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inTroDucTion

CHAPTER 1



cells continuously suffer from Dna damage. each cell in an organism has to 
cope with 10,000-100,000 Dna lesions per day 1. These include single-strand 
breaks (ssbs), double-strand breaks (Dsbs) and oxidative lesions. Dna damage 
is sensed and repaired by a very efficient and evolutionary highly-conserved 
set of pathways called the Dna-damage response (DDr) 2. Dsbs are among 
the most hazardous type of Dna lesions. a single unrepaired Dsb is sufficient 
to induce cell death or, alternatively, may drive a cell into an irreversible 
state of dormancy known as senescence 3. Wrongly-repaired Dsbs may have 
serious consequences for the organism as a whole, as they can lead to genetic 
instability and can induce cancer 4 5 6. 

Thus, Dsbs play an important role in carcinogenesis but, at the same time 
they can be used as a means for killing cancer cells. There are many ways 
to induce Dsbs and different agents induce different types of Dna damage. 
Therefore, the choice of agent used to induce damage, determines to a great 
extent the cellular response. This implies that induction of Dsbs is a critical 
step in all investigations in which the nature or the consequences of Dsbs are 
studied. in the present thesis, two methods are presented to induce Dsbs in 
specific areas of the cell nucleus. The first one is based on the irradiation of 
cells with α-particles (Chapter 2). When using this technique, small numbers 
of Dsbs are induced. This can be a disadvantage for cell biological analysis of 
Dsb response proteins, particularly, when the protein of interest is present at 
Dsbs in low copy numbers that cannot be visualized. To circumvent this, we 
developed a second method using ultra-soft X-rays to induce large numbers of 
Dsbs in a small area of the cell nucleus by microbeam irradiation (Chapter 3).

both methods facilitate visualization of Dsbs using fluorescence microscopy 
and the methods are suitable to study live cells as well as fixed cells. in Chapter 
4 and 5, supporting techniques are described, that facilitate application of the 
Dsb induction methods.

The α-particle method proved to be a useful tool for the analysis of the 
dynamic behaviour of Dsb-containing chromatin domains (Chapter 6). 
Furthermore, the method was applied to determine whether or not the human 
telomeric protein TrF2 is recruited to Dsbs (Chapter 7). The ultra-soft X-ray 
method was used to study the accumulation of HP1 at the sites of Dsbs (this 
study was published in a recent paper, but is not included in the present thesis).

SourCeS oF DSBs
a Dsb is a break in double-stranded Dna in which both strands in the double 
helix are cleaved. Dsbs are induced by exogenous agents, such as chemicals 
and X-rays, but can also result from endogenously-generated reactive oxygen 
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species (ros) and mechanical stress on the chromosomes 7. in addition, 
Dsbs can be induced during the replication process, when a replicating fork 
meets a ssb or during repair of interstrand crosslinks 8. Dsbs can also occur 
during programmed rearrangements, such as developmentally-regulated 
rearrangements and immune class-switch recombination, a process that 
changes production of antibodies from one class to another in b cells 9.

DNa DamaGe reSPoNSe
Dna damage often causes a transient arrest of cell-cycle progression at specific 
checkpoints 10. The arrest provides the cell time for repair. When the damage 
is properly fixed, cells resume proliferation, but when the damage is too 
severe, cells undergo programmed cell death (apoptosis) 11 or die in mitosis. 
alternatively, cells go into an irreversible state of cell-cycle arrest, called cellular 
senescence 3. Wrongly-repaired Dna may lead to mutations or chromosome 
aberrations. a mutation is a change in Dna sequence. chromosomal aberrations 
such as deletions and chromosome exchanges can be the results of Dsbs. both 
mutations and chromosome aberrations are associated with carcinogenesis 4, 
for instance through inactivation of tumour-suppressor genes or activation of 
proto-oncogenes. 

The DDr has two functions that are linked: one, prevention of propagation 
of damaged Dna or corrupted genetic information into daughter cells and, 
two, repair of damaged Dna to maintain genome integrity. There is no single 
repair process capable of handling all types of Dna damage. The major, 
narrowly-interwoven, Dna repair systems active in mammalian cells are: 
base-excision repair (ber), nucleotide-excision repair (ner), mismatch repair 
(MMr), homologous recombination (Hr) and non-homologous end joining 
(nHeJ). ber targets chemically-altered bases in Dna that often arise from 
endogenous agents. Therefore, ber plays an important role in the prevention 
of mutagenesis. it is also involved in repair of ssbs. ner is active in repair 
of helix-distorting lesions, which are often caused by exogenous agents. ner 
removes bulky adducts, such as uV-induced photoproducts and cyclobutane 
pyrimidine dimers. There are two distinct ner pathways: the transcription-
coupled repair pathway, which removes lesions from actively-transcribed Dna 
and the global repair pathway, which removes lesions throughout the genome. 
both ber and ner only repair lesions in one of the Dna strands by removal 
of damaged parts and fixing the resulting single-stranded gap using the intact 
strand as a template. MMr detects and replaces wrongly paired, mismatched 
bases in newly replicated Dna. if left uncorrected, mismatches may lead to 
stable mutations. The repair mechanisms for Dsbs are discussed below. 
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The observation that Dna lesions are repaired through damage-specific 
pathways, underlines the importance of characterizing the damage spectrum 
induced by a damage inducing agent. 

