence of RO-3306, 75% of MN PCCs are in G1 and early-S phase, and only 25% are of
mid-S, late-S, and G2 phase. Whereas in the presence of RO-3306, 36% of MN PCCs are in mid-S, 32%
in late-S, 21% in G2, and only 11% are now in G1 and early-S phase. As the DNA replication is
progressing and MN proceed towards G2, the observed chromosome shattering decreases. In fact,
the extent of chromosome shattering increases as the number of MN replication forks becomes larger
at the entry of main nuclei into mitosis. Furthermore, we show that, if given sufficient time,
chromosomes entrapped in MN can undergo chromatid disjunction (Figure 4.2A) and complete DNA
replication (Figure 4.2B), without any impairment in their duplication or shattering, as it is
demonstrated for chromosomes 1, 4 and a fragment (Figure 4.5A), and for chromosomes 2 and 10
(Figure 4.5B). If given sufficient time, radiation-induced aberrant chromosomes entrapped in MN can
also replicate their DNA, without any apparent chromosome shattering, as shown in Figure 4.6.

If disruption, aberrant DNA replication, or accumulation of MN-specific DSBs that can persist
unrepaired into G2/M phase had taken place in MN before the entry of main nuclei into mitosis, then
the duplication of chromosomal material residing in MN would have been markedly impaired and
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chromosome shattering would be expected to be present in (at least) some of the sites of MN G2-
PCCs. However, following a thorough interphase PCC assessment upon the entry of main nuclei into
mitosis, no such shattering was observed in any of the MN G2-PCCs analyzed. Therefore, under the
experimental conditions used in this work, the presence of unrepaired DSBs in MN could not be
confirmed. Yet, the results obtained demonstrate that the PCC dynamics during asynchronous
mitosis in micronucleated or multinucleated cells are an important determinant of chromosome
shattering in a single catastrophic event, suggesting that they may underlie the mechanistic origin of
chromothripsis.

Similar results were obtained from the second set of experiments using micronucleated cells
generated by y-irradiation of PHA-stimulated lymphocytes at the highly radiosensitive G1/S border
to induce an increased yield of chromosomal aberrations and, thus, an increased yield of MN. Figure
4.7 shows that in the absence of RO-3306, 78% of MN PCCs are in G1 and early-S phase, and only
22% are in mid-S, late-S, and G2 phase. Whereas in the presence of RO-3306, 40% of MN PCCs are in
mid-S, 26% in late-S, 17% in G2, and only 17% are now in G1 and early-S phase. In the third set of
experiments, an increased yield of asynchronous micronucleated cells was generated by in vitro y-
irradiation of M phase CHO cells. Figure 4.8 shows that in the absence of RO-3306, 85% of MN PCCs
are in G1 and early-S phase, and only 15% are in mid-S, late-S, and G2 phase. Whereas in the presence
of RO-3306, 27% of MN PCCs are in mid-S, 24% in late-S, 16% in G2, and 33% are now in G1 and
early-S phase. The presence of the RO-3306 agent in micronucleated cells effectively delayed the main
nuclei to proceed to mitosis, thus allowing time for the progression of DNA replication in the
chromosomes entrapped in MN. These results confirm that, when the RO-3306 agent is used in
micronucleated cells generated under different experimental conditions in order to delay entry of
main nuclei into mitosis, the DNA replication in MN continues, showing less chromosome shattering
as they proceed in the cell cycle and no shattering upon their entry in G2 phase.

In the fourth set of experiments, the proposed hypothesis was tested in asynchronous
heterophasic multinucleated cells generated by cell fusion procedures using exponentially growing
CHO cells. The interphase nuclei in these multinucleated cells show different PCC morphologies and
shattering upon the entry of main nuclei into mitosis, which are characteristic of their stage in the cell
cycle (Figures 4.9 and 4.10). As shown in Figure 4.11, in the absence of RO-3306, 45% of PCCs
observed are in early-S, 26% in late-S, 19% in early-G2, and 10% in late-G2. Whereas in the presence
of 5 uM RO-3306, only 12% are in early-S, 14% in late-S, 36% in early-G2, and 38% in late-G2. The use
of 10 uM RO-3306 to inhibit CDK1 and delay more effectively the entrance of main nuclei into mitosis,
gave the best cell cycle synchronization between heterophasic nuclei. After releasing cells from RO-
3306, thus allowing the main nuclei to enter mitosis, 90% of heterophasic nuclei proceeded into early-
G2 and late-G2, without any chromosome shattering, whereas only 10% of PCCs were still in early-S
and late-S, as shown also in Figure 4.11. These results demonstrate that chromosome shattering is
induced by the dynamics of premature chromosome condensation in asynchronous multinucleated
cells and depends on the stage of the nucleus in S phase when main nuclei enter mitosis. Indeed, the
use of RO-3306 to synchronize heterophasic nuclei in multinucleated cells shows that the extent of
chromosome shattering is inversely related to the degree of synchronization achieved.

Altogether, the results obtained demonstrate that the PCC dynamics are an important
determinant of the mechanistic origin of the chromosome shattering that is a hallmark of
chromothripsis. They also suggest that the massive accumulation of DSBs that underlie
chromothripsis may not necessarily originate through MN disruption or aberrant DNA replication
in MN, before main nuclei enter mitosis. Alternatively, when main nuclei enter mitosis, the PCC
dynamics, provoked by chromatin condensation, can exert a mechanical stress on the DNA
replication sites of chromosomes entrapped in MN, or interphase nuclei in multinucleated cells, still
undergoing DNA replication. As a result, the DNA replication forks in MN may collapse and
eventually convert into DSBs, causing thus the observed chromosome shattering in a single
catastrophic event. The extent of chromosome shattering decreases as the MN proceed towards G2
and the number of replication forks becomes smaller at the entry of main nuclei into mitosis.
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Can the mechanical stress exerted by premature chromatin condensation on DNA replicating
sites cause collapse of replication forks? In agreement with our findings, Falk et al. very recently
provided experimental evidence supporting that chromatin architecture changes can induce
replication fork collapse. Specifically, the authors, using DNA replicating cells, demonstrated that
chromatin condensation, provoked by the freeze-thaw process, causes replication fork collapse,
potentially leading to DSBs, which represent an important source of genome instability [181]. Yet,
experimental evidence for a similar impact of interphase chromatin architecture changes on
radiation-induced DNA damage repairing sites was already recognized and reported in our earlier
work [167-169].

The mechanism proposed in the present work may help to deepen our understanding of most
of the criteria for chromothripsis, including the important one related to why chromothriptic genome
profiles exhibit clustering of DNA breaks. Such clustering is defined by specific chromosomal regions
having multiple breaks in close proximity, surrounded by large sections of intact chromosomal
sequence. Considering the pattern of DNA replication and distribution of replication sites in a
chromosome segment progressing towards G2, the chromothriptic genome profiles obtained can be
justified. Indeed, only the segments of the genome still undergoing replication when main nuclei
enter mitosis are affected by the dynamics of the induced PCC process. One envisions that the
affected genome can be surrounded by large sections that have completed DNA replication, thus
demonstrating intact chromosomal sequences.

4.4. Materials and Methods

4.4.1. Lymphocyte Whole Blood Cultures, Production of Micronucleated Cells, and Irradiation Conditions

Peripheral blood samples in heparinized tubes were obtained from healthy donors and used
after their informed consent, according to our institutional ethics procedures. The ethical approval
was granted on the 26 February 2016, taking into consideration the Hellenic Law (N. 2472/97 and
886/B’ 20/12/84) and the European Community Directives (Directive 95/46/EC). Irradiation of whole
blood samples was carried out in vitro using a Co-60 Gamma Cell 220 irradiator (Atomic Energy of
Canada Ltd., Ottawa, OT, Canada) at room temperature and at a dose rate of 20 cGy/min. Different
irradiation times were applied in order to administer to the whole blood samples doses.

For the first set of experiments, micronucleated cells were generated using irradiation of blood
with 4 Gy to induce chromosomal aberrations and formation of micronuclei (MN). Following
radiation exposure, cultures were set up for 72 h at 37 °C, by adding for each 0.5 mL of whole blood,
5 mL of RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS), 1%
Phytohaemagglutinin (PHA), and 1% glutamine and antibiotics (penicillin: 10,000 U/mL;
streptomycin: 10,000 pg/mL (Biochrom GmbH, Berlin, Germany)). For the PCC analysis of interphase
MN in the absence of the CDK1 inhibitor RO-3306 (Tocris, Abingdon, United Kingdom), Colcemid at
a final concentration of 0.1 pug/mL (Gibco) was added to the blood cultures for 5 h before their harvest
at 72 h for chromosome preparation. For the categorization of interphase MN PCCs after delaying
the entrance of main nuclei into mitosis by means of RO-3306, blood cultures were centrifuged at 72
h culture time, resuspended in fresh culture medium with 10 uM final concentration of RO-3306 (in
DMSO), and the cells were further incubated at 37 °C for 20 h. At that time, cultures were centrifuged
and washed twice to remove RO-3306, and cells resuspended in fresh culture medium plus Colcemid
and cultured for additional 5 h, before they were harvested for chromosome preparation.
Chromosome spreads were prepared by standard cytogenetic procedures and air-dried slides were
stained in 3% Giemsa solution for interphase analysis of MN PCCs induced at the entry of main nuclei
into mitosis. The corresponding data presented in Figure 4.4 are mean values + SEM based on two
independent experiments. A total of 457 MN PCC spreads were analyzed. Statistical significance was
determined by means of five unpaired t-tests, corrected for multiple comparisons using the Holm-
Sidak method with alpha = 0.05. Each row was analyzed individually, without assuming a consistent
SD. Asterisks indicate statistical significance of the difference between untreated and treated samples;
*p<0.05 ** p<0.01, *** p <0.001.
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For the second set of experiments, the same procedures were followed, except that the dose of 4
Gy was delivered to blood cultures at 17 h following their stimulation with PHA, i.e., as they were
approaching the highly radiosensitive G1/S border. The corresponding data presented in Figure 4.7
are mean values + SEM based on four independent experiments. A total of 499 MN PCC spreads were
analyzed. The statistical analysis was performed following the same method as in the first set of
experiments.

4.4.2. Micronucleated Cells Generated by Irradiation of Mitotic CHO Cells

Chinese hamster ovary cells (CHO-K1) were grown in McCoy’s 5A (Biochrom) culture medium
supplemented with 5% FBS, 1% l-glutamine, and 1% antibiotics (Penicillin, Streptomycin), incubated
at 37 °C in a humidified atmosphere with 5% CO. CHO cultures were maintained as exponentially
growing monolayer cultures in 75 cm? plastic flasks at an initial density of 4 x 105 cells/flask. For the
third set of experiments, mitotic CHO cells were harvested via cell synchronization and selective
detachment. The cells in a flask were routinely allowed to grow until confluence and, subsequently,
subcultured into three new 75 cm? plastic flasks. Following a 24-30 h incubation at 37 °C, Colcemid
(Gibco) at a final concentration of 0.1 pg/mL was added to CHO cultures for 4 h and the accumulated
mitotic cells were harvested by selective detachment. To generate CHO micronucleated cells, CHO
mitotics were irradiated to 3 Gy and cultured at 37 °C for 24 h after their release from the colcemid
block.

For the PCC analysis of interphase MN in CHO micronucleated cells in the absence of RO-3306
CDK1 inhibitor, Colcemid at a final concentration of 0.1 pg/mL (Gibco) was added to the cultures 5
h before their harvest at 24 h for chromosome preparation. For the categorization of interphase MN
PCCs after delaying the entrance of the CHO main nuclei into mitosis by means of the RO-3306
inhibitor, cultures were centrifuged at 24 h culture time, resuspended in fresh culture medium with
10 pM RO-3306 final concentration, and the cells were further incubated at 37 °C for 12 h. At that
time, cultures were centrifuged and washed twice to remove RO-3306, and cells resuspended in fresh
culture medium plus Colcemid and cultured for additional 5 h, before they were harvested for
chromosome preparation. Four independent experiments were carried out and the corresponding
data presented in Figure 4.8 are mean values + SEM. A total of 958 MN PCC spreads were analyzed.
The statistical analysis was performed following the same method as in the first set of experiments.

4.4.3. Heterophasic Multinucleated Cells Produced by Cell Fusion of Exponentially Growing CHO Cells

For the fourth set of experiments, cell fusion of exponentially growing CHO cells to generate
heterophasic multinucleated cells, using 45% polyethylene glycol (PEG, p5402 Sigma-Aldrich, St.
Louis, MO, USA) in serum-free RPMI-1640 medium with HEPES, was performed essentially as
described previously [169]. Briefly, exponentially growing CHO cells harvested by trypsinization in
15 mL round-bottom culture tubes were used. After centrifugation at 1200 rpm for 8 min, the
supernatant was discarded without disturbing the cell pellet, and cells were resuspended in 10 mL
serum-free RPMI-1640 medium with HEPES. Following centrifugation at 1000 rpm for 8 min, the
tubes were kept inverted in a test tube rack on a paper towel to drain the pellet from excess liquid.
While holding each tube in an inverted position, 0.15 mL of PEG was injected forcefully against the
cell pellet using a micropipette and, immediately after, the tube was turned in an upright position
and held for about 1 min. Subsequently, 1.5 mL of PBS was slowly added to each tube with gentle
shaking and the cell suspension was centrifuged at 1000 rpm for 8 min. The supernatant was
discarded, and the cell pellet was suspended gently in 1 mL RPMI-1640 complete growth medium
with HEPES containing 1% PHA and 0.1 pg/mL Colcemid. The tubes were then incubated for 15 min
at 37 °C for the cell fusion to take place. Immediately after, fused cells were plated in petri dishes
with 10 mL of McCoy’s 5A complete culture medium and cultured for 20 h at 37 °C so that the
asynchronous heterophasic multinucleated cells could be attached and proceed to the cell cycle. Upon
the entry of main nuclei into mitosis, PCCs are induced and have the characteristic appearance of
pulverized chromosomes for S phase cells, but without any chromosome shattering for G1 or G2-
PCCs.
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For the PCC analysis of interphase CHO heterophasic nuclei in the absence of RO-3306 CDK1
inhibitor, Colcemid at a final concentration of 0.1 pug/mL (Gibco) and fresh culture medium were
added to the fused cells for 5 h before their harvest for chromosome preparation. For the
categorization of interphase PCCs after delaying the entrance of the main CHO nuclei into mitosis by
means of the RO-3306 inhibitor, following the 20 h culture of hybrid cells at 37 °C, they were further
incubated at 37 °C for 12 h in fresh culture medium containing 10 uM final concentration of RO-3306.
At that time, culture dishes were washed twice to remove RO-3306, and cultured in fresh medium
plus Colcemid for 5 h, before they were harvested for chromosome preparation by selective
detachment. Cells were then treated with hypotonic KCI (0.075 M) and fixed with two changes of
methanol:glacial acetic acid (v/v 3:1). The chromosome spreads were prepared by the standard air-
drying technique and slides were stained using 3% Giemsa in Sorensen buffer solution for PCC
analysis. Three independent experiments were carried out and the corresponding data presented in
Figure 4.11 are mean values + SEM, obtained by cytogenetic assessment of interphase nuclei in hybrid
cells when the main CHO nuclei entered mitosis. A total of 1083 induced PCC spreads were analyzed.
Statistical significance was determined by means of four unpaired t-tests for each condition, corrected
for multiple comparisons using the Holm-Sidak method with alpha = 0.05. Each row was analyzed
individually, without assuming a consistent SD. Asterisks indicate statistical significance of the
difference between untreated and treated samples; ns p > 0.05, * p < 0.05, ** p < 0.01, ** p < 0.001.

4.5. Conclusions

The results obtained provide direct experimental evidence indicating that the occurrence of
asynchronous mitosis in heterophasic micronucleated or multinucleated cells is an important
determinant of the shattering of genetic material in a single catastrophic event, which is a hallmark
of chromothripsis. Chromosome shattering and genomic rearrangements appear to depend on the
number of replication forks and the degree of completion of DNA replication, in MN or in
heterophasic nuclei in multinucleated cells, when main nuclei enter mitosis. Consistent with our
recent work [162], the results here support a simple model to explain how shattering of the genetic
material can be initiated by a one-step cellular catastrophic event, and why it can be confined to one
or a few chromosomes, or a chromosome arm. This model is an alternative to the one that considers
nuclear envelope rupture or aberrant DNA replication in MN resulting in DSBs that must persist
unrepaired into the next mitosis.

The mechanical stress exerted by chromatin condensation on sites still undergoing normal DNA
replication in MN when main nuclei enter mitosis has, in itself, the potential to induce the collapse of
replication forks that may develop into DSBs and cause chromosome shattering. Moreover, the extent
of chromosome shattering depends on the magnitude of chromosome segments with late DNA
replicating sites when main nuclei enter mitosis. Although shattering can possibly affect multiple
chromosomes as well, leading to random fusion of their fragments, one envisions that only cells with
one or a few rearranged chromosomal regions could survive and be detected in real cancers, probably
determined by a selective advantage. When cells are affected by severe DNA damage, they undergo
apoptosis, and this may happen in most cases when chromothripsis affects multiple chromosomes.
Exceptionally, however, chromothripsis can cause disruption of tumor suppressor genes and
activation of oncogenes, leading to cell survival.

Altogether, our results demonstrate that the dynamics of the PCC process arising during
asynchronous mitosis in micronucleated or multinucleated cells, known to take place also in vivo
[182], are an important determinant of chromosome shattering in a single catastrophic event,
suggesting that they may underlie the mechanistic origin of chromothripsis. Among the several non-
mutually exclusive cellular mechanisms that have been proposed, the present work supports the PCC
hypothesis in MN. Nevertheless, additional studies are needed to provide definitive insights into this
striking phenomenon and, subsequently, into its role in cancer initiation and progression.
Deciphering chromothripsis may also be crucial for the development of strategies to interfere with
the underlying processes in a therapeutic setup.
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Chapter 5: Interphase Cytogenetic Analysis of G0
Lymphocytes Exposed to a-Particles, C-Ions, and
Protons Reveals their Enhanced Effectiveness for
Localized Chromosome Shattering—a Critical Risk
for Chromothripsis

5.1. Introduction

For precision cancer radiotherapy purposes, the biological effects of energetic nuclei with high
linear energy transfer (LET) have received growing attention lately, particularly regarding the
mechanisms underlying their increased relative biological effectiveness (RBE) and potential risk for
induction of secondary malignancies. Interestingly, despite their significant therapeutic benefits,
particle irradiation has recently been reported to induce chromothripsis-like complex chromosomal
alterations, similar to those generated by the phenomenon of chromothripsis in tumors [183,184].
Rather than by a stepwise accumulation of subsequent alterations, chromothripsis is a mutational
process in which large stretches of chromosomes undergo massive but localized shattering and
random rearrangements in response to a one-step catastrophic event [143-146]. By provoking
inaccurate rejoining of chromosome fragments, this phenomenon leads to a new genome
configuration and the formation of complex chromosomal alterations that may cause carcinogenesis
[7-12], by amplification of oncogenes, for instance [142]. Therefore, full understanding of the
processes underlying chromosome shattering and the formation of chromothripsis-like complex
chromosomal alterations is an important step towards the clarification of the increased biological
effectiveness and long-term health risk of high-LET particle irradiation. In this respect, we have
recently provided experimental evidence supporting that localized chromosome shattering in
micronuclei (MN) is triggered in a single catastrophic event by the dynamics of premature
chromosome condensation (PCC) in asynchronous micronucleated cells [189]. Consequently, we
consider it of interest to examine whether the dynamics of chromatin condensation during the cell
cycle can transform persistent DNA and chromatin alterations into breaks, thereby explaining the
increased efficacy of particle irradiation for killing cancerous cells and the formation of
chromothripsis-like chromosomal alterations.