SIGNaLLING IN reSPoNSe to DSBs
Dsbs are difficult to repair, because both Dna strands are affected. one of the 
early sensors of a Dsb is the Mre11-rad50-nbs1 (Mrn) complex. it recruits 
the apical kinase ataxia telangiectasia mutated (aTM), one of the key factors in 
DDr 5. aTM is autophosphorylated and causes the phosphorylation of histone 
H2aX. The phosphorylated form of H2aX (γH2aX) recruits additional aTM 
and local aTM activity induces the spreading of H2aX phosphorylation. This 
feedback mechanism is mediated by two DDr mediators (signal boosters) that 
are attracted to γH2aX: damage checkpoint 1 (MDc1) 12-14 and p53-binding 
protein 1 (53bP1) 15. γH2aX attracts other DDr factors. 

levels of aTM at the site of a Dsb, above a certain threshold, engage kinases 
cHk1 16 and cHk2 17. These molecules diffuse freely in the nucleus and are 
responsible for DDr signalling in nuclear regions away from the Dna damage 
site. P53 and cDc25 are activated by cHk1 and cHk2. cDc25 inactivation 
causes a rapid cell-cycle arrest 18, whereas p53 induces the transcription of 
p21, a cyclin-dependent kinase inhibitor 19, which results in a stable cell-cycle 
arrest allowing repair of Dna damage. cell-cycle arrest is in principle transient, 
but when the damage is too severe, cells either enter senescence or undergo 
apoptosis. it is still unclear what determines the selection between apoptosis 
and senescence. it may be determined by cell type and the intensity and/or 
nature of the damage 3. 

DSB rePaIr
The two main pathways for Dsb repair are Hr and nHeJ. They operate with 
different speed and accuracy. nHeJ is active throughout the cell cycle and 
Hr is the preferred pathway of Dsb repair in s and g2 phase, when a second 
identical Dna sequence is available at the sister chromatid after replication 
20,21. 

Hr is error-free, because the identical sequence is used as a template to 
repair Dna. repair may take several hours (up to 6 hours) to be completed. The 
main proteins involved in this pathway are: rPa, brca2, rad51, rad52, rad54 
and Xrcc2 21-23 . The ends of the break are resected in a process involving the 
Mrn complex to generate 3’-tailed Dna 24 . rad51 then, facilitated by rPa, 
forms nucleoprotein filaments on the exposed ends. This process is initiated 
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by a rad51-brca2 complex. The next step is Dna strand invasion with a 
homologous sequence. This is mediated by rad51 and rad54. The invading 
Dna is extended to generate intermediates with crossed Dna strands. repair 
is completed by resolving these junctions and ligation.

nHeJ directly joins open Dna ends, does not require sequence homology 
and is, therefore, active in all cell-cycle phases 25. obviously, it plays a major 
role in the repair of Dsbs in pre-replicated Dna, because there is no second 
identical Dna sequence available to serve as a template. it is considered to be 
more error-prone than Hr; sometimes loss or gain of nucleotides occur, and it 
is held responsible for producing chromosome translocations more frequently 
than Hr. However, nHeJ allows cells to quickly resume proliferation, since the 
majority of Dsbs is repaired within 30 min 26. The “quick and dirty” aspect 
of nHeJ is an important strategy of a cell to survive. already one unrepaired 
Dsb can be lethal, due to loss of a piece of chromosome in the next mitosis. 
although nHeJ is error-prone, the chance that mis-repair occurs in Dna that 
contains coding genes or regulatory regions is limited, as only a few percent of 
Dna contains these regions. 

broken Dna ends are recognized by a complex containing ku70 and ku80 
that recruits the catalytic subunit of Dna-dependent protein kinase (Dna-Pkcs) 
27,28. ligation is mediated by Xrcc4/ligase iV heterodimer and associated 
proteins. besides the Dna-Pk nHeJ pathway an alternative backup nHeJ 
pathway (b-nHeJ) has recently been described that is independent of Dna-Pk 
29. it has been suggested that the b-nHeJ pathway is slower than the Dna-Pk-
dependent pathway.

DNa rePaIr aND ChromatIN StruCture
organization of Dna in the cell nucleus is important for the repair of Dsbs, 
since it plays a role in damage recognition and determines access of repair-
related proteins to Dna 30.

in eukaryotic cells, Dna is organized in a nucleosomal structure, where 
approximately 146 base pairs are wrapped around histone octamers 31. each 
octamer consists of two molecules of histone H2a, H2b, H3 and H4. additional 
variants of the histones may be present in the nucleosomes. Dna wrapped 
around octamers form “beads on a string” filaments, which are coiled into 30 
nm fibre structures. These fibres are folded into a higher order configuration 32 
that is poorly understood. Dna plus associated proteins is called chromatin.

The nucleosome is a dynamic structure that allows a variety of proteins 
access to the Dna. chromatin-Dna interactions are regulated by modifications 
of the n- and c-ends of the histone tails. These modifications function  
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as a ‘histone-code’, that extends the information of the genetic code 33. 
Histone modifications including phosphorylation, methylation, acetylation 
and ubiquitylation play an important role in Dna repair 30. They can change 
chromatin compaction to allow repair-related proteins access to damaged 
Dna and they can attract proteins that play a role in repair. an example of 
a repair-related histone modification is phosphorylation of histone H2aX 34,35 
(see above). another example is methylation of histone H4, a modification 
necessary to attract 53bP1 36. because 53bP1 also binds to histone deacetylase 
4 (HDac4), it has been suggested to play a role in coordinating Dsb repair with 
chromatin structure and function.

VISuaLIzatIoN oF DSBs
DDr proteins accumulate at sites of Dna damage in microscopically easily 
recognizable spots called irradiation-induced foci (iriF). iriFs are dynamic 
structures containing thousands of copies of repair-related proteins 37. it is not 
fully understood how the DDr pathway benefits from the massive amounts 
of proteins at Dsb sites, but the general consensus is that it is catalytically 
profitable 16. iriFs can be relatively large, e.g. γH2aX-containing chromatin 
domains span several megabases on both sides of a Dsb 35. They can also 
be small, e.g. when they represent repair-related proteins operating in close 
vicinity to Dsbs such as rad51. 

iriFs also participate in chromatin restructuring, in the vicinity of Dna 
damage 30, to increase the accessibility of Dna lesions for repair factors. Protein 
assembly in Dsb-flanking chromatin is important since it protects the integrity 
of epigenetic information encrypted in these regions 30,38. 

iriFs can be visualized either by immunostaining or by fluoresescently-
labeled DDr proteins in living cells 39. although these foci are often accepted 
as proof of Dsbs, it should be noted that they are a read-out of DDr proteins 
and not of Dna damage. Dna damage may be present without visible foci, 
because of impairment of upstream DDr signalling. The opposite is also 
possible, DDr proteins may accumulate in the absence of Dna damage in 
structures resembling iriFs 3.

teLomereS
The 2009 nobel prize in Physiology or Medicine was awarded to elizabeth 
blackburn, carol greider and Jack szostak who have solved a major problem 
in biology: how the chromosomes can be copied from end to end during 
cell division and how they are protected against degradation. The answer is 
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to be found in the ends of the chromosomes, the telomeres. Telomeres are 
nucleoprotein structures located at the ends of chromosomes of most eukaryotic 
organisms and some prokaryotes. Their major function is to disguise natural 
chromosome ends so that they are not recognized as Dsbs and thus they 
protect chromosome ends from unwanted actions of repair-related proteins. 
They are often compared to the tips at the end of shoelaces, protecting the 
laces from unraveling 40. 

During each cell division telomeres lose base pairs. The explanation for 
this phenomenon is the “end-replication problem” 41: the Dna replication 
machinery cannot replicate Dna up to the end of the chromosomes. Telomere 
length is an indicator of the number of cycles a cell has gone through. in fact, 
telomeres set a limit to the number of cycles that cells can run. When a telomere 
is critically short, a cell usually goes into senescence 42. When cells divide after 
having lost their telomeres, the result is chromosome ends sticking to other 
chromosome ends with genomic instability as a consequence. 

Male germ line cells, activated lymphocytes and some stem cell populations 
have active telomerase, a ribonucleoprotein, composed of an rna template 
(hTerc) and a reverse transcriptase catalytic subunit (hTerT). Telomerase is 
capable of synthesizing and elongating telomeres 43,44 and is active until birth 
or shortly thereafter. The enzyme is reactivated in 90% of human cancers 45. 
some cancer cells and immortalized cell lines maintain telomere length by 
employing a recombination-based alternative pathway: alternative lengthening 
of telomeres (alT) 46.

Telomeres are composed of repetitive Dna ending in a g-rich 3’ single-
stranded overhang, that loops back and integrates in the telomeric duplex Dna 
47. This loop is essential for telomere maintenance and capping. a complex of 
six core proteins named shelterin specifically associates with telomeric Dna 
48. The function of the shelterin complex is to maintain telomere length and 
end-capping. The complexes include telomeric repeat proteins: TrF1, which 
regulates telomere length assisting telomerase, and TrF2, which models 
telomeres in a loop structure. TrF2 deficiency results in massive telomere 
dysfunction characterized by an aTM-mediated damage response, chromosome 
fusions maintaining telomere sequences (telomere fusions), accumulation of 
Dna repair factors at telomeres, and apoptosis 49,50. besides shelterin proteins, 
other proteins are located at telomeres as well. compared to shelterin proteins, 
they are less abundant and often only transiently associated. Most of these 
proteins also have non-telomeric functions related to Dna damage signaling 
and repair and are recruited by TrF1 and TrF2. examples of these accessory 
proteins are: ku proteins, Mrn complex, aTM and Dna-Pkcs 51-53 54. The exact 
function of these proteins at telomeres is not clear, but most of them seem to 

15

C
H

A
PTE

R
 1

IN
TR

O
D

U
C

TIO
N



be involved in telomere maintenance. This is supported by the observation that 
telomeres in Dna-Pkcs-deficient cells can fuse, but can also fuse to Dsbs to 
produce chromosome translocations 51,55. 

The presence of Dsb repair proteins at telomeres has brought up the 
converse question, whether telomere proteins may have functions in Dsb 
repair. in the study described in chapter 7, we introduced Dsbs by irradiation 
with α-particles to determine whether or not the human telomeric protein TrF2 
is recruited to Dsbs.

DSB INDuCtIoN IN exPerImeNtaL SettINGS
ionizing radiation (ir) is the most commonly used tool to induce Dsbs 56. The 
characteristics of ir make it a powerful agent to induce Dsbs: the damage 
spectrum is well-characterized and the number of Dsbs per cell can be tightly 
controlled. ir is an ideal tool for experiments in which large populations of 
irradiated cells are needed, for example to study cell survival using the 
clonogenic assay 57, because cell cultures can be irradiated homogeneously.

cesium 137 (137cs) is often used to irradiate cells. 137cs emits γ-rays, 
electromagnetic radiation, which interacts with orbital electrons. as a 
consequence, electrons can be ejected from atoms (ionization) or can be raised 
to higher energy levels within an atom or molecule (excitation). ejected electrons 
can cause further ionization and/or excitation. ionization and excitation lead to 
disruption of chemical bonds and formation of free radicals in water molecules. 
The density of ionization is described as linear energy transfer (leT). 

γ-rays have a mean leT of 0.3 keV µm -1 and are considered to be low 
leT radiation. α-Particles have a leT of approx. 100-200 keV µm -1 and are an 
example of high leT radiation. α-Particles produce more localized ionization 
leading to more severe Dna damage. 

although irradiation of cells with ir causes not only damage to Dna, but 
also to other molecules, it is well-accepted that Dna is the critical target 
for radiation-induced cell death 58,59. Damage to other molecules has little 
consequence, because there are multiple copies of most molecules and most 
undergo a rapid turnover. in contrast, Dna is only present in two copies and 
has limited turnover. Furthermore, it is the largest molecule and thus the largest 
target.