Towards this aim, we analyze chromosomal damage directly in interphase cells following the
traversal of particle radiation through the nucleus, since chromosome alterations are correlated to
both early (e.g., cell killing) and late effects (e.g., carcinogenesis) [190]. Low- and high-LET studies
carried out in vitro and in vivo demonstrate that the types of chromosome aberrations observed, and
the biological impact of an exposure depends on the radiation quality and energy deposited [191]. As
a result of their low-density energy deposition, X- and y-rays induce sparsely distributed damage,
causing mostly indirect DNA lesions via increased oxidative stress to the interphase chromosomes
that occupy localized domains of the nucleus [192-194]. Among the DNA lesions, double-strand
breaks (DSBs) in the GO/G1 phase are the most dangerous, since there is no complementary strand
available (like in the G2 phase) that could serve as a repair template [195-198]. In contrast to low-LET
radiation, particle irradiation deposits high-density energy that is expected to induce direct focal
DNA damage in chromosome domains along the particle tracks, leading to effective cell killing and
increased tumorigenicity. In fact, accumulated evidence suggests that the increased RBE of high-LET
radiation compared with photons is driven by the formation of complex DNA lesions [171,199-201],
defined as DNA damage containing both DSBs and single-strand breaks (SSBs), as well as base
damage within 1-2 helical turns. This is also referred to as clustered DNA damage and, together with
clustered DSBs, defined as multiple DSBs, are generally accepted as the key lesions that determine
the effectiveness of high-LET radiation [64,172,198-205]. However, their consequences at the
chromosomal level and, particularly their role in the formation of chromothripsis-like chromosomal
alterations are not clearly understood. This is mainly because the spectrum of DNA lesions induced
by the traversal of high-LET particles through nuclei has proven very complex and difficult to study.
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Indeed, the experimental validation of the induction of clustered DNA damage and the
comprehension of the repair mechanisms involved have not been easy tasks [198,205]. In particular,
the yields reported on chromosome aberrations and their complexity are time dependent due to
repair effects, cell cycle delays, and the removal of non-surviving and apoptotic cells from the sample.
This fact complicates the interpretation of the results obtained by means of the conventional analysis
of irradiated cells at metaphase. Irradiation, especially with high-LET particles, retards the entry of
damaged cells into mitosis and, therefore, one major problem in the analysis of heavy-ion induced
aberrations is the cell cycle delay and G2-block, which depend not only on LET and dose, but also on
the cell type [206-209].

In the present work, we investigate the impact of clustered DNA lesions, as indicated by the
induction and post-irradiation repair of chromosomal damage, directly in interphase chromosomes.
For this purpose, we use a clearly detectable cytogenetic endpoint of exposure in order to obtain
reliable RBE values of different radiation qualities, as well as to investigate the mechanisms
underlying the induction of chromosome shattering and the formation of chromothripsis-like
chromosomal alterations. Towards this goal, the fusion PCC assay is employed to visualize and
analyze chromosome fragmentation directly in Go human lymphocytes, without the requirement of
exposed cells entering into mitosis [76,118]. Specifically, lymphocytes isolated from whole blood were
exposed to various doses (up to 6 Gy) of a-particles (4.70 MeV, 92 keV/um), accelerated C-ions (56.5
MeV, 295 keV/um), and protons (2.2 MeV, 28.5 keV/um). The yields of chromosome fragmentation
obtained for induction and post-irradiation repair (up to 24 h) were compared with those obtained
for y-rays, in order to derive RBE values. Furthermore, we tested the hypothesis that clustered DNA
lesions and persistent chromatin decompaction induced by high-LET irradiation at the damage sites
along the particle tracks, can subsequently evolve into localized chromosome shattering if chromatin
condensation occurs. The detection and quantification of such localized shattering of chromosome
domains induced by each type of radiation quality was enabled by means of the PCC assay and a
rigorous interphase cytogenetic assessment. The observed cytogenetic effect has the potential to serve
as a fingerprint of high-LET exposure and instructs our proposal of a new model of the mechanistic
origin of chromothripsis-like complex chromosomal rearrangements following particle irradiation.

5.2. Results

5.2.1. Interphase Cytogenetic Analysis of Go Lymphocytes by Means of the PCC Assay is a Promising Tool to
Study the Mechanisms Underlying the Biological Effectiveness of Particle Irradiation

Cells irradiated with a-particles, accelerated C-ions, and protons, face a drastic alteration of their
cell cycle kinetics and increased difficulties to reach mitosis. To overcome this problem, the PCC assay
offers a unique tool to study induction and repair of radiation-induced chromosome aberrations
directly in Go lymphocytes, without the requirement of exposed cells entering into mitosis. A
representative image of non-irradiated peripheral blood Go lymphocytes exhibiting 46 prematurely
condensed chromosomes (PCCs) is shown in Figure 5.1. The stable number of 46 PCCs in non-
irradiated blood samples can be considered as a clearly detectable interphase cytogenetic endpoint.
Indeed, it allows the detection and quantification of radiation-induced DNA lesions, as reflected at
the level of interphase chromosomes by means of excess (over 46) PCC fragments. In the present
study, the yields obtained for the different radiation qualities were used to derive RBE values and to
investigate the mechanisms underlying their distinct effectiveness. As a result of low-density energy
deposition, y-rays induce chromosome fragmentation in interphase lymphocytes with a mostly
random distribution among the chromosome domains in the nucleus, as shown in Figure 5.2A.
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Figure 5.1. Representative image of a non-irradiated peripheral blood Go lymphocyte exhibiting 46
lightly stained single chromatid prematurely condensed chromosomes (PCCs) obtained by fusion
with a mitotic Chinese Hamster Ovary (CHO) cell. The stable number of 46 PCCs in non-irradiated
peripheral blood lymphocytes from healthy donors represents a clearly detectable interphase
cytogenetic endpoint. In fact, it allows quantification of radiation-induced DNA lesions, as reflected
at the level of interphase chromosomes by means of excess (over 46) PCC fragments.
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Figure 5.2. Irradiated peripheral blood Go lymphocytes with 4 Gy of y-rays or 6 Gy of a-particles. (A)
The impact of low-density energy deposition by 4 Gy of y-rays translates into chromosome
fragmentation in interphase lymphocyte PCCs with a sparse distribution among the chromosome
domains of the nucleus, as shown by arrows. Fourteen excess (over 46) PCC fragments can be scored.
(B) In contrast to y-rays, even high-density energy deposited by 6 Gy of high-LET a-particle radiation
induces direct focal clustered DNA lesions. These DNA lesions can be transformed into localized
chromosome shattering in the domains along the particle track, leaving thus intact the non-targeted
chromosomes, as shown in the lower part of the PCCs in this panel. One hundred excess (over 46)
PCC fragments can be scored.
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In contrast to y-rays, the traversal of particle radiations through the nucleus deposits high-
density energy that mainly induces—even at high doses— direct intense localized DNA lesions. These
DNA lesions can be transformed into chromosome fragments only in the domains along the particle
tracks, leaving thus intact the non-targeted chromosomes, as shown in the lower part of Figure 5.2B,
for a-particles, as well as in Figure 5.3 for C-ions and protons. To analyze and quantify the impact of
particle radiation-induced clustered DNA lesions at the chromosome level, we define a “localized
shattered chromosome domain” as the fragmentation of an interphase chromosome into five or more
clearly detectable fragments in close proximity. Such localized shattered chromosome domains, as
shown by arrows in Figure 5.3A and 5.3B for C-ions and protons, respectively, may be used as a
fingerprint of exposure to particle radiations. Furthermore, this observed cytogenetic endpoint may
be easily quantified and may as well play a potential role in the elucidation of the mechanisms
underlying differences in effectiveness among different radiation qualities, as explained in the
paragraphs below and in the Discussion section.

The PCC analysis enables the follow-up examination of the observed chromosome shattering at
progressing times after irradiation. In the case of low-LET radiation, such as y-rays, a significant
reduction in the number of excess PCC breaks takes place. This reduction of chromosome
fragmentation reflects the processing of the underpinning subsets of DNA damage in interphase Go
lymphocytes during the time between exposure and analysis. Regarding particle irradiation, a
reduction in the number of excess PCC breaks may also be observed, as shown in Figure 5.4A for 24
h post-irradiation repair at 37 °C following a 6 Gy exposure to a-particles. However, a high
percentage of the irradiated lymphocytes under the same conditions exhibit increased yields of excess
PCC fragments and shattered chromosome domains even at 24 h repair time, as shown by arrows in
Figure 5.4B. This observation suggests the presence of persistent particle radiation-induced clustered
DNA lesions and chromatin alterations, even at 24 h post-irradiation repair time.
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Figure 5.3. High-LET particle irradiation induces localized chromosome shattering, as revealed in Go
lymphocyte PCC spreads. For analysis and quantification purposes regarding the impact of particle
radiation-induced clustered DNA lesions at the level of interphase chromosomes, we define localized
shattered chromosome domains as the fragmentation of an interphase chromosome into five or more
clearly detectable fragments in close proximity to each other. Examples are shown by arrows for a Go
lymphocyte spread obtained following exposure to 6 Gy of accelerated C-ions (A) and 4 Gy of protons
(B). It is apparent that the non-targeted chromosome domains remain intact.
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Figure 5.4. Following exposure to different radiation qualities, persistent shattered chromosome
domains can be visualized and quantified in Go lymphocyte PCC spreads. (A) Ring formation and a
reduction in the number of excess PCC breaks may be observed at 24 h post-irradiation repair time at
37°C, following exposure to 6 Gy of a-particles. (B) Under the same conditions, however, most of the
irradiated lymphocytes still exhibit a high number of excess PCC fragments and shattered
chromosome domains after 24 h of repair, as shown by arrows.

5.2.2. RBE Values for Different Radiation Qualities Can Be Obtained Using Chromosome Fragmentation
Analysis Directly in Interphase Go Lymphocyte PCCs

RBE values were obtained using the PCC assay for the assessment and quantification of
radiation-induced chromosomal aberrations directly in human peripheral blood Go lymphocytes,
following exposure to different radiation qualities. Compared with y-rays, a significant increase in
damage induction and subsequent yields of excess PCCs per nucleus was obtained for doses up to 6
Gy of a-particles, C-ions, and protons, as depicted in Figure 5.5. Based on our analysis, the RBE values
obtained for induction of chromosomal damage were calculated to be 4.1 for a-particles, 2.6 for C-
ions, and 2.1 for protons.

120- _
" —— q-particles
3 1007 . Ceions
3] *
2 80+ — protons ok
n d == vy- -
8 60 y-rays _
o 40+ Aok
n
8 |
o 20_
x
w

Dose (Gy)

Figure 5.5. Dose-response curves for the initial DNA lesions induced by different radiation qualities
as reflected in Go lymphocyte PCCs and constructed by means of excess PCC fragments per nucleus
at various doses up to 6 Gy of a-particles, C-ions, protons, and y-rays. Based on this cytogenetic
endpoint of initial induction of radiation damage, the relative biological effectiveness (RBE) values
obtained were 4.1 for a-particles, 2.6 for C-ions, and 2.1 for protons. (Mean * SD based on three
independent experiments; n = 50 cells analyzed per experimental point; * p <0.05, ** p <0.01).

Our studies also revealed differences in the repair kinetics of radiation-induced chromosomal
aberrations in Go lymphocytes for the different radiation qualities used. The yields of excess PCCs
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following repair were quantified by the residual un-rejoined fragments at various post-irradiation
repair times up to 24 h at 37 °C, as presented in Figure 5.6. Increased post-repair RBE values were
obtained, when compared with those obtained for the initial induction of chromosomal damage.
Specifically, post-repair RBE values at 24 h were found to be 10.7 for a-particles, 5.4 for C-ions, and
3.9 for protons.
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Figure 5.6. Repair kinetics of the initial DNA lesions induced by 6 Gy of different radiation qualities
as reflected in Go lymphocyte PCCs and constructed by means of excess PCC fragments per nucleus
at various repair times up to 24 h. Based on this cytogenetic endpoint of residual lesions at 24 h repair
time, the derived RBE values were 10.7 for a-particles, 5.4 for C-ions and 3.9 for protons. (Mean + SD
based on three independent experiments; n = 50 cells analyzed per experimental point; ** p <0.01).

5.2.3. Shattered Chromosome Domains are a Fingerprint of Exposure to High-LET Particle Radiation and
their Yield Depends on Dose and Radiation Quality

An additional aim of our experimental design was to search for a specific fingerprint of exposure
to high-LET particle radiation, since this important issue remains open and the data are controversial
[15]. Towards this goal, we exploited our observation that focal deposition of high-density energy by
particle irradiation can shatter a targeted chromosome domain along the particle tracks into several
(five or more) clearly detectable fragments in close proximity (Figure 5.3). Indeed, such shattered
chromosome domains are very frequent in Go lymphocyte PCCs following exposure to high-LET
particle radiations, compared with y-rays. For instance, when Go lymphocytes are exposed even to
only 1 Gy of a-particles, three shattered chromosome domains can be scored in the PCC spread
shown in Figure 5.7A, but none in the case of exposure to 1 Gy of y-rays, as shown in Figure 5.7B.
Therefore, such localized shattering of a targeted chromosome domain visualized in Go lymphocyte
PCCs may be considered as a fingerprint of exposure to high-LET particle radiation. The yields of
shattered chromosome domains per nucleus, following exposure to various doses up to 6 Gy for the
different radiation qualities used, are shown in Figure 5.8. Linear dose-response relationships were
obtained, with RBE values of 14.3 for a-particles, 7.5 for C-ions, and 4.9 for protons.
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Figure 5.7. Shattered chromosome domains are very frequent in Go lymphocyte PCCs following
exposure to high-LET particle radiations, compared with y-rays. (A) Exposure to even 1 Gy of a-
particles can result in three localized shattered chromosome domains, as shown by arrows. (B) In
contrast, following 1 Gy of y-rays, only single randomly distributed chromosome fragments could be
visualized. Therefore, such localized shattering of targeted chromosome domains may be considered

as a fingerprint of exposure to high-LET particle radiation.
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Figure 5.8. Dose-response curves for the yields of shattered chromosome domains per nucleus,
following exposure to various doses up to 6 Gy of the different radiation qualities. Linear dose—
response relationships were obtained with most effective being the a-particles, followed by C-ions,
protons, and y-rays. Based on this cytogenetic endpoint of the initial induction of clustered DNA
lesions and formation of shattered chromosome domains, the RBE values obtained were 14.3 for a-
particles, 7.5 for C-ions, and 4.9 for protons. (Mean + SD based on three independent experiments;

n = 50 cells analyzed per experimental point; * p < 0.05, ** p < 0.01).

5.2.4. Persistent Shattered Chromosome Domains may Explain Differences in Biological Effectiveness among
Different Radiation Qualities and the Induction of Chromothripsis-like Rearrangements

The transformation of particle irradiation-induced clustered DNA lesions into the observed
localized shattering of chromosome domains is revealed in our experiments by means of the
premature chromosome condensation dynamics. Yet, this transformation can also take place by
means of the cell cycle dependent chromatin condensation dynamics when cells proceed to G2/M
phase transition, assuming that the lesions induced by particle radiation in the targeted chromosome
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domains are persistent. In order to investigate this assumption, Go lymphocytes were irradiated with
6 Gy of a-particles, C-ions, protons, and y-rays. The yields of shattered chromosome domains were
obtained, either immediately after exposure or at 24 h post-irradiation repair time, as shown in Figure
5.9. Particle radiation-induced persistent lesions in the chromosome domains of a nucleus remain
higher for a-particles with an RBE value of 28.6, followed by C-ions with 10.5, and protons with 4.
All the RBE values calculated in the present work are summarized in Table 5.1. Persistent lesions are
thus of importance, since chromatin dynamics during G2/M phase may transform them into localized
chromosome shattering, a hallmark of chromothripsis. Moreover, random rejoining of shattered
chromosomes may evolve into chromothripsis-like rearrangements, as we describe in the Discussion

section.
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Figure 5.9. Persistent shattered chromosome domains at 24 h repair time, following exposure to
different radiation qualities. Golymphocytes were irradiated with 6 Gy of a-particles, C-ions, protons
or y-rays and the yields of shattered chromosome domains were obtained, either immediately after
exposure (0 h) or at 24 h post-irradiation repair time. Particle radiation-induced persistent shattered
chromosome domains of the nucleus remain higher for a-particles, followed by C-ions and protons,
being the least for y-rays. Based on this cytogenetic endpoint of persistent shattered chromosome
domains after 24 h, the RBE values obtained were 28.6 for a-particles, 10.5 for C-ions, and 4 for
protons. (Mean + SD based on three independent experiments; n > 50 cells analyzed per
experimental point; ** p < 0.01, *** p <0.001).

Table 5.1. Summary of all the RBE Values Compared with y-rays.

Radiation quality RBE Excess PCCs /nucleus RBE Shattered Domains / nucleus

Oh 24h Oh 24h

a-particles 41 10.7 14.3 28.6

C-ions 2.6 5.4 7.5 10.5
protons 2.1 3.9 4.9 4

5.3. Discussion

5.3.1. Can Clustered DNA Lesions Alone Account for the Formation of Complex Chromosomal Aberrations
and the Increased Relative Biological Effectiveness of Particle Irradiation?

While it is commonly accepted that clustered DNA damage is characteristic of high-LET
radiation, the mechanisms through which it causes complex and, particularly, chromothripsis-like
alterations [183,184] similar to those generated by the phenomenon of chromothripsis in tumors, have
not yet been clarified. This is mainly because the scale of clustered DNA damage is in the order of
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10-30 bp, i.e., < 3—4 nm, whereas the scale of chromosomal rearrangements is in the order of > 1000
bp, i.e, > 50-100 nm distance. To explain this discrepancy between clustered DNA lesions and
chromosomal rearrangements in terms of scale, the possibility of mis-rejoining two DSBs belonging
to distinct loci must be considered [210]. Indeed, this difference may be resolved by the existence of
clustered DSBs in close proximity along the tracks of high-LET particle radiation. Specifically, 3D-
structured illumination microscopy revealed the formation of clustered DSBs within YH2AX foci
signals in C-ion-irradiated G2 phase cells [211]. While clustered DNA damage is typically defined by
the presence of additional lesions in the immediate vicinity of the DSBs, clustered DSBs or multiple
DSBs represent a further level of overall damage complexity. As a result, clustered DSBs likely add a
substantially higher accident risk to any repair process attempt [196,198]. Therefore, this form of
damage may underpin the increased efficacy of high-LET radiation, since clustered DSBs are more
challenging to repair and have a larger probability of lethality [171,199-201]. The spectrum of
clustered DNA lesions induced by the traversal of high-LET particles through nuclei has proven very
challenging and difficult to study, when considering interactions only at the DNA level and not at
the chromosome level, where the dynamics of chromatin conformation changes during the cell cycle
come into play. However, elucidating the link between clustered DNA lesions and formation of
complex chromosome rearrangements is crucial for both particle radiotherapy and space radiation
protection.