Dna is damaged by ir through direct effects on the molecule itself or 
indirectly by radicals. ir induces base damage, ssbs and Dsbs. in mammalian 
cells, at an absorbed dose of 1-2 gy (γ-rays) approx. 40 Dsbs, 1000 ssbs 
and more than 1000 damaged bases are induced. ssbs and base damage 
outnumber Dsbs, but they are repaired very efficiently and do not contribute 
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to cell death 60,61. even when high numbers of ssbs are induced by hydrogen 
peroxide, cell death is rare. Therefore, it is generally accepted that Dsbs are 
the critical lesions for radiation-induced cell death 62. 

an alternative way to induce Dsbs is by using radiomimetic chemicals. For 
example, bleomycin generates Dsbs by producing free radicals and etoposide 
induces Dsbs at specific locations by inhibition of topoisomerase ii 63-65. The 
damaging effect of these compounds depends on diffusion processes. in 
contrast, ir penetrates tissues and cells easily and ionization events occur very 
fast, within microseconds.

LoCaL INDuCtIoN oF DSBs
Fluorescent protein technology has opened the field of Dsb repair studies 
to live cell microscopy. Dna repair-related proteins genetically tagged with 
green fluorescent protein or its variants allow the study of cellular responses 
to Dsbs 37,66-68. local induction of Dsbs is the method of choice in live cell 
experiments, because it allows the determination of repair-related proteins at 
sites of Dsbs, their local concentrations, the speed of recruitment and their 
residence time. cellular responses to Dsbs are fast. Within seconds, the DDr 
pathway is activated 7,69,70, implying that Dsb induction preferably has to take 
place under the microscope to minimize the time between Dsb induction and 
subsequent monitoring of the cellular response to Dsbs. 

The commonly-used ir techniques with X-rays or γ-rays are not very 
suitable for live cell experiments. it is not possible to visualize recruitment of 
repair proteins in real time, because irradiation cannot take place under the 
microscope. Furthermore, Dsbs are induced randomly throughout the genome 
and not in a localized manner. Dsbs induced at random locations throughout 
the nucleus are hardly distinguishable from “background” Dsbs, such as Dsbs 
originating from stalled replication forks. 

in recent years, several methods have been developed to locally induce 
Dsbs and to analyze the subsequent repair processes in living cells 71. lasers 
used in confocal or microdissection microscopes have been adapted to induce 
Dna damage in a pre-defined localization in a cell nucleus. These techniques are 
based on the pre-sensitization of Dna with halogenated thymidine analogs or 
the Dna dye Hoechst 33258 72. However, laser microbeam irradiation presents 
some major drawbacks: the damage spectrum is not very well-characterized 
and results in the response of various repair pathways. Furthermore, proteins 
involved in the repair of a variety of lesions, such as xeroderma pigmentosum 
(XPc), show a kinetic behaviour that depends on the type of damage that is 
induced 73. Finally, the dose that is needed to recognize the damaged area is 
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relatively high. Two-photon lasers 74, in particular, deposit an extreme amount 
of energy in a confined nuclear volume, resulting in large amounts of photo-
thermal damage 75. as is described in chapter 7, analysis of recruitment of 
proteins at Dsbs using dual photon irradiation may lead to debatable results. 

laser microbeam irradiation without pre-sensitization 76,77 induces more 
specific Dna damage, but requires even higher laser energy and can induce 
undefined damage to other cellular structures as well. 

The introduction of rare restriction sites into the genome followed by 
controlled expression of the relevant endonuclease is another way to induce 
Dsbs in a pre-defined localisation. This method was developed first in yeast 
78,79, but has also been adapted for its use in mammalian cells 80. Dsbs can 
be monitored in time by flanking the restriction sites with tet- or lac-operator 
sequences and expression of fluorescently tagged tet- or lac-binding fusion 
proteins. a drawback of this technique is the relatively long period of time 
(approx. 30 min) between induction of endonuclease expression and actual 
Dsb formation. 

LINear traCkS oF DSBs
in chapter 2, we present a method to induce Dsbs in specific areas of the 
cell nucleus, that has the advantages of ir, but circumvents the drawbacks 
associated with the above-mentioned techniques. cells are exposed to 
α-particles from a small americium source placed alongside the cells. each 
α-particle traversing the cell nucleus induces a linear easy-recognizable track 
of Dsbs: approximately 20 Dsbs per 10 µm track length, corresponding with a 
dose of only 0.5 gy in a 500 µm3 nucleus. Most cells can repair the majority of 
20 Dsbs successfully. 

Dsbs are not induced in a pre-defined area, but this is compensated by the 
fact that the linear tracks of Dsbs are easy to recognize under the microscope. 
Dsbs can be visualized by immunodetection or labelling in the living cell 
by fluorescent Dsb response markers. recruitment of repair proteins can 
be visualized in real-time, because the irradiation can take place under the 
microscope. 

analysis of the spatial distribution of Dsbs-containing chromosome domains 
at various time intervals allowed us to study the dynamic behaviour of Dsbs 
(chapter 6).

SoFt x-rayS
The α-particles technique described above was designed to irradiate cells with 
a low dose in a specific area. However, when a protein of interest accumulates 
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at Dsbs in low concentrations, it may be difficult to detect iriFs. These 
experiments would benefit from a method allowing local ir irradiation with 
a high dose. Therefore, we developed a technique suitable for this type of 
experiments.

in chapter 3, we describe a soft X-ray microbeam system for local Dsb 
induction. soft X-rays are also referred to as extended uV (wavelength 20 nm) 
and are an example of low leT radiation. The damage spectrum of soft X-rays 
is well characterized. uV-specific lesions are not generated but base damage, 
ssbs and Dsbs are induced 81. The system can be operated at a high dose rate: 
approx. 50 Dsbs per second can be induced simultaneously in a large number 
of cells.

a simple, but effective way to induce local damage is realized by placing 
a micro-mesh filter between radiation source and cell culture. This design was 
already successfully applied in combination with uV light to locally induce uV 
lesions 82,83. in our soft X-ray system, metal mesh filters are used to produce 
microbeams. The use of filters with different pore sizes (2.5 – 5 µm), spaced 
at different distances, allows control of the size of the exposed area and the 
number of exposed areas in irradiated cells. 

The method was successfully applied to study the role of heterochromatin 
protein 1 (HP1) in the Dna damage response 84. in this study, the soft X-ray 
method was applied in fixed cell experiments, but the combination of soft X-ray 
irradiation with an upright fluorescence microscope equipped with a water-
dipping objective should allow imaging of live cells during irradiation.

SuPPortING teChNIqueS
because soft X-rays as well as α-particles cannot penetrate water, glass 
coverslips or cell culture plastics, cells have to be cultured on an ultra-thin mylar 
membrane and irradiated from below. This approach presents a problem, since 
many anchorage-dependent cells do not readily attach and spread on mylar. 
cells that are not properly attached are more sensitive to ir. Furthermore, cell 
loss is considerable due to cell death and clumping of cells. a technique that 
we originally developed to promote cell attachment on glass cover slips turned 
out to be very useful to promote attachment of cells to mylar. This technique, 
based on glow-discharged carbon coating of a cell culture substrate, is 
described in chapter 4. 

both Dsb induction methods described in the present thesis are designed 
to induce Dsbs that can be visualized using fluorescence microscopy. in the 
studies described in chapter 6 and 7, Dsbs are visualized by immunodetection. 
However, both induction methods can also be used in combination with live 
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cell microscopy, a technique that is becoming increasingly important because it 
allows the study of proteins in their natural environment, the living cell. 

live cell experiments are the logical continuation of the study described 
in chapter 6. Therefore, we describe methods in chapter 5 that can be used 
to visualize and analyze the spatio-temporal dynamics of Dsb-containing 
chromatin domains in mammalian cell nuclei in living cells.

moBILIty oF DSBs
in chapter 6, we present indications that chromatin domains that contain Dsbs are 
mobile and can fuse. This is an important observation, because the consequence of 
two or more Dsbs coming together before they are repaired, can be the rejoining 
of wrong Dna ends and the formation of chromosome exchanges. chromosomes 
occupy distinct spaces in the cell nucleus 85,86. This finding combined with the 
observation that ir, and α-particles in particularly, induce complex chromosome 
exchanges, involving multiple chromosomes 87, suggests that mobility of Dsbs 
plays a role in the formation of chromosome exchanges. chromosome exchanges 
can be lethal. For example, a dicentric chromosome containing two centromeres 
causes mechanical problems during mitosis leading to cell death. on the other 
hand, a reciprocal translocation (one chromosome fragment exchanged for 
another) that does not involve an essential region of the genome, can be passed 
on to daughter cells and may eventually drive cells to malignant transformation. 

Without irradiation, mobility of Dsbs may not play a significant role, since 
Dsbs occur at low frequency and the distances between Dsbs are mostly too 
large for the formation of chromosome exchanges. However, the dynamic 
behaviour of Dsbs may play a significant role when ir or radiomimetic chemicals 
are used in cancer therapy to kill cancer cells, thereby inducing large amounts 
of Dsbs in cells of the surrounding normal tissues. These Dsbs may lead to 
chromosome exchanges contributing to the risk of new cancers in patients 
treated with radiotherapy.

trF2 reCruItmeNt to DSBs
it is now well-established that repair-related proteins can be found at telomeres, 
but the question remains whether telomere proteins are recruited to Dsbs 88. 
More specifically, bradshaw et al 89 observed that TrF2 is recruited to Dsbs 
that were induced by laser microbeam irradiation using a dual photon laser. 
This led to the conclusion that TrF2 plays a role in DDr. in the study presented 
in chapter 7, we demonstrate that this conclusion is debatable, since TrF2 
accumulation could not be detected at Dsbs induced by induction techniques 
with better characterized damage spectra.
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in summary, the present thesis describes novel approaches to study Dsbs 
microscopically in order to unravel cellular processes that occur after induction 
of Dsbs.
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INtroDuCtIoN
understanding how cells maintain genome integrity when challenged with 
Dna double-strand breaks (Dsbs) is of major importance, particularly since 
the discovery of multiple links of Dsbs with genome instability and cancer-
predisposition disorders1,2. ionizing radiation is the agent of choice to produce 
Dsbs in cells3; however, targeting Dsbs and monitoring changes in their 
position over time can be difficult. Here we describe a procedure for induction 
of easily recognizable linear arrays of Dsbs in nuclei of adherent eukaryotic 
cells by exposing the cells to α-particles from a small americium source (box 1).
each α particle traversing the cell nucleus induces a linear array of Dsbs, 
typically 10–20 Dsbs per 10 μm track length4. because α-particles cannot 
penetrate cell-culture plastic or coverslips, it is necessary to irradiate cells 
through a Mylar membrane. We describe setup and irradiation procedures 
for two types of experiments: immunodetection of Dsb response proteins in 
fixed cells grown in Mylarbottom culture dishes (option a) and detection of 
fluorescently labeled Dsb-response proteins in living cells irradiated through a 
Mylar membrane placed on top of the cells (option b). using immunodetection, 
recruitment of repair proteins to individual Dsb sites as early as 30 s after 
irradiation can be detected. Furthermore, combined with fluorescence live-
cell microscopy of fluorescently tagged Dsb-response proteins, this technique 
allows spatiotemporal analysis of the Dsb repair response in living cells. 
although the procedures might seem a bit intimidating, in our experience, 
once the source and the setup are ready, it is easy to obtain results. because 
the live-cell procedure requires more hands-on experience, we recommend 
starting with the fixed-cell application.