5.3.2. Chromosome Aberration Analysis of Go Lymphocyte PCCs Enables the Assessment of DNA Damage
without the Requirement of Irradiated Cells Entering into Metaphase

In the present study, our experimental strategy focused on the impact of clustered DNA lesions
on chromosome fragmentation under the dynamics of chromatin organization changes in interphase
cells. As shown in Figure 5.1, the fusion PCC assay offers a clearly detectable cytogenetic endpoint of
exposure based on chromosome fragmentation analysis in Go lymphocyte PCCs. The presence of 46
prematurely condensed chromosomes in non-irradiated lymphocytes represents the normal human
genome and is, thus, a clearly stable number without variability among healthy blood donors. As a
result of energy deposition by ionizing radiation, the induced clustered DNA lesions can be
transformed into interphase chromosomal fragmentation with a random and homogeneous
distribution following low-LET exposure (Figure 5.2A) [162,168]. However, following high-LET
particle irradiation, the focal deposition of high-density energy induces clustered DSBs and affects
chromatin at their sites only in the chromosome domains along the particle tracks [198,212]. As a
result, localized chromosome shattering occurs under the dynamics of chromatin condensation—
even at high doses—as shown in Figure 5.2B for a-particles, in Figure 5.3A for C-ions, and in Figure
5.3B for protons. Analysis of PCCs at progressing times after irradiation up to 24 h can show a
reduction in the number of excess PCC breaks. This reduction of chromosome fragmentation reflects
the processing of the underpinning subsets of DNA damage and formation of rings and
translocations during the time between exposure and analysis in interphase Go lymphocytes (Figure
5.4A) [213]. However, a high percentage of the irradiated lymphocytes under the same conditions
exhibit the presence of localized chromosome shattering even at 24 h post-irradiation repair time
(Figures 5.4B and 5.9), plausibly due to persistent clustered DNA lesions and chromatin alterations.

5.3.3. Reliable RBE Values for Particle Radiations Can Be Established Using Fragmentation of Interphase
Chromosomes as a Biological Endpoint

To obtain dose-response relationships for different radiation qualities, the yield of radiation-
induced chromosome fragments in interphase Go lymphocytes can be expressed as excess (over 46)
PCCs (shown in Figure 5.2). The results obtained demonstrate that excess PCCs increase linearly with
radiation dose and that high-LET radiation generates a higher level of excess PCCs than low-LET -
rays (Figure 5.5). An examination of the reduction in excess PCCs up to 24 h post-irradiation reveals
that the fragments decrease with time but are at a significantly higher level following high-LET
radiation (Figure 5.6). Furthermore, a quantification of shattered chromosome domains shows as well
that their frequency increases linearly with radiation dose (Figure 5.8), whereas at 24 h post-
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irradiation repair time persistent shattered chromosome domains remain higher for a-particles,
followed by C-ions and protons, being the least for y-rays (Figure 5.9). When compared with y-rays,
the RBE values obtained using the above biological endpoints, range from 4.1 to 28.6 for a-particles,
2.6 to 10.5 for C-ions, and 2.1 to 4.9 for protons, as presented in Table 5.1.

Top of FormBottom of FormEarlier studies using fusion-induced PCC in GI1 cells from
mammalian cell lines reported RBE values ranging only from 1 to 2 for high-LET a-particles [214,215]
or swift heavy-ions [216-220]. However, recent experiments at the Heavy Ion Medical Accelerator
(HIMAC) in Japan using G0/G1 phase of normal human fibroblasts report values as high as 30 at low
doses [221,222]. For protons, an RBE of 1.1 is used clinically, although this depends on various
physical and biological factors and there is an ongoing debate about its accuracy (reviewed in [223]).
Based on the endpoints examined in the present work, we calculated higher RBE values (2.1-4.9) for
protons, which could be the result of the high LET values obtained (28.5 keV/um) when using low
energy protons (2.2 MeV incident energy). Overall, the increased RBE values obtained in our repair
experiments (Table 5.1) can be of interest, since the intrinsic radiosensitivity of normal or tumor
human cells often correlates with the level of residual breaks [217,224,225].

5.3.4. Localized Chromosome Shattering Induced by Energetic Nuclei May be Used as a Fingerprint of
Exposure

When using conventional cytogenetics for chromosome aberration analysis at metaphase, high
RBE values are obtained if analyzed in the first post-irradiation metaphases, but they are only close
to 1 if the analysis takes place in the progeny of irradiated cells. Such data may suggest that most of
heavy ion induced chromosome aberrations are non-transmissible to the progeny cells.
Consequently, this observation could translate into diminishing late effects and, therefore, could be
considered a significant advantage of particle radiotherapy. However, such possibility should be
validated, particularly in the light of recent reports that show formation of chromothripsis-like
alterations related to potential late effects of particle irradiation [183,184]. Indeed, these reports
provide evidence that particle radiation can induce chromothripsis-like complex chromosomal
alterations similar to those generated by the phenomenon of chromothripsis in tumors. These new
data could have a profound impact on RBE for potential late effects of energetic nuclei and, especially
for initiation of carcinogenesis by specific chromosome rearrangements. In this respect, it is crucial to
understand how chromothripsis-like complex chromosomal alterations can be formed following
high-LET exposure and, to what extent, the localized chromosome shattering within the nucleus can
be initiated by particle irradiation. Therefore, the identification of a fingerprint of particle radiation
exposure, particularly regarding the late effects and carcinogenesis, is important.

When Go lymphocytes are exposed even to only 1 Gy of a-particles, three shattered chromosome
domains can be scored in the PCC spread shown in Figure 5.7A, but none can be scored in the case
of exposure to 1 Gy of y-rays, as shown in Figure 5.7B. These results suggest that high-LET particle
radiations are more efficient biologically because they generate more shattered chromosome domains
along their tracks in the nucleus. Indeed, the observed localized shattering of interphase
chromosomes, with high risk for random rejoining, is probably the precursor of complex intra-
chromosomal rearrangements that are recognized as characteristic events of particle irradiation
[131,226]. Furthermore, our observation that a-particles, accelerated C-ions, and protons have a dose-
dependent enhanced effectiveness to induce localized chromosome shattering (Figure 5.8), a
hallmark of chromothripsis, and may contribute towards the identification of a fingerprint of
exposure that could be related to an increased risk of secondary malignancies. Specifically, clustered
DNA damage and clusters of DSBs, which are induced by the focal deposition of high-density energy
in chromosome domains along the particle tracks, can be reflected and visualized in Go lymphocyte
PCCs as localized shattered chromosome domains. Such localized chromosome shattering is
characterized by the presence of multiple closely spaced fragments within individual chromosomes
and could be considered as a fingerprint of exposure (Figures 5.3, 5.4B, and 5.7A). The RBE values
established using such a fingerprint as biological endpoint are significantly higher than those
obtained for excess PCCs/nucleus (Table 5.1). Altogether, our results suggest that localized
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chromosome shattering can be used to elucidate the mechanistic origin of the differences in biological
effectiveness obtained experimentally for the various radiation modalities used (Figures 5.8 and 5.9).

5.3.5. Our Model: Clustered DNA Lesions are Transformed through Chromatin Condensation into Localized
Chromosome Shattering and, via Random Rejoining, Evolve into Chromothripsis-like Rearrangements

At the DNA level, particle irradiation is expected to induce a variety of complex DNA lesions,
challenging the DNA repair enzymatic machinery (reviewed in [227]). A shifting of the DNA damage
response (DDR) system towards less-accurate non-homologous end joining (NHE]) repair pathways
for DSBs and all other neighboring DNA lesions has been suggested [228]. It is a general current
consensus that the fidelity of repair depends on the complexity of the lesion, with clustered DSBs
being more difficult to repair than isolated breaks [229]. Complex DSBs, either formed directly by
irradiation or by the processing of non-DSB clustered lesions, are expected to be processed by slow
kinetics or left unrepaired and cause cell death or pass mitosis. In these surviving cells, large
deletions, translocations, and chromosomal aberrations have been detected (reviewed in [230]).
Nevertheless, the exact mechanism underlying the transformation of clustered DNA lesions into such
chromosomal alterations is not yet clearly understood. Based on our previously published evidence
on the dynamics of chromatin condensation changes in transforming DNA lesions with chromatin
decompaction at their sites into visual breaks [117,162,168], we propose here that high-LET radiation
induces not only clustered DNA lesions, but also physical perturbation of the chromatin organization
and persistent chromatin decompaction at the sites of clustered DNA lesions. This dual action of
energetic nuclei on DNA and chromatin is a key characteristic of high-LET radiation and can translate
into localized chromosome shattering in a one-off event, by the dynamics of chromatin condensation
during the cell cycle. The fact that shattering of chromosome domains can be observed immediately
after irradiation by means of premature chromosome condensation (Figure 5.8), together with their
relative persistence (Figure 5.9), suggest that the dynamics of chromatin condensation can initiate the
single destructive event needed for the phenomenon of chromothripsis to occur. Indeed, localized
chromosome shattering in neighboring chromosome domains along the particle tracks followed by
random rejoining may evolve into chromothripsis-like complex chromosomal rearrangements.

According to our hypothesis, when clustered DNA lesions and their associated chromatin
decompaction are induced by particle irradiation, e.g., in the S phase, their conversion into localized
chromosome shattering may also take place by means of cell cycle dependent chromatin
condensation dynamics as cells proceed to the G2/M-phase transition. Therefore, the critical
parameter for radiation-induced chromothripsis is not the dose itself but the radiation quality and
the potential of high-LET particle irradiation to induce persistent clustered DNA lesions and
chromatin decompaction at their sites. Direct experimental evidence reinforcing this view was
provided recently by Timm et al. [212]. These authors demonstrated experimentally that clustered
DNA damage concentrated in particle trajectories causes persistent rearrangements in chromatin
architecture, which may affect the structural and functional organization of cell nuclei. In fact, they
demonstrated that chromatin decompaction and remodeling during repair of clustered DNA damage
fails to restore the original nucleosomal organization at damage sites. On the contrary, after low-LET
irradiation, the induced single DSBs throughout the nucleus in euchromatin and heterochromatin
were efficiently repaired without damage-associated large-scale remodeling of chromatin. Their
results suggest, therefore, that the impact of low-LET radiations on chromatin is not persistent. This
difference in response at the chromatin level, together with the induction of clustered DNA lesions,
constitute the high-LET dual action that we consider in our model to explain why particle radiations
are more prone to induce chromothripsis-like rearrangements.

Chromothripsis-like chromosomal rearrangement could be as well generated following particle
radiation-induced localized chromosome shattering through the formation of MN in the progeny of
irradiated cells [146,156,189]. Since particle radiation-induced clustered DNA lesions and chromatin
decompaction at their sites are more persistent than those induced by low-LET radiation [212], they
have an increased capacity to proceed to G2/M transition and undergo chromatin condensation. As
a result, chromosome fragmentation will take place leading to aberrant cell mitosis and formation of
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micronucleated cells via asymmetrical cell division. When main nuclei in micronucleated cells enter
mitosis, premature chromosome condensation in MN provokes shattering of the chromosomes
entrapped inside micronuclei, if they are still undergoing DNA replication and thus have maximum
chromatin decompaction at their replication sites. Under these conditions, chromatin condensation
dynamics exert mechanical stress causing DNA replication forks to collapse into DSBs, leading to
localized chromosome shattering in a single catastrophic event that may be followed by random
rejoining and subsequently evolve into chromothripsis-like chromosomal rearrangements in the
progeny cells, as we have recently proposed [189].

5.4. Materials and Methods

5.4.1. Cell Cultures and Preparation of PCC-Inducer Mitotic CHO Cells

Chinese Hamster Ovary (CHO) cells were grown in McCoy’s 5A (Biochrom, Berlin, Germany)
culture medium supplemented with 10% FBS, 1% l-glutamine, and 1% antibiotics (Penicillin,
Streptomycin), and incubated at 37 °C in a humidified atmosphere with 5% COz. CHO cultures were
maintained as exponentially growing monolayer cultures in 75 cm? plastic flasks at an initial density
of 4 x 10° cells/flask. Colcemid (Gibco) at a final concentration of 0.1 pug/mL was added to CHO
cultures for 4 h and the accumulated mitotic cells were harvested by selective detachment. Once a
sufficient number of mitotic cells had been obtained, they were used as supplier of mitotic promoting
factors (MPF) to induce PCC in human lymphocytes. The mitotic CHO cells harvested from one 75
cm? flask were used for 2-3 fusions.

5.4.2. Lymphocyte Isolation from Human Peripheral Blood

Peripheral blood samples in heparinized tubes were obtained from healthy male and female
donors. Lymphocytes were isolated from whole blood using Biocoll separating solution (Biochrom).
The blood samples diluted 1:2 in RPMI-1640 without FBS were carefully layered on top of equal
amounts of Biocoll in 14mL test tubes and centrifuged at 400x g for 20 min. Collected lymphocytes
from each tube were washed with 10 mL culture medium (RPMI-1640 supplemented with 10% FBS,
1% glutamine, and antibiotics), centrifuged at 250x g for 10 min, and kept in culture medium before
irradiation with different radiation qualities. Lymphocytes isolated from 1 mL of blood were used
for each experimental point.

5.4.3. Irradiation and Sample Preparation

In the present work, lymphocytes isolated from whole peripheral blood were exposed to a
gamma irradiator, a source of a-particles, accelerated C-ions, and to a proton beam. For y-rays
exposure, irradiation of lymphocytes was carried out in vitro using a Co-60 Gamma Cell 220
irradiator (Atomic Energy of Canada Ltd., Ottawa, Canada) at room temperature with 1.3 MeV
photons and LET at 0.2 keV/um with a dose rate of 20 cGy/min. Lymphocyte suspensions in culture
medium were exposed for different times in order to deliver doses ranging from 0 to 6 Gy. Following
irradiation, lymphocytes were either processed immediately for their fusion and PCC induction (a
procedure that permits approximately a repair time of 1 h) or allowed to repair at 37 °C for different
times up to 24 h. Subsequently, the samples were processed for cell fusion, PCC induction, and
preparation of microscope slides in order to analyze the PCC spreads.

For exposure to a-particles, a Curium-244 alpha source (Isotope Producers Laboratories, CA,
USA) was used with particle energy 4.70 MeV at the cell surface entrance and LET at 92 keV/pm. For
C-ions exposure, accelerated Carbon-12 ions at 56.5 MeV with LET at 295 keV/um was applied. For
exposure to protons, a proton beam with an incident energy of 2.2 MeV and LET of 28.5 keV/um was
used. For the particle irradiation, lymphocytes were exposed as a monolayer in a special cube. The
density of lymphocyte suspension was adjusted using an inverted microscope so that lymphocytes
were exposed as a monolayer in contact to each other without gaps.

For a-particles (perpendicular beam), 20 pL of dense lymphocyte suspension were diluted in 0.5
mL of medium, it was loaded into the cube and allowed to sediment onto a mylar surface of 6 pm
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thickness and 13 mm diameter before sample irradiation. For protons and accelerated C-ions
(horizontal beam), 20 pL of dense lymphocyte suspension was sandwiched between two mylar
surfaces, enabling thus their exposure to the horizontal beams. The irradiation of samples was carried
out at the Legnaro Lab accelerators and the homogeneous exposure of the targeted cells in the entire
mylar surface by the radiation beam was ensured by means of appropriate testing. The dose-rate for
a-particles was 0.22 Gy/min, whereas for proton irradiation was 1 Gy/min and for 295 keV/um
carbon-ion irradiation was 2 Gy/min. The energies of particle and ion irradiations, as well as the
experimental set-up, were chosen in a way to always guarantee the so-called “track segment
conditions” (or to be very close to these) in order to obtain the correct evaluation of the deposited
energy in the cell and then of the dose [231,232]. All particle energy values, and corresponding LET
refer to incident energy at the cell entrance. Considering that in our experiments the targeted cells
were lymphocyte monolayers, the particles traversed the cells retaining considerable energy, so the
Bragg peak was not totally contained in the exposed sample, even though the biological endpoints
proposed in this work were found to be sensitive enough to distinguish the effectiveness of the
different radiation qualities used.

5.4.4. Cell fusion-Mediated Induction of Premature Chromosome Condensation in Lymphocytes

Cell fusion and PCC induction were performed using 45% polyethylene glycol (PEG, P5402,
Sigma-Aldrich, Darmstadt, Germany) in serum-free RPMI-1640 medium. Lymphocytes and mitotic
CHO cells were mixed in serum-free RPMI-1640 medium in a 14 mL round-bottom culture tube in
the presence of colcemid as originally described [108] with some modifications. After centrifugation
at 1000 rpm (100x g) for 8 min, the supernatant was discarded without disturbing the cell pellet,
keeping the tubes always inverted in a test tube rack on a paper towel to drain the pellet from excess
liquid. While holding the tubes in an inverted position, 0.15 mL of PEG was injected forcefully against
the cell pellet using a micropipette and, immediately after, the tube was turned in an upright position
and held for about 1 min. Subsequently, 1.5 mL of PBS was slowly added to the tube with gentle
shaking and the cell suspension was centrifuged at 1000 rpm for 8 min. The supernatant was
discarded, and the cell pellet was suspended gently in 0.7 mL RPMI-1640 complete growth medium
containing PHA and colcemid. After 75 min at 37 °C, cell fusion/PCC induction was completed. Cells
were then treated with hypotonic KCI (0.075 M) and fixed with three changes of methanol: glacial
acetic acid (v/v 3:1).

5.4.5. Cytogenetic Analysis, Scoring Criteria, Statistical Analysis

The chromosome spreads were prepared by the standard air-drying technique and slides were
stained using 3% Giemsa in buffered solution for PCC analysis. The PCC fragments per cell
characterized as “Excess PCCs/Cell” (i.e., in excess of 46 PCCs) were scored for damage induction or
post-irradiation repair points using light microscopy. The analysis of PCC spreads was greatly
facilitated by an image analysis system (Ikaros, MetaSystems, Germany). Detection and
quantification of the impact of radiation-induced clustered DNA lesions (i.e., clustered DNA damage
and clustered DSBs) on interphase chromosomes, in terms of localized chromosome shattering, was
made through the visualization and subsequent analysis of the 46 chromosome domains in Go
lymphocyte PCC spreads. For this purpose, we defined “shattered chromosome domains/nucleus”
as the yields per nucleus of shattered interphase chromosomes containing five or more clearly
detectable fragments in close proximity to each other (e.g., Figures 5.3, 5.4B, and 5.7A). For each
experimental point, at least 50 cells (Go lymphocyte PCC spreads) were analyzed and the
experimental results shown in Figures 5.5, 5.6, 5.8, and 5.9, represent mean values + SD based on
three independent experiments for a-particles, C-ions, and y-rays; and two independent experiments
for protons. Statistical significance was determined by means of unpaired t-tests, corrected for
multiple comparisons using the Holm-Sidak method with alpha = 0.05. Each dose was analyzed
individually, without assuming a consistent SD. Asterisks indicate statistical significance; * p < 0.05,
**p<0.01, ** p<0.001.
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5.5. Conclusions

By means of a clearly detectable biological endpoint, we obtained reliable RBE values for a-
particles, C-ions, and protons, and studied the mechanisms underlying the efficacy of particle
irradiation to induce localized chromosome shattering, a hallmark of chromothripsis. Specifically,
based on chromosome fragmentation analysis of Go lymphocyte PCCs, our test system reflects the
impact of radiation-induced clustered DNA lesions on induction and post-irradiation repair in
interphase chromosomes. The results provide the first direct experimental evidence that high-LET
particle radiations have an increased effectiveness for localized chromosome shattering in domains
along the particle track. This specific effect is shown to be a fingerprint of exposure, which can
improve our understanding and unravel the differences in biological effectiveness exhibited by
various radiation qualities. It points as well to our proposal of a new model for the mechanisms
underlying the formation of critical complex chromosome alterations.

Indeed, the potential of particle irradiation to induce persistent lesions at the level of DNA as
well as of chromatin, in neighboring chromosome domains along the particle tracks, may be a key
determinant of the formation of chromothripsis-like chromosomal rearrangements. Such dual action
of particle radiation may lead to localized chromosome shattering under the dynamics of chromatin
condensation, which may be followed either by random rejoining of chromosome fragments, or
aberrant mitosis and MN formation. In both cases, chromothripsis-like rearrangements similar to
those caused by chromothripsis in tumors may be generated with a potential impact on long-term
health risks. High-LET particle radiation is more likely, therefore, to cause complex focal genomic
changes leading to a higher level of genomic instability. To examine this possibility, additional
insights into the fate of the localized shattered chromosomes could be obtained for different radiation
qualities by combining the PCC assay with the Fluorescence in Situ Hybridization (FISH) technique,
as we have already demonstrated for low-LET radiation [67,213]. Overall, our results are of
importance to radiation oncology and space radiation protection, since the induction of complex and
chromothripsis-like alterations by particle radiation may generate adverse effects and increased risk
of secondary malignancies.
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Chapter 6: An Enhanced G2-Assay for Individualized
Radiosensitivity (IRS) Assessment

6.1. Introduction

Genes coding for cytoplasmic proteins that act as phosphorylation substrates of the key
mediators in DNA damage response activation are perhaps the most crucial factors determining
radiosensitivity. In particular, ATM, ATR, and Chkl kinases facilitate cell cycle arrest protecting
against the conversion of DNA lesions into chromatid breaks during G2/M phase transition. Based
on this hypothesis, a standardized G2-assay has been developed: a predictive cytogenetic assay for
estimating the level of individualized radiosensitivity (IRS), as a percentage of the highly
radiosensitive Ataxia Telangiectasia (AT) patients, who have a compromised G2/M checkpoint [233].

The assay involves in vitro irradiation of exponentially growing peripheral blood lymphocytes,
split of irradiated culture into two identical samples, and G2-checkpoint abrogation by caffeine in
one of the two samples. As a result, the sample treated with caffeine will approximate the response
of AT patients [234], and serve as an internal control for obtaining the IRS value of the testing sample
[235]. The analysis is based on the yield of chromatid breaks (Figure 6.1) as a function of G2-
checkpoint capability to facilitate DNA damage recognition and cell cycle arrest, as well as of the
effectiveness of Cdk1/Cyclin B activity in the conversion of unrepaired DNA damage into chromatid
breaks during G2/M phase transition and chromatin condensation. IRS is then estimated as a
percentage of the yield of chromatid breaks obtained in the sample with abrogated G2-checkpoint,
which approximate the response of AT patients. The IRS cut-off value, below which an individual is
classified as radioresistant, was set at 30%; 30—50% as normal; 50—70% as radiosensitive, and above
70% as highly radiosensitive [233].

Yet, this approach has two crucial limitations. Firstly, it requires a 72 h culture of stimulated
blood lymphocytes to obtain an adequate number of G2 phase cells, before their exposure to 1 Gy
irradiation with gamma or X-rays. Secondly, despite their 72 h culture, only a very small percentage
of the irradiated G2-lymphocytes are able to proceed to mitosis, due to the strong G2-checkpoint
block. This second problem is particularly apparent when the assay is applied for radiosensitivity
testing of tumor or normal cell lines. To overcome these limitations, in the present study we employed
the selective CDK1 inhibitor, RO-3306 for 19 hours, to achieve G2/M cell cycle arrest, and thus enrich
with an increased percentage of lymphocytes in the G2-phase. As a result, following G2-phase
irradiation, a higher percentage of the irradiated G2-cells is expected to proceed to metaphase
enabling thus the analysis of chromatid breaks. In addition, we used the ATR inhibitor, VE-821,
instead of caffeine to induce a stronger abrogation of the G2 checkpoint, and thus increase the
conversion of radiation-induced DNA damage into chromatid breaks since the released cells from
the G2-block will proceed fast to mitosis with unrepaired DNA lesions [236]. This increased yield of
chromatid breaks approximates better the yield obtained when lymphocytes from AT patients are
used.

Specifically, our enhanced G2-assay was applied to primary human blood lymphocytes using
VE-821 or caffeine and the yields of chromatid breaks obtained were compared to those obtained for
AT patients. Furthermore, the proposed G2-chromosomal radiosensitivity assay was applied to three
cell lines: epidermoid carcinoma (A431), lung cancer (A549) and HelLa cells. The radiosensitivity
estimates obtained for these cell lines were evaluated on the basis of the Do values obtained using
conventional survival curves.

6.2. Materials and Methods

6.2.1. Blood Samples and Culture Conditions

Heparinized blood samples were taken from healthy individuals and AT-patients for analysis
of chromosomal radiosensitivity in the G2-phasee, using the standardized G2-assay and the proposed
G2-assay using the ATR inhibitor VE-821 instead of caffeine, as well as the selective CDK1 inhibitor
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RO-3306 for 19 hours to achieve G2/M cell cycle arrest. Blood lymphocytes were cultured adding 0.5
ml of whole blood to 4.5 ml of RPMI 1640 (Biochrom AG, Germany) medium supplemented with
10% FBS, 1% PHA (phytohaemagglutinin), 1% glutamine and antibiotics (penicillin: 100 U/ml;
streptomycin: 100 ug/ml). Cultures were incubated before their irradiation for 72 h, at 37 °C in a
humidified incubator in an atmosphere of 5% CO2 and 95% air. PHA was dissolved in water at a
concentration of 0.24 mg/ml. Caffeine was prepared as a 100 mM stock solution in PBS and used at a
final concentration of 4mM. VE-821 was dissolved in DMSO at 10 mM used at final concentration of
2.5 uM. The immortalized cell lines A549 and A431 were grown in Dulbecco's Modified Eagle
Medium (DMEM), and the HeLa in McCoy's 54 medium with 10% fetal bovine serum and antibiotics,
at 37°C in 5% CO: and 95% air in a humidified incubator.

6.2.2. Irradiation Conditions

Irradiation was carried out in a GammaCell 220 irradiator (Atomic Energy of Canada Ltd.,
Ottawa, Canada) at room temperature and at a dose rate of 20 cGy/min. Detailed protocol for the
standardized G2-assay Proliferating cells were irradiated in vitro in G2-phase with 1Gy, 72 h after
culture initiation. Each culture was divided immediately after irradiation, so that one half was treated
with caffeine (4 mM) or VE-821 and incubated for 20 min at 37 °C to allow division of cells irradiated
at mitosis, while the other half was cultured for the same time period without the presence of caffeine
or VE-821. Colcemid was subsequently added to cell cultures for 60 min. At approximately 90 min
post irradiation, cells were harvested and collected by centrifugation, treated in 75 mM K], fixed in
methanol:glacial acetic acid (3:1 v/v), and processed for chromosomal aberration analysis. Standard
procedures were used for chromosome preparation and staining and chromosomal damage was
visualized and quantified as chromatid breaks in cells at metaphase.

6.2.3. Analysis

For each experimental point, approximately 50 cells were scored for chromatid breaks, based on
standard criteria. Chromatid breaks and gaps were scored, the latter only when longer than a
chromatid width. Light microscopy was coupled with an image analysis system (MetaSystems,
Germany) to facilitate scoring. The spontaneous aberration yield was subtracted to obtain the
radiation-induced G2 yield of chromatid breaks. Standard deviations of the mean values were
calculated from three independent experiments.

6.3. Results and Discussion

6.3.1. IRS Estimates Based on G2-Chromosomal Radiosensitivity of Blood Lymphocytes

The overall objective of this study is to validate the proposed enhanced G2-assay using the CDK1
inhibitor RO-3306 and ATR inhibitor VE-821, for individualized radiosensitivity assessment.
Following G2-phase irradiation with 1 Gy and analysis of chromatid breaks at the subsequent
metaphase, three distinct yields of chromatid breaks were obtained for the cultured blood samples.
The first (G2-yield), represents the G2-chromosomal fragility of the testing blood sample. The second
represents the yield of chromatid breaks obtained when G2-checkpoint is abrogated by means of
caffeine (G2-Caf yield), and the third represents the yield of chromatid breaks obtained using VE-821
(G2-VE yield) instead of caffeine. Based on the yields of chromatid breaks obtained, the
individualized radiosensitivity (IRS) can be evaluated as a percentage of the high radiosensitivity
level of AT patients using the formula IRSc.s = (G2/G2-Caf)x100% or IRSve = (G2/G2-VE)x100%.

Representative examples of chromatid breaks in blood lymphocytes at metaphase following 1
Gy of y-radiation in G2 phase, in the absence or presence of VE-821, are shown in Figure 6.1. The
chromatid breaks shown by arrows, indicate that they become significantly more numerous in the
presence of the ATR inhibitor VE-821. Comparative experiments were carried out to test whether the
enrichment of cells in G2-phase by means of RO 3306 could modify the IRS value. The IRS value
obtained without using RO-3306 was 47,1 + 3,2%, whereas using treatment with RO-3306 for 19 hours,
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and subsequently removed after irradiation, was 44,4 + 2,55 %. The results are presented in Figure
6.2 and demonstrate that the enrichment in G2 cells by RO-3306 did not alter significantly the IRS
estimate. Blood samples from three Ataxia Telangiectasia (AT) patients, who have a defective G2/M
checkpoint, were also tested with the G2-assay following 1 Gy of y-irradiation, yielding a mean
number of 8,9 + 0,66 chromatid breaks per cell, as shown in Table 6.1. This yield was compared with
the yields obtained without using any inhibitor as well as with those obtained using VE-821 or
caffeine, as presented in Figure 6.3. The number of chromatid breaks/cell observed using VE-821 is
closer to the number exhibited in Ataxia Telangiectasia (AT) patients. The results obtained for the
mitotic index (MI) in the absence of RO-3306 or in the presence before and after irradiation are
presented in Figure 6.4. The highest MI was achieved when RO-3306 was applied for 19h and
removed immediately after irradiation. Hence, approximately a 5-fold enrichment of G2 cells was
achieved using the CDK1 inhibitor RO-3306.

*'I- %,c Q:?

Figure 6.1. Examples of cultured blood lymphocytes, exposed to 1 Gy of y-radiation in G2 phase,
without (A) or with VE-821 (B), as visualized in the subsequent metaphase. Grey arrows indicate
chromatid breaks, which become significantly more numerous in the presence of the ATR inhibitor
VE-821.

Table 6.1. Blood samples from three Ataxia Telangiectasia (AT) patients, who have a defective G2/M
checkpoint, were also tested with the G2-assay yielding a mean number of 8,9 + 0,66 breaks per cell,
following 1 Gy of y-irradiation.

Ataxia Telangiectasia Patients Chromatid breaks per cell
Patient A 8,7
Patient B 9,5
Patient C 8,2
Mean value 8,9+ 0,66
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Figure 6.2. Individualized Radiosensitivity (IRS) with or without RO-3306. In the conventional G2-
assay (w/o) the IRS was 47,1 + 3,2%. The IRS after treatment with RO-3306 for 19 hours and its removal
after irradiation was 44,4 + 2,55 %. (Mean * SD based on three independent experiments; ns p > 0.05).
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Figure 6.3. The number of chromatid breaks/cell observed using VE-821 is closer to the number
exhibited in Ataxia Telangiectasia (AT) patients. Blood samples from 3 AT patients were tested for
G2-chromosomal radiosensitivity, yielding a mean number of 8,9 + 0,66 chromatid breaks per cell,
following 1 Gy of y-irradiation. VE-821 is a better G2-checkpoint abrogator than caffeine, and it
enables to obtain a more representative internal control, not significantly different than AT patients.
(Mean + SD based on three independent experiments; ns p > 0.05; *** p < 0.001).
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Figure 6.4. Mitotic index (MI) of the enhanced G2-assay in 48 hours, as compared to the conventional
version (w/0). Without the use of RO-3306, the MI was 4,27 + 0,42 %o. The MI after treatment with RO-
3306 for 19 hours and its removal before irradiation was increased to 18,9 + 1,89 %o.. The MI after
treatment with RO-3306 for 19 hours and its removal after irradiation was increased to 23,4 + 3,71 %o.
Hence, the highest MI was achieved when RO-3306 was applied and removed after irradiation,
resulting in a 5-fold increase of G2 cells. (Mean + SD based on three independent experiments; * p <
0.05; *** p <0.001).

6.3.2. IRS Estimates for Normal and Tumor Cell Lines

The proposed G2-chromosomal radiosensitivity assay was applied also to three tumor cell lines:
epidermoid carcinoma (A431), lung cancer (A549) and HeLa cells. Examples chromatid breaks in a
metaphase A431 epidermoid carcinoma cell following exposure to 1 Gy of y-radiation in G2-phase in
the absence (A) or presence (B) of the ATR inhibitor VE-821 are sown in Figure 6.5. Arrows indicate
chromatid breaks, which become significantly more numerous in the presence of the ATR inhibitor
VE-821. The IRS values for these cell lines were obtained and evaluated on the basis of the Do values
obtained using conventional survival curves. The results are presented in Table 6.2 and demonstrate
that the use of ATR inhibitor VE-821 provides radiosensitivity estimates that better match the
radiosensitivity based on the Do values obtained by means of the conventional clonogenic assay.
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Figure 6.5. Examples of A431 epidermoid carcinoma cells, exposed to 1 Gy of y-radiation in G2 phase,
without (A) or with VE-821 (B), as visualized in the subsequent metaphase. Grey arrows indicate
chromatid breaks, which become significantly more numerous in the presence of the ATR inhibitor
VE-821.

Table 6.2. Individualized Radiosensitivity (IRS) for the A431, A549 and HelLa cells estimated using
the G2-assay with either Caffeine or VE-821, following 1 Gy of y-irradiation. The ATR inhibitor VE-
821 provides radiosensitivity estimates that better match the radiosensitivity obtained with the
conventional clonogenic assay based on the Do values for these cell lines.

Cell line A431 A549 Hela
Clonogenic assay (Do, Gy) 15 14 181
Radiosensitivity Resistant Resistant Resistant
Inhibitor Caffeine VE-821 Caffeine VE-821 Caffeine VE-821
G2-assay (IRS %) 37 26 34 27 40 29
Radiosensitivity Normal Resistant Normal Resistant Normal Resistant

The results clearly show that the G2-VE yield simulates better the high radiosensitivity level of
chromatid breaks obtained for AT patients. This robust cytogenetic method has the potential to be of
great importance for personalized radiation oncology and space exploration radiation protection.
Furthermore, it can be used for radiosensitivity testing of tumor and normal cell lines. In this case,

the IRS values using VE-821 are comparable to those obtained on the basis of the Do values using
conventional survival curves.
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6.4. Conclusions

To overcome the limitations of the conventional G2-assay, we employed the selective CDK1
inhibitor, RO-3306, to achieve G2/M cell cycle arrest, and thus to increase the percentage of
lymphocytes in G2 phase. Also, we used the ATR inhibitor, VE-821, instead of caffeine to induce a
stronger abrogation of the G2 checkpoint, thus increasing the conversion of radiation-induced DNA
damage into chromatid breaks to the level obtained for AT-patients. Therefore, using VE-821 the yield
of chromatid breaks can be served as a more representative internal control to assess individual
radiosensitivity (IRS) as a percentage of the highly radiosensitive AT patients.

Overall, the main characteristics and advantages of the proposed enhanced G2-assay:

v" The use of RO-3306 does not modify the individualized radiosensitivity (IRS),
permitting its use without altering the outcome of the radiosensitivity assessment.

v' The enrichment of lymphocytes in G2 phase by means of the RO-3306 allows the
completion of the IRS assessment in 50 h instead of 72 h.

v" The use of VE-821 instead of caffeine as a G2-checkpoint abrogator provides a more
representative internal control, matching the yield of chromatid breaks observed in
AT patients.

v" The increased mitotic index of the enhanced G2-assay enables its application to
tumor and normal cell lines.

v" The use of VE-821 enabled a more accurate radiosensitivity estimation of epidermoid
carcinoma (A431), lung cancer (A549) and HeLa cell lines, as compared to the
radiosensitivity obtained with the conventional clonogenic assay based on the Do
values for these cell lines.

v" The assay may prove to be of great importance for radiosensitivity estimation since

it requires only 1-3 days instead of the 15 days needed for the conventional
clonogenic assay.
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Chapter 7: Epilogue

Summary of Key Outcomes

In the present doctoral thesis, the mechanisms underlying the conversion of DNA damage into
chromosomal aberrations, chromothripsis and genome instability by different radiation qualities,
have been thoroughly examined and used for biodosimetry and risk assessment purposes. Using cell
fusion mediated interphase chromosome analysis in peripheral blood lymphocytes, we developed an
automatable micro-PCC assay for biodosimetry purposes. The micro-PCC assay may pave the way
for the automation and increased throughput for individualized absorbed dose estimates and risk
assessment in the event of large-scale radiological emergencies. In addition, we have proposed
potential predictive biomarkers for early and late health effects using the analysis of chromosomal
rearrangements in Go-peripheral blood lymphocyte PCC spreads. Particular emphasis has been given
to the phenomenon of chromothripsis, which may underlie the biological basis for induction of
chromosomal instability and carcinogenesis, particularly following exposure to high-LET radiation.
We have provided, for the first time, experimental evidence for the mechanistic origin of
chromothripsis, and we have clearly demonstrated that high-LET radiation can induce localized
chromosome shattering, which is a critical risk for chromothripsis to occur. Furthermore, we have
developed an enhanced G2-chromosomal radiosensitivity assay for the evaluation of individualized
radiosensitivity in blood lymphocytes and normal or tumour cell lines.

To conclude, the overviews of the five research chapters, that constitute the core of this doctoral
thesis, as well as the future research directions are presented below.