materIaLS
reagents
appropriate cell-culture reagents
Phosphate-buffered saline, pH 7.4 (Pbs; gibco)
20% paraformaldehyde (electron Microscopy sciences)

equipment
americium (am-241) source (Supplementary methods and Supplementary 
Figs. 1–3 online)
Polyester film (Mylar), 1.8 μm thickness (birkelbach kondensatortechnik or 
other suppliers)
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silicone adhesive, ‘medical grade’ (general electric silicones)
adhesive tape (scotch Magic tape; 3M)
incubator capable of reaching 100 °c
glass rings, custom-made (option a: can be cut from tubes, 50-mm diameter, 
2-cm height and 2-mm thickness; option b: custom-made, the outer diameter 
must be at least 2 mm smaller than the inner diameter of the glass-bottom cell 
culture dish, 2-mm  height)
cell-culture dish lids, 60-mm diameter
Table with a cutaway (for example, a microscope stage; Fig. 1, Supplementary 
methods and Supplementary Fig. 1)
glass-bottom culture dishes (nunc, Mat Tek or Fluoro Dish) or a metal holder 
for round coverslips (okolab or custom-made)
Wide-field fluorescence or confocal microscope
inverted live-cell wide-field fluorescence or confocal microscope equipped 
with a 37 °c incubator

Box 1 uNIque ProPertIeS oF α-PartICLeS
energy dissipation by α-particles shows a number of specific characteristics that 
render these particles uniquely suitable for application in studies of repair dynamics 
and motility of Dsbs in nuclei of mammalian cells. The 1.5 MeV dissipated in a 
nucleus of 500 µm3 is equivalent to about 0.5 gy12. The particles produce tracks 
with a linear energy transfer of 100–150 keV/µm in the cells after traversing the 
Mylar. every time a particle passes through a double-stranded Dna helix it deposits 
a large amount of energy, in the range of 300–500 eV, in or very near the Dna. 
This energy is sufficient to cause a Dsb with a high probability, of 0.8–1.0. about 
20 Dsbs are produced in a 10 µm track. an attractive feature for this application 
is that α-particles produce very few γ-rays with ranges in excess of 0.1 µm. as a 
consequence, the Dsbs produced are aligned along remarkably straight tracks that 
coincide with the paths of the particles with few breaks outside the tracks, as indeed 
has been observed experimentally13.
ionizing radiation induces single-strand Dna breaks as well as Dsbs. using 
α-particles, the ratio of single to double-stranded breaks has been reported to be 
6:1 (using X-rays the ratio is 25:1)14. The presence of single-strand Dna breaks does 
not hamper the monitoring of Dsbs because the response markers do not detect 
single-strand breaks.
a disadvantage of these particles is that their range in tissue is only about 40 
µm. Therefore, special measures, as described in this protocol, are required to 
limit absorbing material between the source and the cells. nevertheless, with our 
procedure, 1–2 MeV is lost before entering the cells, but sufficient range is available 
to penetrate the cell nucleus.
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ProCeDure

option a. Immunodetection of DSB response proteins
1| stretch a piece of Mylar film on the cardboard (~25 × 40 cm), fixing its edges 
to the cardboard using scotch tape.
2| apply a thin layer of silicone to one edge of the glass rings and place them, 
edge with glue facing down, on the stretched Mylar. Press the glass ring firmly, 
without turning it.
Prepare two types of rings (see Equipment list for dimensions) with Mylar 
membrane. For immunodetction in fixed cells (Option A, Steps 7–15), use the 
large rings with Mylar bottom as culture dishes and irradiate the cells from 
below. For live-cell experiments (Option B, Steps 16–23), grow cells in glass-
bottom culture dishes or on coverslips, place the small rings containing a Mylar 
membrane on top of cell cultures and irradiate from above through the Mylar 
membrane.
3| cut the Mylar glued to the glass rings using a scalpel, following the edge of 
the rings, and remove the glass rings with Mylar from the cardboard. The Mylar 
membrane will be somewhat wrinkled.
4| leave the rings to cure at room temperature for 24 h to allow the toxic 
solvent in silicone to evaporate.
5| incubate the rings for about 5 min at 100 °c to shrink the Mylar, resulting in 
rings with a stretched membrane.
Upon completion of the experiment, the entire ring with Mylar membrane used 
for live-cell imaging (Option B) can be reused, after cleaning it with distilled 
water and sterilizing with 70% ethanol. For the immunodetection experiments 
(Option A), the glass rings can be reused by removing the membrane and the 
silicone using a sharp knife and a scourer. It is easier to remove the silicone if 
the silicone is hardened by incubating the rings for a few minutes at 450 °C.
6| use 70% ethanol to sterilize the rings. remove the ethanol by washing 3 
times with sterile distilled water. check for leakage. 
The Mylar rings are now ready for use to detect DSBs in fixed cells (Option A, 
Steps 7–15) or in live-cell experiments (Option B, Steps 14–23).

 trouBLeShootING
 PauSe PoINt 

glass rings containing a Mylar membrane can be stored at room temperature 
for at least 2 months.
7| Mark the spot(s) where the americium source will touch the Mylar bottom of 
the culture dish using a felt-tip pen.
Irradiating multiple areas in one dish at different time points allows temporal 
analysis of DSB repair response.
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8| Plate the cells at a concentration of 600,000–1,000,000 cells per Mylar dish 
in about 10 ml of medium. The exact culture conditions depend on the type 
of cells being investigated. Live cells cultured on Mylar can be observed using 
an inverted phase-contrast microscope; however, note that the image quality is 
deteriorated by  the presence of the Mylar.

 trouBLeShootING

9| incubate the cells for 24–72 h. use lids from disposable cell culture dishes 
(60 mm diameter) as a cover.
Cell cultures should be nearly confluent at the time of irradiation to yield a 
sufficient number of cells that can be analyzed.
10| Place the Mylar dishes on the table above the americium source (Fig. 1 and 
Supplementary Fig. 1). The source should just touch the Mylar. irradiate for 
0.5–2 min, depending on the required dose (see Supplementary methods for 
guidelines). it is convenient if, after irradiation, 70% of the cells in the irradiated 
area show a track of Dsbs.
After immunostaining, the irradiated cells will be a few millimetres away from 
the spot(s) marked in Step 7 where the Americium source touched the Mylar.

 trouBLeShootING

Cell fixation
11| remove culture medium and wash the cells 3 times with 5 ml of Pbs (do not 
allow the cells to dry out).
12| add 5 ml of fixative (2% paraformaldehyde in Pbs) and incubate for 15 min 
at room temperature
(15–25 °c).
13| Wash the cells 3 times with Pbs.