Chapter 2 Overview

In radiation accidents and large-scale radiological emergencies, a fast and reliable triage of
individuals according to their degree of exposure is important for accident management and
identification of those who need medical assistance. In this work, the applicability of cell-fusion-
mediated premature chromosome condensation (PCC) in Go-lymphocytes is examined for the
development of a rapid, minimally invasive and automatable micro-PCC assay, which requires blood
volumes of only 100ul and can be performed in 96-well plates, towards risk assessments and
categorization of individuals based on dose estimates. Chromosomal aberrations are visualized for
dose-estimation analysis within two hours, without the need of blood culturing for two days, as
required by conventional cytogenetics. The various steps of the standard-PCC procedure were
adapted and, for the first time, lymphocytes in blood volumes of 100l were successfully fused with
CHO-mitotics in 96-well plates of 2ml/well. The plates are advantageous for high-throughput
analysis since the various steps required are applied to all 96-wells simultaneously. Interestingly, the
use of only 1.5ml hypotonic and Carnoy’s fixative per well offers high quality PCC-images, and the
morphology of lymphocyte PCCs is identical to that obtained using the conventional PCC-assay,
which requires much larger blood volumes and 15ml tubes. For dose assessments, appropriate
calibration curves were constructed and for PCC analysis specialized software (MetaSystems) was
used. The micro-PCC assay can be combined with fluorescence in situ hybridization (FISH), using
simultaneously centromeric/telomeric (C/T) peptide nucleic acid (PNA) probes. This allows dose
assessments on the basis of accurate scoring of dicentric and centric ring chromosomes in Go-
lymphocyte PCCs, which is particularly helpful when further evaluation into treatment-level
categories of exposed individuals is needed. The micro-PCC assay has significant advantages for
early triage biodosimetry when compared to other cytogenetic biodosimetry assays. It is rapid, cost-
effective, and could pave the way to its subsequent automation.
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Chapter 3 Overview

A sensitive biodosimetry tool is required for rapid individualized dose estimation and risk
assessment in the case of radiological or nuclear mass casualty scenarios to prioritize exposed
humans for immediate medical countermeasures to reduce radiation related injuries or morbidity
risks. Unlike the conventional Dicentric Chromosome Assay (DCA), which takes about 3—4 days for
radiation dose estimation, cell fusion mediated Premature Chromosome Condensation (PCC)
technique in Go lymphocytes can be rapidly performed for radiation dose assessment within 68 hrs
of sample receipt by alleviating the need for ex vivo lymphocyte proliferation for 48 hrs. Despite this
advantage, the PCC technique has not yet been fully exploited for radiation biodosimetry. Realizing
the advantage of the Go PCC technique that can be instantaneously applied to unstimulated
lymphocytes, we evaluated the utility of Go PCC technique in detecting ionizing radiation (IR)
induced stable and unstable chromosomal aberrations for biodosimetry purposes. Our study
demonstrates that PCC coupled with mFISH and mBAND techniques can efficiently detect both
numerical and structural chromosome aberrations at the intra- and inter-chromosomal levels in
unstimulated T- and B-lymphocytes. Collectively, we demonstrate that the Go PCC technique has the
potential for development as a biodosimetry tool for detecting unstable chromosome aberrations
(chromosome fragments and dicentric chromosomes) for early radiation dose estimation and stable
chromosome exchange events (translocations) for retrospective monitoring of individualized health
risks in unstimulated lymphocytes.

Chapter 4 Overview

The discovery of chromothripsis in cancer genomes challenges the long-standing concept of
carcinogenesis as the result of progressive genetic events. Despite recent advances in describing
chromothripsis, its mechanistic origin remains elusive. The prevailing conception is that it arises from
a massive accumulation of fragmented DNA inside micronuclei (MN), whose defective nuclear
envelope ruptures or leads to aberrant DNA replication, before main nuclei enter mitosis. An
alternative hypothesis is that the premature chromosome condensation (PCC) dynamics in
asynchronous micronucleated cells underlie chromosome shattering in a single catastrophic event, a
hallmark of chromothripsis. Specifically, when main nuclei enter mitosis, premature chromatin
condensation provokes the shattering of chromosomes entrapped inside MN, if they are still
undergoing DNA replication. To test this hypothesis, the agent RO-3306, a selective ATP-competitive
inhibitor of CDK1 that promotes cell cycle arrest at the G2/M boundary, was used in this study to
control the degree of cell cycle asynchrony between main nuclei and MN. By delaying the entrance
of main nuclei into mitosis, additional time was allowed for the completion of DNA replication and
duplication of chromosomes inside MN. We performed interphase cytogenetic analysis using
asynchronous micronucleated cells generated by exposure of human lymphocytes to y-rays, and
heterophasic multinucleated Chinese hamster ovary (CHO) cells generated by cell fusion procedures.
Our results demonstrate that the PCC dynamics during asynchronous mitosis in micronucleated or
multinucleated cells are an important determinant of chromosome shattering and may underlie the
mechanistic origin of chromothripsis.

Chapter 5 Overview

For precision cancer radiotherapy, high linear energy transfer (LET) particle irradiation offers a
substantial advantage over photon-based irradiation. In contrast to the sparse deposition of low-
density energy by X- or y-rays, particle irradiation causes focal DNA damage through high-density
energy deposition along the particle tracks. This is characterized by the formation of multiple damage
sites, comprising localized clustered patterns of DNA single- and double-strand breaks as well as
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base damage. These clustered DNA lesions are key determinants of the enhanced relative biological
effectiveness (RBE) of energetic nuclei. However, the search for a fingerprint of particle exposure
remains open, while the mechanisms underlying the induction of chromothripsis-like chromosomal
rearrangements by high-LET radiation (resembling chromothripsis in tumors) await to be elucidated.
In this work, we investigate the transformation of clustered DNA lesions into chromosome
fragmentation, as indicated by the induction and post-irradiation repair of chromosomal damage
under the dynamics of premature chromosome condensation in Go human lymphocytes. Specifically,
this study provides, for the first time, experimental evidence that particle irradiation induces
localized shattering of targeted chromosome domains. Yields of chromosome fragments and
shattered domains are compared with those generated by y-rays; and the RBE values obtained are
up to 28.6 for a-particles (92 keV/um), 10.5 for C-ions (295 keV/um), and 4.9 for protons (28.5
keV/um). Furthermore, we test the hypothesis that particle radiation-induced persistent clustered
DNA lesions and chromatin decompaction at damage sites evolve into localized chromosome
shattering by subsequent chromatin condensation in a single catastrophic event—posing a critical
risk for random rejoining, chromothripsis, and carcinogenesis. Consistent with this hypothesis, our
results highlight the potential use of shattered chromosome domains as a fingerprint of high-LET
exposure, while conforming to the new model we propose for the mechanistic origin of
chromothripsis-like rearrangements.

Chapter 6 Overview

The kinases ATM and ATR facilitate cell cycle arrest protecting against the conversion of
unrepaired DNA lesions into chromatid breaks during G2/M phase transition. Based on this notion,
a standardized predictive cytogenetic assay, the G2-assay, has been developed that enables
evaluation individualized radiosensitivity (IRS) as a percentage of the highly radiosensitive Ataxia
Telangiectasia (AT) patients, who have a compromised G2/M checkpoint. The IRS cut-off value,
below which an individual is classified as radioresistant, was set at 30%; 30—50% as normal; 50—
70% as radiosensitive, and above 70% as highly radiosensitive [Ref standardized G2-assay 2011]. Yet,
this approach requires a 72 h culture of stimulated blood lymphocytes to obtain an adequate number
of G2 phase cells, before their exposure to 1 Gy. Also, only a very small percentage of the irradiated
G2-lymphocytes are able to proceed to mitosis due to radiation-induced G2-block, which is
particularly apparent when the assay is applied for radiosensitivity testing of tumor or normal cell
lines. To overcome these limitations, we employed in the present work the selective CDK1 inhibitor
RO-3306 to achieve G2/M cell cycle arrest to increase the percentage of lymphocytes in G2 phase.
Also, we used the selective ATR inhibitor VE-821 instead of caffeine to induce a stronger abrogation
of the G2 checkpoint, increasing thus the conversion of radiation-induced DNA damage into
chromatid breaks to the level obtained for AT patients. Therefore, using RO-3306 and VE-821 in
cultured lymphocytes or cell lines, the increased yield of chromatid breaks following irradiation can
be now served as a more representative internal control for reliable assessments of individualized
radiosensitivity (IRS) as a percentage of the highly radiosensitive AT patients.
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Conclusions and Future Research Directions

The main achievements of this doctoral thesis may contribute substantially to the experimental
design for conducting further research in new important directions:

v" Development of a rapid and minimally invasive biodosimetry method using 96-well plates
and only 100yl of blood to assess doses in large-scale radiological emergencies.

The development of the micro-PCC method using plates of 96 wells and quantities of blood
of only 100 ul is important because it does indeed pave the way for large-scale accident
management and the automation of individualized risk assessment of exposure to ionizing
radiation. Based on the conventional methodology, to obtain post-irradiation dose estimates
through the analysis of excess PCC fragments using appropriate dose-response calibration
curves, 1-2 hours per sample are required. To accelerate the analysis of multiple samples, in
collaboration with MetaSystems (Germany), which specializes in automated microscopic
imaging and analysis of chromosomal preparations, we propose to adapt the Metafer slide
scanning platform and its related software for the micro-PCC method. Our preliminary
results confirm the automatic capture and analysis of PCC images in less than 5 minutes per
sample and the possibility of constructing a corresponding calibration curve. Due to the
automated feeding system, the Metafer platform could automatically analyze up to 800
chromosomal preparations. Further investigation in this direction will be an important step
towards the automated rapid dose estimation, primarily for the management of large-scale
radiological events.

v' Investigation of new chromosomal predictive biomarkers for the evaluation of doses and
stochastic effects of an exposure by combining the PCC method with the FISH technique.

The reciprocal translocations detected by the combination of PCC and FISH techniques in
lymphocytes after radiation exposure are also important and potentially predictive of
stochastic health effects because they are related to cancer biology. Therefore, further
investigation in this direction, combining the PCC method with the FISH technique for the
identification of predictive chromosomal biomarkers for the stochastic effects of an exposure,
will contribute substantially to the optimal assessment of cases of overexposure to ionizing
radiation.

v Demonstration, for the first time using cytogenetic endpoints, of the premature chromosome
condensation (PCC) in micronuclei as the mechanistic basis of chromothripsis and the
localized chromosome shattering in micronuclei in a single catastrophic event.

The cytogenetic results demonstrate, for the first time, that the dynamics of premature
chromosome condensation (PCC) in asynchronous cells with micronuclei form the basis of
the mechanistic origin of chromothripsis and the localized chromosome shattering, are
important and this phenomenon needs further investigation. The experimental design in this
direction will contribute to the confirmation and deeper understanding of the mechanistic
biological basis of chromothripsis. In addition, it will substantially contribute to investigating
whether exposure to ionizing radiation has the potential to activate the mechanism of
chromothripsis. Based on its discovery in the genome of cancer cells, chromothripsis has been
proposed as an alternative mechanism to the progressive induction of carcinogenesis
through successive stepwise mutations.
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v' Presentation of results documenting the localized chromosome shattering, a hallmark of
chromothripsis, as a fingerprint of high-LET radiation.

For particle radiation, our experimental results demonstrate, for the first time, that high LET
radiation can cause localized chromosome shattering. This localized chromosome shattering,
which we first proposed as a high-LET radiation fingerprint, is important because it could
potentially activate mechanisms of carcinogenesis. Therefore, further research in this
direction by combining the PCC and mFISH methods could confirm, with greater reliability,
the localized shattering of chromosomes by high LET radiation as well as the RBE values we
have obtained for radiation of different qualities. In addition, by employing next-generation
DNA sequencing and mFISH, the evolution of localized chromosome shattering to the
phenomenon of chromothripsis could be confirmed.

v Optimization of a cytogenetic method for the detection of endogenous radiosensitivity for
radiation protection and radiotherapy purposes in the context of the individualization of the
risk of radiation exposure.

Regarding the development of a method for detecting the genetic predisposition to increased
sensitivity to radiation to enable the individualized risk assessment of an exposure, the
enhanced cytogenetic method we have proposed needs clinical validation for purposes of
Radiation Protection and Personalized Radiotherapy. The experimental design in this
direction will include both patients scheduled to undertake radiotherapy and patients who,
during or after their treatment, presented a hypersensitivity to radiation. Additionally,
further investigation of endogenous radiosensitivity may include normal and cancerous cell
lines of different radiosensitivities. Ultimately, the goal of investigating in this direction
would be to evaluate the reliability and predictive reproducibility of our method.
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Appendix 1: ITegrygagr) Egevvntikov
Avtikelpévou kat Aour) tng Atdaktogikng
Awatoipng

Etvat kaAa tekpnouwpévo ofjpega o0tL 1) €kBeon oe ovtilovoa akTvoPoAin odnyel oe pia
MANOWEa PLOAOYIKWV EMOQATEWVY TIOL ££AQTWVTAL ATO TN VoM TN¢ akTvoBoAing, T didokela
ékOeomng, ) 0001 KAt to QLOKG ddonc. Eival emiong yvwoto 6Tt 1) ékBeomn tov avBpwmnov atnv
axtvoPoAila ovpPatvel AGyw NG TMOKIANG X0 ONG NG O& LIATEUKES Kol BLOUNXAVIKEG EQAQUOYES
KAl Q& T mOaVES ETUMTWOELS TG OTNV LYElR, 1] akTivoBolla elval mMOAYHATL £V LOXLEO
dLAYVWOTIKG  €0YAAEl0 OTNV 1ATOIKY] KAl 1) TEOTWWHEVT HEBodog Oepameing ywx Ttovg
TLEQLOTOTEQOVGS avOQwTIVOUS Kapkivous. EmimAéov, n) ékBeon petd amd gadloAoyuad 1] Tuonvikd
ATUXNHATA UTIOQEL VOt TIQOKAAETEL COPAQES ETUTTWOELS 0TIV VYELX KA EVOEXETAL EKATOVTADEG 1)
Kat XIALadeg avOowmoL va ekteBovv oe akTvoPodia oe TeQIMTwoT 0oBagov ATUXNHATOS 1
TTUONVIKNC TOOUOKQATIKNG eVEQYELXG. AVTO KATAdEIKVVEL OAPAS TNV AVAYKALOTNTA YIX TNV
avATITUEN KATAAANAWY Blodektwv €kOeonc kal avtopatomomuévwy uefodwv pe avnuévn
aTod00T] YIX EEATOUKEVHEVES EKTLUNOELS DO0EWV O& HEYAANG KAIHAKAG T X HATAL.

Ou dooelc avtéc twv ekTOépevov elval avaykales ywu TNV €KTIHNOT TOL KvdUVOL
EUPAVIONG TWV AUECWV AMOTEAEOUATWV TG ékOeong 1 KAl Twv ATOTEQWY e PAon Tig
ETUONIOAOYIKEG HEAETEG EPAVIONG KapKivou petd amd ékOeon oe ovtiCovoeg axTivoPoAles.
Znv extipnon tov ktvdvvou avap@iola Ba cuUPBAAAEL kKaL 1] DIAAEVKAVOT] TWV HNXOAVIOHWV
7oL dLETOLVV TN BLOAOY KT OOAOT) AKTIVOPBOALDV DAPOQETIKWY TMOOTHTWYV KaOws KAL) avaTTuEn)
TEOYVWOTIKWOV HeOOdWV Yix TNV eKTIUNOoN Tov KIVOUVOU Yior dUOpEVEIS APETEC 1] ATIWTEQES
ETUMTWOELS OTNV VYela BAoel TN yeveTikic mpodikOeongs twv exktOépevov. Ioayuatt, magdtt
™ QULOKA Kat PoAoywkd dooipetoar pUmogovv  va  Pondrjoovv otV eKTiPNon  TwV
QATI0QQOPOVLLEVWY dO0EWV AKTIVOPOALaG, eEacoAovOel va vTtdoxel EAAel)m OTIC YVWOELS HaG
OXETWKA HE TNV TMEOPAeYN O& ATOUIKO €TUTEDO TWV KWWOUVWVY Yl TNV vyela pe Pdon Tig
EKTIHWOUEVEG EATOUIKEVIEVES DOOELC. ()¢ €Kk TOUTOU, 1] TANQONG KATAVONOT TWV HUNXAVITHWOV
00AoNG TV OVTILOVOWY  AKTLVOPOALWV  JPOQETIKWY TOT)Twv o  emimedo DNA,
XOWHOOWUIKO  Kal KLUTtaQkd Oa umopgéoel va Pondnoet omv mEoPAen tO0O0 TV
PoaxvmEobeowV 000 KAL TWV HAKQOTIQOOETWY ETUMTWOEWY OTNV VYELX.

Znv magovoa ddaktoQkt| dtoLBr), eEetalovtal dleEoduKd oL Pnxaviopol Tov dEMovV )
petatoortr| PAaBdv tov DNA o0& XQwHOTWHIKEG AAAOLWTELS KAL AVADIATAEELS, TO PALVOUEVO TNG
XowHoBeUYPNG KaL T YovIwUATIKY actabew Y okoToUs PLODOOLUETOIAG KAL €KTIUNONG
KLVOUVOU peTd amd ékOeor) o€ AKTIVOBOALEG OLPOQETIKWV TOLOTHTWV. MeTatEL TV dlaoQeTIKWY
PLODEKTV TIOL XONOLLOTIOLOVVTAL Yt T1 PLOOOCIHETOIR, DIVETaL EUPAOT] OTIC XOWHOOWHLKES
AAAOLWDOELS OTA AEUPOKVTTAQA TOV TIEQLPEQIKOV AUATOS Kol OiTeEQ O€ EKELVEG TTOL UTTOQOVV
V& ATEKOVIOTOVV KAl va avaAvOovv etd amd mEowen oLUUMUKVWoT xowHoowudtwyv (PCC)
péow wuttapknie ovvinéng. O kvolog Adyog elval emewdr] To  AgppokvTTaga  dev
TOAAATIAOALOVTAL OTO TIEQUPEQLKO ALLA, KUKAOPOQOUV 08 OA0 TO CWHA Kol aviaAAdooovTol
OLVEXWG HE AEUPOKVTTAQA OTOVG LOTOVG, £XOUV HEYAAN dLdokela CwNg Kat ETOL £XOVV «UVTUT»
KA datnovy TNV mMANQo@oin tne £kOeong Yo peydAa xpovikd diotrpuata. Avtd onpatvel ot
AEHPOKVTTAQA HE XOWHOOWHLIKES aAAOWWOES TOL €XOUV TEOKANOel amd aktvoBolia
OTIOLINTIOTE 0TO OWHA Bax elvarl TEAKA TTAQOVTA KoL OTO TIEQLPEQLKO aripat.

ZUYKEKQIUEVA, XOTNOIHOTIOLWVTAS AVEAAVOTN XOWHOOWHATWY AEUPOKVTTAQWY 0T LECOPAOT)
péow TG oLVTNENG TOUG He HITWTIKA KUTTapa XANOTEQ, avamTUXONKe Lot AUTOLAXTOTIOW OLUN
péBodoc micro-PCC yix okomovg Brodootpetoing. H pébodog avtr] pmoget va avoi&el to dodpo
Yot TNV AUTOUATOTON 0T TNG EEATOUIKEVHEVTC EKTITNOTC ATIOEQOPOVIEVTG DOOTG Kot KtvdUVOU
0& TEQLTITWOELS QADIOAOYIKWV KATAOTACEWV EKTAKTNG OVAYKNG UeYAANG kAluakag. Emlong,
xonotomowwvtag xewor Giemsa kat Bag@n XQWHOCWHATWVY e Hoglakovs avixvevtéc DNA oe
ovvdvaoud pe texvicéc FISH kat mFISH, ot emarydpeves and v akTivoPoAlor XQWHOOWUKES
avodIATAEELS OTA AEUPOKVTTAQA TIROTELVOVTAL WG TIQOYVWOTIKOL BLODEIKTES Y AUETES Kot
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ATIOTEQEG EMUMTWOELG 0TV vYyela. ErumAéov, pe Baon tn OvPPATIKY] KUTTAQOYEVETIKY,
avantoxnke kat pae evioxvpuévn G2-xowpoowuikr) pébodoc (enhanced G2-assay) yuax tnv
eEatopkevpévn a&loAdynon g eyyevovg aktvoevatodnoiag.

H avéAvon twv XowHOOWUIKWV aAAowoewv Hetd amd €xkOeon oe akTivofoAieg
OLAPOQETIKWYV  TOLOTHTWV UTOQEL &MIONG Vva elval TQOYVWOTIKY Yix Tuxov Oldikaoieg
KQAQKLVOYEVEOTG KaL 1] €KTAOT] TWV XQWHUOOWHIKOV aAVadIXTAEEWV TOV TIAQATNEOVVTAL 0T
AgUPOKVTTAQA TOV ALHATOS UTOQEL VO AVTIKATOTITEILEL TAQOHOLX CUHPAVTA KAl 0T KUTTOQX
TOU LOTOV-0TOXOV. AUTO delXVeL OTL Ol XQWHOOWLLIKEG AAAODOELS DeV elval LOVO ONHAVTIKOL
PlodeikTeg yix TV eKTiUNON d00EWV KAl EMIMTWOEWY TG AKTWVOPOAlS, aAAd etval emiong
XonouoL Yt Ty mEORAEYT) TOL KIVOOVOL TV AMWTEQWY ATIOTEAETUATWY 0TV vYyeia. TToayuatt,
N vmobeon OTL Ol XOWHOOWHIKES avwuadies oxetillovial pe TOV KAQKIVO KAl HTTOQOVV
EVOEXOUEVWS VA AELTOVQYNOOLY WG EVOLAUETO PriHa TNG ALTLdOUS 000V vmooTnElleTal amd
moAAéG avagopéc. Ta otolxeia pmoQovv va ouvolotovy oe mévte kvowx emiyetenuata: (1) ot
avodIATAEEIS TWV  XQWHOOWHATWYV TalCovV  ONUAvTIkd QOA0 OTNV €VEQYOTOMON TwV
TIEWTOOYKOYOVIOIWV Kol OTNV adQavoToinon Twv yovidlwV KATAOTOATG OYKwV- (2) Tt ATOUA HLE
ovyyevr) vooo, dmwg N avaipio Fanconi 1) 1) Ataxia Telangiectasia (AT), xaoaxtnoilovtat and
aovvnOoTa VYPNAG TOOOOTA XOWHOOWHIKWY VOUAALDV KAl aLENHEVT) CLUXVOTTA EUPAVIONG
kaxonOewwv: (3) aAAowoels kaELOTLTIOL €xovv PEedel e OAOUS TOUG TUTIOVE VEOTIAATUATUIKWV
KUTTAQWV KaL ouXVA elval writega eOKES YIX OUYKEKQLUUEVES DAY VWOTIKEG KT Yoo e (4)
UTTAQXEL TAOT] OL KAQKLVOYOVES XTUIKEG OVOLEG VA TIROKAAOVV XOWUOOWHLKES AAAOLITELS Kot
eTONG OTL 1] EMAYWYT XOWHOOWHIKWOV AAAOLIOEWV TEVEL VA& OULVOEETAL HE YVWOTOUG
KAQKLVOYOVOUS TAQAYOVTEG Y Tov dvOowmo: (5) To @awvopevo Ttng  xowpoBoung
(chromothripsis) mov ovopdotnke pe BAOT T XQWHOOWHLKA XAQAKTNOLOTIKA ToL (chromo) ot
™V vTIokelpeVn dadikaoia oL TeQLAaBavel Bpavon xpwHoowHaTwY (thripsis) oe éva kat povo
KATAOTQOPIKO TULHPAV. Baoel tng avakdAvnc g 010 yovdIwHa KAQKWVIKWOV KUTTAQWY, 1)
XowpoBeun éxet mootabel W eVAAAAKTUCOS UNXAVIOUOG KAQKIVOYEVEDNG, O avtiBeot) e TOV
KAQOLKO UNXAVIOUO KAQKIVOYEVEOTG WG ATIOTEAETLA TIQOODEVTIKWYV YEVETIKWV HETAAAAEeV.

Aappavovtac vroYPn TOV ONUAVTIKO QOA0 TWV XQWHOOWHIKWY avadxtalewv otnv
KAQKLVOYEVeaT), dOOMNKe EUPAoT) 0TO PALVOUEVO TNG XQWHoOQUYNG oL UToQEl va amoTeA€oeL TN
ProAoyikn BAon Y TNV emaywyr] XQWHOOWHIKNG AoTABELNG Kol KaQKLVoYEVeoTc, Wixiteoa amd
axtvoPoAieg vipnAov LET. XonolHomouwdvtag KUTTaQoYeVeTikéG HeBOdoLG, T amoteAéopata
MAQEXOVV YIX TIRWTI POQA TIELQAHUATIKA OEDOHEVA YL TN HUNXAVIOTIKT] KAt BLOAOYIKT) BdoT) Tov
PALVOULEVOL TNG XOWHOOQUYMG Kol amodelkvOOLV ETONC YIX TIOWTN POEA OTL 1 AKTLVOPBOAIX
vymAov LET pumogel va mpokaAéoet tomikr) 0oavon XQWHOOWHATWY, 1) oTtola eiva TpovtdOeon
Yot vae oupPel 1 XowpnoBoUn Kol amtoteAEl XXQAKTNOOTIKO TOU Patvopévov. Le avtiOeon pHe )
OTADLAKT) OLOTWQEEVOT] EMAKOAOVOWYV YEVETIKWOV AAAOLDOEWV Kol HeTAAAAEEWV, TTOL PTTOQEL Vo
TIEOKAAE0OLVV YOVIOLWHATIKT] aotadelx, 1 xowpoOovyn eitvat pua daducaoio petdAAaéng mov
ovppalvel oe éva Kol HOVO KATAOTQOPIKO OULUPAV KATA TO OTOL0 THIHATO XQWHOOWHATWY
veplotaviat palny aAAa evromiopévn Boavon kat tuxaies avadiata&els.

Yuykekoipéva, 1 magovoa ddAKTOQIKY] dxTEIPr] mEaypatevetal ta akdAovOa mévte
EQWTAHATA BACIKIG KAL EQAQLOTLEVIG €QEVVAG:

1. IMdde umogel va avamtuxBel pwxr  avtopatomomjotun micro-PCC néBodog vy
eEATOUIKEVEVES EKTIUNOELS ATOQQOPOVHEVIG DOONG Kal KVOUVOU O€ TEQLMTWOELS
QADIOAOY KWV KATAOTATEWY EKTAKTIG AVAYKNG HEYAANG KAlpAKAGS;

2. IToteg xowpoowpucés avadiatalels, mov amewoviCovtal dueoa oe prn dleyeopéva
AgpokvTTaga alpatog pe pogtakovs avixvevtéc DNA oe ouvdvaouod pe texvucéc FISH
kot mFISH, umogotv va 0pacovy wg mpoyvwoTtikol Blodeikteg ékOeomng mooopégovtag T
dLUVATOTNTA EKTIUNOTG KLVOUVOU Yiot AILETES KOL ATIWTEQES ETUTTWOELS OTNV VYELR;
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3. ITolot pnxaviopol dLETOLVY TO PALVOUEVO TNG XewHoOUYMC, Tov PdoeL TS avakaAvyr|g
NG 0TO YOVWIWHUA KAQKIVIKWOV KUTTAQWYV €xel TROTadel g eVAAAAKTIKOG LN XAVIOUOS
KAQKLVOYEVEDTG;

4. Mroget ) aktvoPoAia vnAov LET va mpokaAéoet tomikt) Ooadon XowHOOWHATWY TOU
XAQAKTNOILEL TO PALVOEVO TG XQWHOOQUPNG hoTe Vor 0dNY1OEL € XQWHOOWLLKT] Kot
YOVILWUATIKY) A0TAO L TTOL ELVAL XAQAKTIOLOTIKA TNG KAQKLVOYEVEOTS;

5. Il pmogetl va avamtuxOel pa evioxvuévn kuttagoyevetikny pébodog G2-assay yia tnv
eEatopkevpévn avixvevon yevetiknc meodikbeone oe avénuévn evawodnoia oty
akTwoPoAla, @ote va  OUHPAAAEL  OLOWXOTIKA OTNV  AKTLVOTIQOOTACIR, TNV
efatopkevpévn aktvofegameia, kabws kAL OTNV TEOOTACIAt TOL TEOCWTILKOV IOV
oxetiCetal pe TNV e£€QeVVNOT] TOL DIACTHUATOG;

Aopn tnec Awdaxktogikng AlatoLpng

H magovoa dwaktogikt) diatopn] dwpbowvetatl oe emtd KepaAaw kat dvo Iagaotipata.
To mowto KepaAaio magovotalel o yeviko vTofaboo mov oxetiCetal He To €QELVNTIKO OEpa Kat
ta emopeva mévte KepaAaia megryQa@ouy Tic eQeLVITIKEG HEAETES KAL EMITEVYHATA OXETIKA HLE
T €QELVNTIKA E€QWTUATA TIOL avapégovial magaravw. To éBdouo KepdAalo, o Entiloyog,
ovvoiCel T KOO ATIOTEAETUATA KL OVITTEQATATA TNG dLATOLPNS, KBS Kol TIc HEAAOVTIKEG
egevvnTikég katevBvvoels. To meglexopevo Tov éPdopov kepadalov magatiBetal emiong ota

EAANvika oo [apaotua 2.
ITo ovykekopéva,

To KeqpdAaio 1 elodyel ONUaVTUCES £VVOLES TNG AKTIVOPULOLKT|S, NG padloBloAoyiag kat tng
axtvokvTTapoyevetknc. Entlong, mepryoapet oe emtinedo DNA, X0wHOOWUATOS KALKVTTAQWYV TIG
KUOLEG HeBBdOLS Kat TOLvg BLodelkTeg TOVL elval el TOU TAQOVTOG dXBETIHOL Y TV avixvevon
KQL TTOOOTIKOTOMON TwV EMIMTOOEWV UG €ékBeong oe 1ovTILovoeg aKTVOPOALEG DPOQETIKWV
noot)twv. Epgaon divetatr ot pébodo tng medwoens ovupunvkvwons xowpoocwudtwyv (PCC), wg
éva LoXVEO Kol HOVODIKO KUTTAQOYEVETIKO eQYaAeio yia T peAétn, anevOelag o€ eooPaotka
KOTTOOA, TG HETATEOTNG TwV PAaPav Tov DNA mov mgokaAovvial amd v axtivoPolila o
XOWHOOWLIKES AAAOWDOELS.

To Ke@dAaio 2 meoryoaget tn pnébodo micro-PCC mov avamtuxOnke kat tnv égevva Tov
OoToXEVEL OTNV aLENOT] TG aTddooNG AvTS TG HeBddOL Héow TS avTouatonoinong e Aryng
EKOVWV TWV TIROWEA OCUVUTVKVWHEVWY  xowpoowpatwy (PCC) twv Agppokvttagwyv. Le
ATUXNHATA AKTIVOBOALAG KAl HEYAANG KALAKAS QADLOAOYKES KATAOTATELS EKTAKTNG AVAYKTS,
Hix yorjyoen kat a&lomiotn dixAoyr] Twv atdpwv avdAoya pe tov Padud ékbeor|g toug etvat
OTHAVTIKN Y TN OLXXEIQLOT] ATUXNHUATWY KAL TOV EVIOTILOHO EKELVWV TIOL XQELALOVTAL LLTQOLKT)
ponBewx. H néBodog micro-PCC evdeikvutal yia Brodoouetoia vmArg amddoong, kabwe anattel
OyKoug aiportog povo 100ul kot pmogei va moaypatornomnBel o ouPAia 96 kKolotitwv. ITgog Tnv
katevBuvon G avtopatomoinong g avaAvong micro-PCC, diepevvdatatr 1 xorjon g
mAQTEOQUAS oaowong dxpavewwyv Metafer amd v MetaSystems v va kataotel dvvat) 1
avtopatomompévn ANPn ewovwv kabwg Kol 1 avtopatomompévn availvon pe Pdon ta
aropévovta Boavouata PCC petd and éxbeon.

To Ke@dAalo 3 megrypdpel v €gevva mMOv OTOXEVEL 0T OLEQELVNOT TOAVOV VEWV
PlodelkTddv  yix OKOTIOUG PLOdOCIUETOIAG KAl OTNV  eKTiUNnon Kwdvvov o0&  meQinmTwon
QADIOAOY KWV 1] TIUONVIKWV ATUXNHATWV HeYAANG KATHaKaC. AELOTIOWOVTAG TO TAEOVEKTN A TG
peBodov PCC mov pmoel var epaguootel Apeoa oe U dleyeQUéVa AEHPOKVLTTAQR, 1) AVAALOT)
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HTToQEl va PaoloTel KAl OTIG XOWHOOWLIKES avadxTAEELS OV amewoviCovTaLl eQaouolovTag
texvikéc mFISH kat mBAND. Ta amoteAéopata deixvouv oa@wg OTL OL TEXVIKEG AVTEG HTIOQOVV
Vot aviXVEVOOLV ATIOTEAECUATIKA TOOO aQLOUNTIKEG 000 KAl DOULIKES XQWHOOWHIKES AAAOLWOELS
o€ €vO0- KAl OLAXQWHOOWHLKA eTtirteda o€ pn deyeopéva T- kat B-Aeppokvttaga. Ot aotabeic
XOWHOOWHLKES  aAAowdoels (Bpatopata XOWHOOWHATWY KAl OIKEVIQKA XQWHOOWHATA)
UTtoQovV va a&lomom ol yx v éykalgn ekTipmnon g 800 akTivoPoAiag Kal Twv AHECwV
emmtwoewv. Ou  otaBepéc  apoPpaiec  xowHoowpkés avadatalels  (avTipetadéoelg)
aEOTIOLOVVTAL YIX AVADQOMLKY EKTINOT TG dOOTS Kol WG TIQOYVWOTIKOL [BLodelkTeS eKTIUNOTG
KLVOUVOU Yt ATIWTEQES ETUMTWOELS OTNV VYEIR.

To KedAaio 4 megryod@et tn peAétn dleedviong Tov UNXAVIOUOU Kal TG PloAoyikng
Pdone tov @awvouévou e xowuoBouymg, mov PAoel TNG avakAALYTG NG OTO Yovwlwua
KAQKLVIKWV KUTTAQWV €Xel TEOoTafel wg eVOAAAKTIKOG HNXAVIOUOC KAQKIVOYEVEOTG, OF
ovtiOeon He TOV KAXOWKO HNXAVIOHO KOQKWOYEVEONS TOL TEoUTo0étel oLVOOWEELOT)
TIQOODEVTIKWV YeVETIKWV HeTaAAdEewv. H xowpoOovyn eival pia diodikaoia petdAAaéng kot
TNV ool HeYAAX TUNHATA XQWHOTWHATWV v@lotavTal palikn) aAAd evroTiopévn Boavon kat
TUXALEG aAVAKATATAEEIS WG ATOTEAEOHa €vOC Kol HOVO KATAOTQO@UKOL ovpfavtoc. H
eTKQATOVOR AVTIANYN elval 0Tl MEOKUTITEL ATIO A HallKT) CLOOWQEEVOT KATAKEQUATIOEVOU
DNA péoa oe pugomvorjves (MN), twv omolwv N EAATTWHATIKT] TUONVIKY HeUPEAVT dlaoTtdTatl
1 odnyel oe avwpaAn aviryoaen tov DNA, mow ol kUglol mugnveg eloéABouvv ot pitwor).
XONOHOTIOLWVTAG KUTTAQOYEVETIKEG HeBODOVGS, Tar ATOTEAEOUATA TTOL AQMUPAVOVTAL TAQEXOVV
Yot TIRWTN (POQA TEWRAUATIKA dedouéva mov vroomeilovv pa evaAdaktikry vndBeorn. H
dUVAHKY] TNG TIEOWENS OLUTUKVWONG Xowpoowrdtwy (PCC) o aohyxoova HIKQOTLENVIKA
KUTTaQa aToTeAEL TN BAoT TNG UNXAVIOTIKNAG TTROéAgLONG NS XowpoOoLYng. Kabwg ot kglot
TIVET|VEG ELCEQXOVTAL 0TI UITWOT), 1) TEOWET] CLUTUKVWOT] XOWHATIVIG KATA T dIAQKELX TOV
avadimAaoiaopov tov DNA mpokaAel T Ooavon twv XQwHOOWHATWY ToL elval Taydevpéva
HéoQ OTOV HLKQOTILONVA OE £Va KAL HOVO KATAOTQOPLKO YEYOVOS, TO 0Tolo amtoteAel 0 Paotkd

XAQAKTNQLOTIKO TNG XQwHoOLYNG.

To KeaAalo 5 meQryQd@et i €QeLVNTIKT] HEAETI) TTOL OTOXEVEL VA TIHQATX EL TTATQOPOQLEG
OXETIKA HE TOVG UNXAVIOHOUS TIOL dLETOLY TIS akTvoPBoAies vymAov LET, onwe cwpatidwnx a,
ETUTAXVVOHEVA TIRWTOVIA Kat 1ovTa C, kat v av&npévn POAoYIKT] ATOTEAECUATIKOTNTA TOUG
oe oVYKQLOT HE TIC akTiveg-X kaL -y. Le avTiOeon pe T XapnAr Yookt evanofeon evéQyelag
amd aktivec-X 1] =Y, oL owpaTkég aktivoBoliec mpokaAovv eotiakés BAdPes oto DNA péow
evamdBeong evépyelag LYNANG TUKVOTNTAS KATA HIKOC TWV TQOXWOV TWV OWHATOWY TTov
dLATEQVOVV TOUG TLENVES TWV KLTTAQWV. AVTO XaoaktNEICeL TIG CWHATIOWKES aKTIVOPOALES wg
vPnNAng yoappkng petagopdg evépyelag (LET) pe anotéAdeopua tov oXNUATIOHO TOAAXTA@V
ovvOeTwV PAAPAOV, OV TTEQLAAUPAVOLY eVTOTILOHEVES OpadOTIOMUEVES PAABES pe HOVOKAWVESG
(SSBs) kat dikAwveg (DSBs) Bpavoeic DNA kaBwg kat BAaPes Paoewv. OLovvOeteg avtég PAABeg
DNA Oewpovvtat Pacikol kaboQlotikol madyovtes g avENUEVNG OXeTIKNG PLOAOYIKTG
anoteAecpatikomtac (RBE) twv cwpatiakav aktivopoAwwy. Ta anoteAéopata magéxouvy yia
TIOWTN POA, TIELQAUATIKEG amodelfels OTL Tétoleg opadomompéves PAdBeg oto DNA pmopet va
HETATOATIOVV O& TOTIKI] BQaV0T TEQLOXWV XOWHOTWHATWV O& €va KAl HOVO KATAXOTQOPLKO
ovuBav, KATL TMov XaEakTnoilel To @awopevo e xowpoOpvyne. EmumAéov, ta dedopéva
vroyeappiCovv v  xonon OQUUUATIOUEVWY  TEQLOXWYV XQWHOOWHATWY WS  OAKTUALKO
anotvmwpa ékBeong oe aktvoPodia vpnAov LET kat vrootngiCouvv éva véo povtéAo movu
TMQOTELVETAL Yt T1 HNXAVIOTIKY]  TIQOEAELOT  YOVWIWHATIKWOV — avadxta&ewv  TOMOU
XowpoBeLYNc mov éxovv mapatnENOEel petd amd ékBeom oe CwpHATOLAKT) AKTIVOBOAIX.