Figure 1 | schematic representation of the setup to irradiate cells for immunostaining 
(option a). cell culture dishes are placed on a table with a cutaway, adjustable in x, y and 
z directions (for example, a microscope stage), to position the cells above the americium 
source.
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14| add 8–10 ml of Pbs.
(Optional) Apply Vaseline to the edge of the dish to prevent evaporation of 
PBS.
 PauSe PoINt Fixed cells can be stored at 4 °c for at least 2 weeks.

15| immunostain and image the cells (see Supplementary methods for the 
immunostaining procedure and Box 2 for guidelines on imaging the stained 
cells).

option B. Detection of DSB response proteins in living cells
16| Plate cells in glass-bottom culture dishes or on coverslips placed in a metal 
holder.
17| incubate the cells at least 24 h to allow for attachment and accommodation 
of cells. cell cultures should be 80–90% confluent at the time of irradiation to 
obtain a sufficient number of irradiated cells. 
The exact cell culture conditions are dictated by the type of cells that are being 
investigated.

Irradiation
18| Fix the culture dish on the microscope stage of an inverted microscope 
and select cells to be irradiated (Fig. 2). imaging may start before, during or 

Box 2 CeLL ImaGING
For imaging immunostained cells we recommend acquiring three-dimensional stacks 
of images with a confocal microscope. However, as laser scanning of immunostained 
cells fixed on Mylar might generate a large amount of scatter light, a good alternative 
is to acquire stacks of images using a wide-field fluorescence microscope equipped 
with a z-axis motor drive and a light-sensitive cooled charge-coupled device (ccD) 
camera. We recommend acquiring stacks of 40 images at intervals of 200 nm in the 
z direction that can then be reconstructed using appropriate software (for example, 
Huygens, scientific Volume imaging; Fig. 3).
To image live cells the microscope should be equipped with a 37 ºc incubator. 
if the co2 concentration cannot be controlled, consider culturing the cells in a 
co2-independent medium or incubate the cells at 10% co2 for about 1 h before 
irradiation to saturate the medium with co2.
illuminate cells for as short a time as possible to minimize phototoxicity. For detailed 
analysis, we recommend capturing three-dimensional stacks of images, covering 
the entire volume of the cell nucleus. a confocal microscope has the advantage 
of a better z-dimension resolution; however, compared to excitation under a wide-
field fluorescence microscope, more phototoxicity is induced by the laser scanning. 
recent findings demonstrate that phototoxicity and bleaching can be considerably 
reduced using a modified confocal microscope15.
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after irradiation (Box 2). Depending on the fluorescently tagged protein used 
for detection, accumulation of the Dsb response proteins can be observed 
immediately or a few minutes after irradiation (Box 3). 
In this setup, the cells can be irradiated from above and imaged from below at 
the same time.
19| remove all medium using a 1-ml micropipette, and place the Mylar 
irradiation membrane carefully on top of the cells using a pair of tweezers.
The cells are irradiated through the Mylar membrane, which allows you to 
position the source very close to the cells without contaminating the source 
with culture medium. Also, it prevents the cells from drying out.
20| lower the source, so that it rests on the Mylar (Fig. 2 and Supplementary 
Fig. 3). The tip of the source should be 2–10 mm away from the optical axis 
of the objective. The pressure of the source on the Mylar will push away some 
of the culture medium, increasing the number of α-particles entering the cells. 
cells 2–10 mm away from the source are irradiated.
21| irradiate up to 2 min to obtain a sufficient number of cells containing arrays 
of Dsbs. it is convenient if at least 70% of the cells in the irradiated area contain 
one or more tracks of Dsbs.

 trouBLeShootING

22| lift the source by gently pushing on the end of the arm opposite to the 
source.
23|   CrItICaL SteP 
Very slowly add 1 ml of culture medium between the glass ring and the side of 
the culture dish. This will lift the Mylar membrane, which may be left floating. 
if phase-contrast imaging is required, the membrane should be removed using 
a pair of tweezers.

Figure 2 | schematic representation of the setup to irradiate cells for live cell imaging.
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trouBLeShootING
Step 6 Mylar dishes are leaky. 
repair punctured Mylar by sticking a piece of scotch tape under the damaged 
Mylar. note that α-particles cannot penetrate tape.
Step 8 cells plated on Mylar are not attaching and proliferating.
Most cell types attach and spread well on Mylar. However, for some cell types 
this is a relatively slow process, requiring more than 10 h. We suggest coating 
the Mylar dishes with glow-discharged carbon to promote rapid cell attachment 
and spreading5. alternatively, other coatings such as gelatin, fibronectin or 
polylysin can be tested for this purpose.
Step 10 There are not enough cells containing long arrays of Dsbs.
increasing the irradiation time will increase the number of cells containing 
arrays of Dsbs and the number of Dsb arrays per nucleus. it is important that 
the source touches the Mylar. also the α-particles should enter the cells at an 
angle of about 30°. if the angle is too large, the Dsbs will not be detected in 
long arrays, but in big clusters.
Step 21 There are not enough cells containing long arrays of Dsbs.
increasing the irradiation time will increase the number of cells containing Dsb 
arrays and the number of horizontal Dsb arrays per nucleus. increasing the 
distance between the source and the objective may also be helpful, because 
if the source is too close to the objective, the tracks will appear as compacted 
clusters instead of linear arrays.