To Ke@dAaio 6 megrypd@el v €Qevva Y TNV avAaTITLEN HG eVIoXVHEVTS pebddov G2-
assay XQWHOOWHIKNG akTvoevaodnoiag yix v eEATOHIKEVHEVT] aVIXVEVLOT) YEVETIKIG
npodirbeong oe avénuévn evawobnola oy aktwvoPoAia atopwv tov mAnOvoupov. Evad n
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eEATOUIKEVHEVT]  ATIOKQLOT] 0TIV AKTWVOPOAIX TEKHNQUWOVETAL OAO KAl TEQLOOOTEQO, OL
UTTOKEUEVOL UM XAVIOLOL Yiot TNV TR0 00T 0€ DVOHEVEIC APETES KAL ATIWTEQES ETUTITWIELS TTOV
TEOKAAOUVTAL ATIO AKTIVOPBOAIN dev elvat akdun oapws katavontol. Ot acOeveic AT, ot omtoiot
éxouv edattwpatikd onuelo  eAéyyxov G2/M, éxer amodeixOel Ot eivar  efalgeTika
axtwvoevalodntol. Ot kivdoeg ATM, ATR kat Chkl dtevkoAUvouv T dLIKOTI] TOU KLTTAQIKOV
kUKkAov ot G2 @don (G2-block) mpootatevovtag and ) petatgont] twv PAapwv tov DNA oe
Xowpatwiakd Boavouata Kotk ) didokelx ¢ petapaons and ) edon G2 ot pitwon (M). Me
Pdon ta amoteAéopata, mEOTelvetal Hia evioxvuévn pébodoc G2 yia NV ekTipnomn TG
axtwoevaodnolag atdépwv v MANBLOUOY WG TOoOOTO TG LYNANG aktwoevalodnoiag
acOevawv AT (100% axtivoevaioOnrtot). Xuvykexguuéva, o avaotoAéac ATR, VE 821,
XONOLUOTIOLE(TAL YIX TNV KATAQYNON Tov onuelov eAéyxov G2, emTUYXAVOVTIAG ATIOKQLOM
nagdpowx pe ekelvn twv acbevwv AT, mov eivat anagaittn ywx ) ovykoton. Emiong, o
avaotoAéag CDK1, RO-3306, epagpoletat yia ToV EUMAOVTIONO TV KUTTAQWV paons G2 mow
and mv axtwvoBoAnon. H xvttagoyevetkr) avt) pébodog divelr tn dvvatotnta eAéyxov
Yevetikng Teodiabeomg avEnNuévng axtivoevatoOnoiag atépwv tov TANGLoUOL KAl avapéveTol
va OVUPAAAEL OLOXOTIKAE 0TV AKTVOTIQOOTAT R, TNV eEATOUIKEVLEVN akTivoBeparteln, kKaBwg
KQL 0TIV MQOOTACIA TOV TEOOWTILKOV 7oL OXeTILETaL LLE TNV £€£€QEVVNOT] TOV DAXCTIUATOC.
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Appendix 2: Extevrg IlegiAnyn Emitevypatwv kot
LUUMEQAOUATWV

Lnv magovoa ddaKToQIKN OTELPN), e€etdotniay 0teoduKd oL U XavIoHol Tov dLEmovy T
petatoort| PAaBwv tov DNA o0& XQwHOOWHIKES AAAOLWTELS KAL AVADIATAEELS, TO PALVOUEVO TNG
XowHoOEUYPNG KatL T YOVOIWHATIKY] aotabel Yoo OKOToUS BLODOOLUETOIAG KAL EKTIHNONG
KWWOUVOL peta and éxOeon oe axtivoBoldies da@ooetik@v Mo TwV. AEOTOWWOVTAG TNV
AVAALOTN XQWHOOWUATWY HETA amd TEOWET CLVUTIUKVWOT] Héow TNG CVVTNENG KLTTAQWY 0T
pitwon He  AgH@OKVUTTAQA TEQLPEQIKOV  alUATOC OTN  UECOPAOT], AVATITOEAUE  HA
avtopatonomorn pédodo micro-PCC yix okomovg Blodootpetoias. H pnéBodog micro-PCC
prtogel va avol&el To dQOMO YA TNV AVTOUATOTIOMOT TNG eEATOUIKEVHEVNG €KTIUNOTG
ATIOQEOPOVEVNG DOONG Kol KIVOUVOU O& TIEQLTITWOELS QODIOAOYIKWY KATAOTAOEWV EKTAKTNG
avaykng peyaAnc kAlpakag. EmmAéov, mpotelvape miBavovs mooyvwotikoUs Plodeiktes yia
QLETEC KAL ATIWTEQEG EMUTITWOELS OTNV VYEIX, XONOLUOTIOLWVTAG TNV AVAALOT] XQWHOOWHIKWY
avadutd&ewv oe nagaokevaopata PCC Aeppokvttdowy megupepetakoL aipatoc Go. Iowiteon
éupaon d00NKe 0TO PALVOLLEVO TN XQwHoOEVUYPNG, To oTolo Hmogel va amoteAel ) BoAoywn
Bdom Yyt TV MEOKANOT] XQWHOOWLKNG AOTADERG Kol KAQKLVOYEVEODTG, WLAITEQH HETA ATIO
ékOeon oe axtvoPoAia vymAov LET. Ilagovoukoape, yix mQWTN (QOQd, TEQXUATIKA
ATOTEAETUATA V1A TN U XAVIOTIKY TEOEAELOT) TNG XOWHOOEUYPNG Ka detape Twe 1) akTivoBoAic
vynAov LET umogel va mookaAéoel Tomukd OQUUUATIONO XOWHOOwHATwV. EmimpdécBeta,
avantoEape X EVIOXVUEVT] XOowHoowuwkny HéBodo G2 (enhanced G2-assay) yux v
eEaToUkeVEVT] a&lOAGYNOT NG €Y YEVOUS akTvoevaloOnoing mov Umogel va epaguootel o
AEUPOKVTTAQA TOV TIEQLPEQLKOV AlATOG, KABWS KAl 08 QUOLOAOYLKES KL KAQKLVIKES KUTTOQLKEG
oelpéc.

Ev katakAeid, magatiOevial magakdtw oL oUVOPELS TV TEVTE EQEVVITIKWV KePaAalwy
TIOL ATIOTEAOVV TOV TILENVA TNG TAQOVOAG dAKTOQKNG daTELBT]S, KaBws Kot oL peAdovtucég
£QELVITIKEG KaTeLOVVOELS.

Lovoyn Kegalaiov 2

Ye meplmtwon 0adloAoyLkoU 1] TTUENVIKOV ATUXHATOC LEYAANG KALHOKAG, L YOI YOQN KAt
a&OTIOT TAELVOUNOT) TWV ATOHWY avaAoya e To Baduod coPagdtntag tne ékBeotic Touvg eivat
OTHAVTLKN VLot T DX ELQLOT) TNG EKTAKTIG AVAYKNG KALTOV EVIOTUOUO EKELVWV IOV XQEtalovTat
apeoa latoikr) Por0eta. v magovoa epyaoio eEeTALOVELE CUVETIWS T DUVATOTITA AVATITUENG
LG TaX elng, EAGXLOTO ETEUPATIKTG KAL AVTOHUATOTION]OLLUN S KUTTAQOYEVETIKNIG HeBOdOUL Y ThV
eEATOUIKEVHEVT]  EKTIUNOT) ATOQQOPOVHEVWY dO0EwV kal kwdLvov amd vTepékBeon oe
tovtiCovoeg axtvoPoAies. T'ia 1o okomd avtd, emAé€ape T pebBodoloyiar g mEOWENS
oVUTIUKVWOTS XowHoowpaTwv (PCC) oe Go-Aepporvttapa meQupeglko alpatog, pHéow Tng
oUVTNENG TOUG HE HITWTIKA KUTTapa Xdpoteg. Aetfape 0Tl UmoQel va epaguootel oe OYKovg
aipatog povo 100 pl kot oe ToUBALX Twv 96 KOLAOTTWV Kot OTL, BACEL TOL TTEWTOKOAAOL ALTAG
¢ micro-PCC peBddov, n duxxeloon kabdg kat 1 emefegyaoia twv derypatwv etvat
avtopatontomjolun kat vYnAng amodoone. Ilpdyuaty, oL XQWHOOWUATIKES AAAOLWOELS TIOUL
eTdyovtal ano v aktivoolia amewoviCovtat yia extipnon g d0ong evtog dV0 wewvV, Xwolg
TNV avaykn KaAAEQYEwS aluatog yix dVO MHEQES, OMWE amalteltal amd T ovUPaTikn
KLTTAEOYEVETIKY HéB0dO avaAvong otn petagaon. Ta didgooa otddwx g pebodoAoyiag PCC
TIQOOAQUOOTNKAY KAL YWt TRWTN OQ&, AgU@oKLTTAQA ovvtxTnkav emtvxws pe CHO-
HLITWTIKA 0€ 0YKkoLg alpatog 100 pl kat oe touPAila 96 kolottwv twv 2 ml/kolotnta. Ta TouPAia
elval KAtAAANAa Y avaAvoelg vmAng amddoong, kabwge ta dLiPopa PrIHATA IOV ATALTOVVTAL
gpaguolovTal TaLTOXoVAa Kol 0TS 96 kKolAOTNTES Tov TEUPALoL. Elvat evdiagégov 0tL 1 xorjom
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povo 1,5 ml vrotoviko dAVUATOG Kat povipomotikoL Carnoy avd poeATio mEoo@éQeL LPNATG
nowotntag ewoveg PCC kat 11 pogpoloyia twv PCC Agpgpokvttdowv elval idix e avt mov
Aappdvetat XoNoLOTOKOVTAS TO CLUPBATIKO TIEWTOKOAAO TN¢ pe@6dov PCC, mov anattel Ouwg
TIOAD peYaAUTEQOUG OYKOUGS aiHaTog Kol OOKIHAOTIKOUG OwAveg twv 15 ml. I'ia tic a&oAoyrjoelg
TV DO0EWV, KATAOKEVATTN KAV KATAAANAEG KA UTTUAEG BAOOVOUN O KAL YA TNV AVAALOT) TV
XOWHOOWUATIKWY AAAOLOEWV XONotpHomomOnke e£eOKEVHEVO AOYIOUKO AVAAVOTG EKOVAG
(MetaSystems). EmumAéov, n micro-PCC péBodoc umogel va ovvdovaotel pe in situ vpodiopd
@Oootopov (FISH), xonopomowvtag tautdxeova MEMTOWOUS aVIXVEVTEG VOUKAEIKOV 0&€0g
(PNA) xevtoopeodiwv/teAopeowiwv (C/T). H avaAvon avty emitoémnel eKTUNOES dOTEWV LIE
Baon TV avAALOT] DIKEVTIOIKWY XOWHOOWHATWY KAL KEVIQIKWY daKTVAlwv dpeoa ota Go
AgppokvTtaga. Avtd eival Wialtego XEN OO OTay artauteltal oe eminmedo Oepamelag TeQALTéQW
aloAdynon twv extBépevwv atdpwv. H néfodog micro-PCC éxel onpavtd mAeovekTipnata
Yot T Plodootetoia kat EYKatQn TaEvOUN o eKTIOEUEVWY ATOUWY O& OUYKQLOT] HE AAAEG
peBoddovc. Etvat yorjyoon, otkovoplikd amodotikr] kat O pmogovoe va avoi&et To dQOHO Yix TNV
avTopATOTONOoT) TG,

Lovoym Kegparaiov 3

FNa v taxeia extipnon e dO0MNG KaL TOv KWOUVOU OTNV TEQITMTWOT QAdOAOYIKWV N
TUONVIKWV  ATUXNUATOV — HEYAANG  KAlpakag, amatteitar  px  a&dmiot)  péBodog
eEatopkeVpévng BLodootpeTolag Y TV a&loAdynon Tov OLUBAVTOS KAl TNV Tallvounon twv
exkTOépevwy wote va An@Oovv éykalpa Ta avaykaia aTtokd Hétoa. Le avtiBeon pe T
ovuBatuicr peBodoAOYIa dUKEVTOIKWY XQWHOOWUATWY, 1 OTIolot amattel mepimov 3-4 nuéQeg Y
™V eKTlUNOo”N TG 000N AKTIVOPOALAGS, 1) TEXVIKY TNG TIEOWENS CUHTUKVWONG XOWHOTWUATWY
(néBodoc PCC) oe Go AgppokvTTaga eQLPeQIKol allaTos, UToQEL va dwoeL aTtoTeAéopata evtdg
6-8 wowv amd n ANYPn Tov delypatoc. Avtd ETUTUYXAVETAL HEOW KULTTAQLKNG OVVTNENG
prtwtikawv CHO kuttaowv pe Aeppokvttaga ot Go paor), xwols dNAadn v avaykn yix ex vivo
TOAAATIAOILOHOV  TOUG Yix 48 wEeg mov amattel 1 CLUPATIKY AVAALOT] OUKEVTOLKWY
Xowpoowuatwv. Evrovtols, magd 1o mAgovéktnua avtd, 1 texvikry PCC dev éxel awoun
a&lomomBel MANOwWS Yt 0kOomOUS BLODOCIHETOIAG. LUVEWDNTOMOWOVTAG Ta TMAEOVEKTUA TNG
texvikric PCC, mov xvplwg emitoémovy 1t XowHoowuiky avdAvorn oe un dleyeopéva Go
AgH@POKVTTAQR, OLEQELVIOAME Kol aEOAOYNOAHE TN XONOWMOTNTA TNG TEXVIKNG Yot TNV
avixvevorn otabepaV Kat AoTaBV XOWHUOOWHIKOV AVWHAALDV oL tgokaAovvTat arnd ékOeon
o¢ ovtiCovoa aktvofoiia. Ta anoteAéopata vmodetkvoouvy 6Tt 1) pébodoc PCC oe ovuvdvaoud
pe tig texvicéc mFISH kot mBAND pmopet va aviyvevoeL anoteAeouatikd 1000 aglOuntikés 600
KAL DOUIKES XQWHOOWHLKES AVWHAALEG T€ EVDO- KAL DAXQWHOOWLKO €TITIEDO O€ N dleyeQpéva
(Go) T- kat B-Aepgporvttaga. ITagéxet emopévwg tn duvatotnta avamtuing e o€ Paoikr| péBodo
Brodootpetoiag yior TNV avixvevon 1o Twv aotadwv XOWHOTWHIIKOV avwuaAv (Bgavopata
XOWHOOWUATWY KL OKEVIQIKE YOWHOOWHATA), 000 Kal Twv otaldewv  apoBalwv
XOWHOOWUIKWY  avTipetabéoewy. Ol aotabeic xowHoowpkés aAdowvoels (Opavopata
XOWHOOWHATWV KAL DIKEVIQIKA XQWHOOWUAT) HUTTOQOUV va aflomombovv v v €ykalon
extipunon g d0omNG akTVOBOALAC KAL TWV &LECWV ETUMTWOEWV MG VTieRékBeonc. Ot otabegég
apoPaies avtipeTa@éoels allomolovvTaL Yot avadQOMLKY| ekTinon ¢ doong, kabws kat wg
TIOOYVWOTLKOL BLOdEIKTES EKTIUNOTG KIVOUVOUL YLt TUXOV ATIWTEQES ETUTTWOELS OTNV LYEla.
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Lovoyn Kegalaiov 4

H avaxdAvn tov @atvopévov g xowpoOovng oto yovdiwpa tov kagkivov 0étel vmod
AUELOPNTNON TN HAKEOXEOVIX OewENoN TOL HNXAVIOUOD KAQKIVOYEVEONS WG AMOTEAeoUa
TIQOODEVTIKWYV  YEVETIKWV HETaAA&Eewv. Evtovtolg, mapd Tic mEOo@ate mEOOdOVUS 0TV
TLEQLYQALPT] TNG XQWHOOQUYNC, 1] UNXAVIOTIKT) TTROEALON TN¢ tapapéveL aocapnc. H emkoatovoa
avtiAnym elvat 0t TEokVTITEL Ao I Halikr) cvoowEeLOT katakepuaTiopévov DNA péoa oe
pkoorwerves (MN), Twv omolwVv 1) EARTTWUATIKT] TTUENVIKY UEUPEAVT] dlxoTtdTal 1) odnYel o€
avapaAn aviryoaer) tov DNA, ot ot kVgot uerveg eloéABovv ot pitwor). M evaAdaktucr
LTOOEOT) MOV MEOTELVOVHE elval OTL 1] OUVAHLKT] TEOWQENS CUUTIUKVWOTG XowHoowuatwv (PCC)
oe aoVUyXoovVa WIKQOTIUENVIKA KUTTaga amoteAel n Pdon tov Ttomikov OQUUHATIOHOU
XOWHOOWLKWYV TIEQLOXWV O Vot KL HOVO KATAOTEOQIKO CUUPAV, TIOL €(VaL TO XAQAKTIOLOTIKO
YVOOLOHA NG X0wHoOUYmGc. ZuykekQLluéva, Otav oL KUQLOL TTUQNVES ELOEQXOVTOL OTN HITWOT), 1)
TEOWEN CLUTVKVWOT] XOWHATIVNG Tov emtayetal otovg MN mpokaAel to Opupupatiopnd twv
TLEQLOXWV TWV XQWHOOWHATWY ToL eivat maywevpéva péoa otovg MN, edv v oTrypr] exeivn
eEarxoAovBovv va vpiotavtat avtrygaer DNA. I'a va eAeyxBel avt n vé0eon, o magayovtag
RO-3306, évag exAekticog ATP-aviaywviotios avaotoAéag tov CDK1 mov mpodyet ) dakomnt)
TOV KLTTAQLKOV KUKAOL 010 6010 G2/M, xonotpomoun}Onie oe avt N HeAéTn Yiax Tov éAeyX0 TOU
PaBpov OoUYXQOVIOHOU TOU KUTTAQIKOU KUKAOL HETaED TV KUQWV TUQNVWV Kol TwV
pkooTervwv. KabBvotegwvtag v eloodo twv kOoLwv murvwyv ot pitwor), d000n ke emimAéov
X00VOoc Yt TV oAokAnpwon g aviyeanc tov DNA kat tov dimAaociaopov  twv
XOWHOOWUATWY Héoa otovg pkporvonves. Iiw tov éAeyxo e avwtéow vmdbeong,
TIOAYUATOTIOMOALLE  EUTIEQLOTATWHUEVEG  KUTTAQOYEVETIKEG  avaAboels oe  aovyxQova
HkQoToEN VA KUTTapar mov maenxOnoav amd v €kbeon avOowmivwv AgU@OKLTTAQWY OE
aKTVOPoAla-Y, KaBwWs KAl 08 eTEQOPATIKA TIOALTIVENVA KUTTARA woOTKNG KivéCikov Hamster
(CHO) mov mapnxdnoav pe t pebodoloyion kvttagikwv ovvtiéewv. Ta amoteAéopata
aTodEKVUOLV OTL 1) DUVAHIKY TS TEOWETS CLUTIVKVWOTG XOWHOTWHUATWV KATA TN OLAQKELAX TG
aoVYXQOVNG HITWONG 08 UIKQOTIUONVIKA 1) TOALTUENVa KOTTAQa &lval évag omnUoavTIkog
KaB0QLOTIKOG TTAQAYOVTAC TOTIUKOU OQUUHATIOHOV TEQLOXWV TWV XQWHOTWHATWV Kol UTTOQEL vt
amoteAel T ProAoyikr| BAon TG UNXAVIOTIKIG TEOEAEVLONG TOV PALVOUEVOD TNG XwMoOUTG.

Lovoym Kepaiaiov 5

INa v efatopkevpévn axtvobegamelor kaQkivov, 1 aktvoPoldin cwpatwdiwv vymAng
yoapuikng petagoods evépyeag (LET) mpoogépel éva onuavtukd mAgovéktnua évavtl g
axtvoPoAlag pe Bdon ta pwtdvio. Le avtiOeon pe tn dudyvtn evandOeon evéQyelag XapnAng
TUKVOTNTAG ATtd aKTVEG-X 1] -V, 1] akTvoPoAla cwpatdiwy mookadel eotiakég PA&Pec oto DNA
HéOow evamoBeong evEQYELAS LPNANC TUKVOTNTAS KATA HNKOS TWV TQOXLWV TWV TWUHATOWY
OTOUG TTLETVES TWV KUTTAQWV. ALTO XaeakTnElleTal amod T0 OXNUATIOUO TOAAATIAWDY cUVOETWV
PAaBwv, oL TEQLAABAVOLY EVTOTILONEVEG OpadOTIOEVES PAXPeC e povokAwveg (SSBs) kat
dikAwveg (DSBs) Boavoeig DNA kaOdg kat BAaPes Paoewv. Avtéc ot ovvOeteg BAaPec DNA eivat
Paokol kaBoQLOTIKOL TARAYOVTEG TNG EVIOXVUEVTS OXETIKNG PLOAOYIKNG ATOTEAEOUATIKOTNTAG
(RBE) twv evegyelakwv nugrvwy. Qotdco, 1 avalrtnon dakTuAkoD anotumwuatog ékbeong oe
OWUATIOLXKT] AKTLVOPOAIX TTAQALEVEL AVOLYT, EVX OL U XAVIOHOL TTOL DLETOLV TV ETMAYWYT] ATO
axtwvoPoAia vpnAov LET yowpoowpikov avaduxtalewv tomov xowpoOouyng (Opowc g
XowHoBpULYNe mov magatngeital oe GYKovs) dev €XOUV DLEVKQWVIOTEL EMAQKWS. LE ALTH TNV
egyaolio, dleQeLVOULLE O eTMEDO XOWUOOWHATWY OTN LETOPATT] TNV LETATQOT] TwV OVVOETWV
PAaBwv tov DNA o€ tomikd OQUUHATIONSO XOWHOOWHLIKWV TIEQLOXWYV, OTIWS LTTODEIKVUETAL ATIO
MERAATA ETAYWYNS Kat emdogOwongs PAaBwv DNA petd and aktivooAnorn. H ameucovion
KL VAALOT) TWV XQWHOOWHIKWY AAAOLWOEWY OTN HEOOPAOTT) ETUTVYXAVETAL HEOW TG eOGdOL
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NG MEOWENE CLUTTUKVWOTG XOWHOOWHATwVY o0& avipowmiva Agpgokvttaga (Go) TeQLpeQLKoU
alpatog. ZUYKEKQUUEVX, AUTH 1) LEAETI) TAQEXEL, YL TIQWTI POQA, TTERAHUATIKES ATOdELEELS OTLT)
OCWUATIOWXKT] akTvoBoAia eokaAel TOTKO OQUUUATIOHO TWV OTOXEVHEVWY XQWHUOOWIUATWYV.
I'a tov vtoAoyopo oxetikwv Ty RBE, 11 moootikomoinon twv xowpoowuikwv Boavoudtwy
KAL TV OQUUUATIOUEVOV XOWHOOWIIKWV TIEQLOXWY TUYKQLVOVTaL HE ekElVEG TTOL TtaQdyovTaL
avTotolxws amo aktives-y. Ot tinéc RBE mov mookvmtouv eivat éwg 28,6 Y cwpatdw o (92
keV/um), 10,5 yix wvta C (295 keV/um) xkat 4,9 yux mowtovia (28,5 keV/um). EmimAéov,
dtegevvovpe v vmobeon OtL ot anopévovoes PBAaBes DNA mouv mookadovvial amd Tig
OCWHATIOLXKEG AKTLVOBOALEG KaL 1) avadldtaEn TG XQwHativng ota onueta BAGPNGS eEeAiocoovtatl
0€ TOTKO OQUUHATIOUO XQWHOOWLKWOV TTEQLOXWYV, T€ £Va KAl HOVO KATATTOOPLKO CUHPAV, KATA
TN OUVUTIOKVWOT] TV XQWHOOWHATWV. ALTO Elval XAQAKTNQOLOTIKO TOU @ALVOLEVOL TNG
XowpoOEUYNG Kat evéxel LYPNAG KiVOUVO KOQKIVOYEVEOTG HECW TLXAIAGC ETAVEVWONG KAl
YOVIOLAKNG avadlata&ng Twv OQUUUATIOUEVWY XQWHOOWHIKWV meQroxwv. Ta amoteAéopuata
voYEAMUILOVV T XO1 0T TwV OQUUUATIOUEVWY XQWHOOWHATWY 08 AEUPOKVTTAQA TTEQLPEQLKOV
alpatog wg dakTuAkd anotinwua ékbeong oe axtvoPBoAia vymAov LET. Emntiong, amoteAovv )
PoAoywkn Bdorm tov VEOU HOVTEAOL TIOU TIQOTELVOUUE YLt TN HINXAVIOTIKY TIQOEAELON TWV
avodata&ewv TOMOL XowHoOQVYMG mov éxovv magatnENOet petd and ékOeon oe cwpATOAKN
axtvoPoAlo.

Lovoym Kegparaiov 6

Metd anod ékBeon kvttaQwv o€ aktvoPoldia, ot kivaces ATM kat ATR dievkoAvvouv
dtarkom) Tov kKuTTaQkov kUKAoL ot @aon G2 (G2 block) mpootateovtag 1oL Tot XQWHOOWHATA
amd Tov kivOuvo HeTaTEOTG TV UN emdoeBwpévwv BAaBwv DNA oe xowpatducéc Opoavoelg
kaBwg ovumukvEvovTal katd T petdPact touvg and ) G2 ot pltwon (M). Bdaoer tng
amnoteAeopatikot)tag eAéyxov tov G2 block kat g eme&epyaoiag BAapwv DNA oe pooako
emimedo, kabwg Kal TG DUVAMIKNAG TNG XOWUATIVIG 0TI HETATEOTN HN €TUOLOQEOWHEVWY
AAAOOEWY OE XQWUATOWKES BOavOELS OTWS T KUTTAQAX TIROXWQEOVV 0TI KUTWOoT), avamtyxOnke
Hix evioxvpévn puébodog G2 xowpoowiknic aktivoevatoOnotiag (enhanced G2-assay). H péBodog
avt emtEémel Vv afloAdynon efatoukevpévng axtwvoevatodnoiag (IRS) atopwv Tov
MANOLOUOV 1] KUTTAQWKWV OOV OUYKQLTIKA He TNV aktvoevatoOnoia acOevov Ataxia
Telangiectasia (AT). Ta xOttapa aoBevav AT éxovv eAattwpatiko onueio eAéyxov om G2 /M
@don kat dev magovoalovv G2 block petad and ékBeon oe wvTiCovoa aktvoPoAia. Luvenwg,
éxovv eEapeTika LPNAT aktivoevaloOnoia (100% axtivoevaloOntot) étol wote 1) afloAdynon IRS
dvvatal va eKPEaAoTEL WG TTOOOOTO TG akTvoevalodnoiag kuttdowv acbevwv AT. H pébodog
arotel KaAALEQyelx 72 wowV DLEYEQHEVWY AEUPOKVTTAQWYV alpatog 1] ekOeTiknic KaAALéQyelag
KUTTAQLIKTG OELQAG WOTE VO LTTAQXEL €MAQKNS aQtOpog kuTTdowv ot G2 @AoT) TOL KLTTAQLKOV
KUKAOU Towv Vv €kOeon) touvg o€ 1 Gy kat TV avaAvoT) TV XOWHATOOWHATWY 0Tl HETAPAOT).
Evtovtolg, povo éva moAv puked mocooto twv axtvoBoAnuévov G2 kuttdowv elval oe Béon va
mEoXwENoeL 0t pitwon Adyw tov G2 block mov evegyomoteitat yix tnv emiokevt] Twv PAxPOV
DNA mov gokaAein axtivopoAia. To medBAnpa avtd eivatl iaitega eppavég otav 1) doxipacia
EPAQUOLETAL YIA €AEYXO AKTIVOELALOONOIAG KAQKIVIKWV 1] (PUOLOAOYIKWV KUTTAXQIKWV TELQWV.
INa va Eemepdoovple TOUG TTEQLOQLOHOVE OrUTOVG, XONOLUOTIOOVLLE OTNV TAQOVOR EQYATIA TOV
exkAektiko avaotoAéa tov CDK1, RO-3306, cote va emitoxovpe T OLAKOT] TOU KUTTOQLKOV
kUKAoL ot G2/M @don kal va av&rjoovpe To TO000Td TwV KLTTAQwV ot @aorn G2. Emniong,
Xonotomolovpe tov ekAektikd avaotoAéa tov ATR, VE-821, yia va mookaAéoovpe kataQynon
tov onueiov eAéyxov G2/M kat G2 block petd v axtivoBoAion, avEavovtag €Tot T HeTATQOTH
axtwvoemaypevwyv PAapov DNA oe xowpatdika Boavopata o QOO €MITEDO HE AVTO TTOV
MAQATNEOVLE o€ KUTTaa aaoBevav AT. H moooéyylon avtn emitoémet va €XOUHE TLUT] AVAPOQAS
viae 100% axtivoevatoOnoia oto detypa mov afloAoyeltat xwels ) XoNon KuTtdowv acdevav
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AT. H tyun anokorig IRS, k&tw and v omoia ta kdTTooar aloAoyolvtal wg aKTVOAVTOXQ,
opiCetat oto 30% TG TWNG avag@ods. Yt1o mooootd 30—50% oplletal 1 avapEVOUEVT)
uoloAoyikr] aktivoavalodnoia, 50—70% wg 1 mEQLOXN TWV AKTIVOELALOONTWY KUTTAQWV Kal
mavw amo 70% twv eEalpeTikd akTivoevalodnTwv.

Lvpnegaopata kat MeAdovtikég Egevvnrikég Katevbvvoelg

Ta xoown emtedypata avtig g OWAKTOQLKIG dXTOPNG HUTOQOUV va OUMBAAOLV
OLOLAOTIKA OTOV TEQAUATIKO OXEOAOUO Yix T Oefaywyr] TeQaltépw €Qevvag O VEEG
onNHavTucés katevBvvoelc.

v Avanmtoén  puag  taxeiag  kat  eAdxota  emepfatikn)c  peBodov  ProdooipeToiag,
xonowormolwvtag TEUPAla 96 kotlomtwv kat puovo 100ul aipatos yix v extiunon
000ewV o€ QadloAOY KA CLUPAVTA HeYAANG KALpAKAG.

H avantuén g micro-PCC pedddov xonopomowdviag TUPAla 96 kollot)twv kat
TMOoOTNTEG alpatog novo 100 pl etvar onuavTikn dOTL avolyel TIEAYHATL TO DQOUO 01N
dLaXelpLoT) ATLXNUATWY HEYAANG KALUAKAS KAl TNV AUTOUATOTOMOT] EATOUIKEVUEVTIC
extiunong xKwdvvov ékBeong oe ovtiCovoa aktvoPoldia. Bdaoel tng ovpPatucic
peBodoAoyiag, yur va Angbovv ektiunoels d0oms peta v €kBeon o€ aktvoBolia, péow
me avaAvong twv emmAéov Bpoavopdtwv PCC (excess PCCs) xonoipomouwdvtag
KATdAANAeg kapmiAec Babpovounong d0ons-amokglong, amnaltovvtal 1-2 weeg avd
delypa. I'a va emitayvvOel N avdAvon moAAATIAWVY detypdTwv, 08 ouveQyaoia e TNV
MetaSystems (I'egpavia), mov e€edikeveTal OTNV AVTOUATOTOMUEVT] UIKQOOKOTILKT)
QATEKOVIOT] Kl  aVAALOT]  XQWHOOWUIKWV TAQAOKEVAOHATWY, TQOTEVOUUE Vo
TIQOOAQHOOTEL 1] TAATPOQHX 0dowoTc Metafer kat To oxetikd Aoylouko yuo ) péBodo
micro-PCC. Ta modrta anoteAéopata emBeRaiovouy TNV avtopatn ANPn kot avaAvor
emovwv PCC oe Arydtego amd 5 Aemta ava delypa kat 1 duvatdt)ta KATAOKEVNG
avtiotolXNg KapmoAng Padupovounons. Adyw TOU AUTOUATOTIOUUEVOL CUOTHATOS
Teopodociag, 1 mMAatooua Metafer Oa pLogovoe va avaAvoel avtéopata éwg kat 800
XOWHOOWHLKA Tapaokevaopata. H mepautépw dlegevivnon mpog tnv katevBuvon auvt
Oa amoteAéoel éva ONUAVTIKO BT]UX TIQOG TNV AUTOLATOTIOUUEVT] TAXEWX EKTINOT)
000 eV, MOWTIOTWS YA T OLX E(QLOT) QADIOAOY KWV ATUXNUATWY HEYAANG KAlUAKAG.

v AteQevvnon VEwV XQWHOOWUIKWOV TIROYVWOTIKWV PLodetktav yia tnv a&loAdyon ddéoewv
KAL OTOXAOTIKWV ETUMTWOEwV pag ékBeong ovvdvalovtag t unéBodo PCC pe v
texvikr) FISH.

Ot apotBatec avtipeta@éoels mov aviXvevovTaL (e ToV oLVOLAOUO TwVv Texvikwy PCC
kat FISH ota Aeppokvttaga petd anod ékBeon oe axtivoBoldia etvat emlong onpoavtucég
KAL OUVITIKA TIROYVWOTIKES YL TIG ATIWTEQES EMUMTWOELS OTNV LYela dtoTL oxetiCovtatl
pe tn ProAoyia kagkivoyéveonc. H megattéow dtegevvnon oty katevBuvvon avtn ka1
TAVTOTIOMOT) TIEOYVWOTIKWY XOWHOTWIIKWY BLODEIKTWOV TWV TTOXAOTIKWV ETUTITWOEWY
uag ékBeong, ovvdvalovrag tn uéBodo PCC ue v texvikyy FISH, Oa ovuPdAlet
ovowotikd ot PEATIoTN afloAdynon meQlotaTik@V vmeQékOeong oe ovtilovoeg
aKTvoPoALies.
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v Avadelfn, yix motn @opd, TG MEOWENS CLUTUKVWONG XOWHOOWUATWY  OTOVG
HLKQOTIVRNVEG G TN HNXAVIOTIKY PAorn TS XowHoOQUYne kat Tov  ToTikoL
OQUHUATIOOU XQWHOTWHATWY O€ £V Kt HOVO KATAOTQOPLKO CUUPAV.

Ta kuttagoyevetika anoteAéopata Tov LIOOTNEILOVVY YA TIEWTN POEA OTL 1] DVVALLLKT)
mMe TEOWENG XOWHOOwWHIKNG ocvumvkvwong (PCC) oe aovyxgova xidttago e
HLLKQOTILET|VEG aTtoTeAEL TN BAOT) TNG UNXAVIOTIKNG TTOOEAELONG NG XOwWHoOQLYMNG Kal
TOV TOTUKOV OQUUUATIOHOV XOWHOOWHATWY, €LVOL ONUAVTIKAE Kol TO @atvopevo xonlet
TEQALTEQW OLeQEVVNOMG. O MEWRAUATIKOG OXEIAXOUOS TEOS TNV KatevOLVON avtr] Ba
ovpuPaAdel oty eruPePaiwon kat oe Pabog katavonot TG HUNXAVIOTIKNG PLOAOYLKTG
Bdomng tov gawvopévou e xewpoBvyne. EmumAéov, Oa ovupfdAAel ovoroTikd 0To Vo
dtegevvnOel katd mooo etvar dvvatdv €xOeon oe ovrtiCovoa axtvoBoAia va
EVEQYOTOUOEL TOV HNXAVIOUO TG XQwHoOUYNG, mov PAoel TG avakAALYPrg TG 010
YOVOIWHA KAQKIVIKWOV KUTTAQWV €Xel mMEOTtabel wg eVAAAAKTIKOG HNXAVIOHOS TG
OTAOLAKA ETIYOUEVIG KAQKLVOYEVEDTC HETW OLADOX KWV HETAAAAEEWV.

v Tlagovoiaon amMOTEAECUATWV TOU TEKUNQWOVOLV, YIX TQWTI QOQX, WS dAKTUAWKO
amotonwua aktvoPoAiag vnAov LET tov tomikd OQuuuaTiopnd XQwUOOWHATWY, OV

elvall XXQAKTNOLOTIKO YVWOLOHA TNG X0wpoBoung.

I'a tic copatdakés akTvoPoALes, Tot TEWRAHATIKA ATIOTEAETUATA TEKHTQLOVOLV YIX
TEWTI PORA TwG 1) akTvoPoAio vimAov LET umopel va mpokaAéoel toruxr) Ogavon
XOWHUOOWUATWY, 1] OTIOIX AmoTeEAEl XAQAKTNQELOTIKO YVOQIORA TNG XowHoBevyne. O
TOTUKOG AVTOG OQUUUATIOUOG XOWHOOWHATWY, TIOL TOV TIQOTELVAHLE YL TIQWTI] (POQA (WG
daKTUALKO amotVTIwHA akTvoBoAiag vPnAov LET, etvat onupavtikog dott duvntka Oa
HTTOQOVOE VA EVEQYOTIOU|OEL HUNXAVIOHOUS Kagklvoyéveonc. Emopévwg, mepattéow
éoevva MEOG TNV KartevOLVOT avT, pe ToV CLVOLAOUO TV eBOdwv PCC kot mFISH, Oa
ptogovoe va eruPeBaoel pe peyaAvtegn aflomotio Tov Tomikd OQUUUATIONO TwWV
XowHoowHATwV amd aktvoBoAia vymAov LET kabd¢ kat tg tpéc RBE yuax tig
dLAPOQETLICES TIOLOTITES AKTIVOBOALDV TtOL Xenotponounjoape. EmmAéov, alomowvtag
mv aAAnAovyxion DNA emopevng yevids kat mFISH, Ba progovoe va emuPeBatwdel n
peteféAlEn  tov  TomMKOU  OQUUUATIOHOD  XQWHOOWHATWY OTO  (PALVOUEVO  1TNG
XowpoBevnc.

v' BeAtwotomoinon kuttagoyevetiknic pefodov aviyvevong evdoyevoig aktvoevatodnoiog
Yt okomovg Aktivompootaoiag kat AktivoOegameiag oto mAaiowo e£atoplikevong tov
KIVOUVOUL £kbeomng oe aktivoBoAia.

Lxetka pe v avantoln pag pedodov aviyvevong yevetwng meodixbeong oe
avEnpévn evatoOnoia otV axTvoBoAio Yo TNV eEATOHULKEVLEVT] EKTIUTOT) TOL KIvOUVOU
pag éxBeong, 1 PeATIOTOTOMUEVT] KUTTAQOYEVETIKT] HEOODOG Tov mEoTelvaple xonlel
KAWWKAG  emkUQWoNG Yyl  OKOTIOUG  AKTLVOTIQOOTAOIG KAl  eEQATOULKEVHEVTG
AxtwvoBeparmeing. O mepapatikds oxedaopdc mEog TV katevBuvon avt) OBa
ouuTeQAdPeL 1ooo aoBeveilc aktivobegameing 600 kat acOevels MOV KATA T DLAQKELX 1)
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petd ) Bepamela Tovg Tapovolaoav vmegevalodnoia otnv aktvoBolia. Emiong,
TEEQALTEQW OLEQEVVTOT] TNG €VOOYEVOUS akTivoevaloOnolag HToQel va CUUTTEQLAGPEL
PLOOAOYIKEG KAl KAQKIVIKES KUTTAQIKEC OelQés dlAPOQETIKNG akTivoevaloOnolag.
AT@teQog 0TOX0¢ TNG dLeEEVVNOTG TROG TNV KatevOLVON avTr| elvat 1 afloAdynon Twv
XAQAKTNQOLOTIKWY TNG a&OTUOTIAG KAl TTROYVWOTIKTG ETAVAANPLUOTNTAS TG HeOddov.
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