Box 3 DeteCtIoN oF DSBs IN VIVO
a cell line expressing a fluorescently tagged Dna damage marker is required for 
visualization of Dna damage in vivo. of many Dna repair-related proteins reported 
thus far, a subset is known to form irradiation-induced foci (iriFs) at the sites of 
Dsbs16. This subset includes rad51, p53bP1, MDc1, Wrn, nbs1 and others. We 
found gFP-tagged p53bP1 and MDc1 proteins most suitable as Dsb response 
markers for in vivo imaging. They are recruited to the Dna damage sites within 
minutes, both are active throughout the entire cell cycle and both accumulate as 
relatively bright foci, easily detectable in the context of unbound fraction. stable 
cell lines are preferred for live-cell imaging because they can provide higher 
percentages of cells expressing the transfected proteins. ideally cells should express 
the fluorescently tagged protein at moderate to low levels so that a large proportion 
of the tagged molecules accumulates at the damaged site resulting in an optimal 
signal-to-noise ratio.
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 CrItICaL SteP 
Step 23 check whether cells are still in focus before beginning imaging 
because the pressure of the alpha source on the Mylar may push the coverslip 
a little toward the objective, causing cells to go out of focus. one wide-field 
fluorescence image or one confocal laser scan may be sufficient to collect all 
the decorated Dsbs. However, because the α-particles will enter the cells at 
an angle, it is a good strategy to acquire a three-dimensional stack of 5–10 
images, 300 nm apart in the z direction to enhance the chance of capturing an 
entire array of Dsbs.

CommeNtS
The method described here is devoid of several drawbacks associated with 
other protocols used to locally induce Dsbs. a laser microbeam in a confocal 
microscope is often used to analyze recruitment of Dna repair proteins 
to a predefined damaged area in the nucleus. although this method allows 
almost instant visualization of accumulation of gFP-tagged repair proteins 
in a predefined nuclear area6, it also induces several types of Dna damage. 
The damage spectrum of multiphoton lasers and laser scissors is largely 
uncharacterized, making it difficult to determine whether repair proteins are 
attracted to Dsbs or to other types of damage3,7. in addition, laser beam irradiation 
requires a higher local damage dose compared to α-particle irradiation, which 
may trigger unexpected side-effects. similarly, presensitization of cells with 
Hoechst8, a technique used in combination 
with laser microbeam irradiation to direct 
energy to Dna, may cause unwanted side 
effects7,9. These may be the reason for a 
discrepancy in recent findings regarding the 
role of human telomere protein TrF-2, which 
had been observed to accumulate at sites of 
dualphoton laser beam induced damage10. 
The authors of this study therefore concluded 
that TrF-2 is recruited to Dsbs. in contrast, 
when we used the α-particle assay described 
here to induce Dsbs, we did not observe any 
accumulation of TrF2 at Dsbs11. another way 
to irradiate cells locally is with high-energy 
helium ions in an accelerator, a technique 
that requires a specialized laboratory. The 
americium source, in contrast, can be 

Figure 3 | rko cell, fixed 15 
min after irradiation, containing 
an α-particle–induced distribu-
tion of γH2aX (red) and rad51 
foci (green). Dna is stained with 
Hoechst 33342 (blue). scale bar, 
10 μm.
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obtained at low cost and can, under strict conditions, be used in a general 
laboratory. although it is not possible to induce the Dsbs in a predefined area, 
linear arrays of Dsbs are very easy to recognize. We used the α-particle assay 
to study the dynamics of Dsbs; by analyzing changes in the spatial distribution 
of immunolabeled Dsbs at various time intervals after irradiation, we observed 
clustering of Dsb containing chromatin domains4. as another example of the 
procedure (option a) described here, we analyzed rko cells irradiated with 
α-particles and immunostained for rad51 and γH2aX (Fig. 3). We also recorded 
accumulation of p53bP1-gFP at an α-particle–induced array of Dsbs in a living 
u2os cell (Supplementary Video 1 online).

Note: Supplementary information is available on the Nature Methods website 
(http://www.nature.com/naturemethods/).
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SuPPLemeNtary FIGureS aND text:

Supplementary Fig. 1 Picture of the set-up to irradiate cells for immunostaining. The 
Americium source (1), on top of a pole (2), is placed underneath a microscope stage (3), 
from a microscope that is no longer in use. A culture dish containing a Mylar bottom (4) 
is placed next to the source. To irradiate cells the dish should be positioned above the 
source, the source touching the Mylar. 

Supplementary Fig. 1 Picture of the set-up 
to irradiate cells for immunostaining. The 
americium source (1), on top of a pole (2), 
is placed underneath a microscope stage 
(3), from a microscope that is no longer 
in use. a culture dish containing a Mylar 
bottom (4) is placed next to the source. 
To irradiate cells the dish should be po-
sitioned above the source, the source 
touching the Mylar.
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Supplementary Fig. 2 Drawing of the Americium source in its holder.

Supplementary Fig. 2 Drawing of the 
americium source in its holder.

Supplementary Fig. 3 Picture of the set-up to irradiate cells for live cell imaging. 
Irradiation takes place on a microscope stage of an inverted microscope. Cells are 
cultured on a coverslip, which is placed in a holder (1). The Americium source (2) is 
touching the Mylar irradiation membrane (3), that is covering the cells. In this position 
the cells are being irradiated. A second Mylar irradiation membrane (4) can be seen next 
to the culture dish. 

Supplementary Fig. 3 Picture of the set-up to irradiate cells for live cell imaging. irradia-
tion takes place on a microscope stage of an inverted microscope. cells are cultured on a 
coverslip, which is placed in a holder (1). The americium source (2) is touching the Mylar 
irradiation membrane (3), that is covering the cells. in this position the cells are being 
irradiated. a second Mylar irradiation membrane (4) can be seen next to the culture dish.

38

C
H

A
PTE

R
 2

α
-PA

R
TIC

LE
 IR

R
A

D
IA

TIO
N



SuPPLemeNtary methoDS

alpha source. americium (am-241) is a suitable source of α-particles because of the long 
half-life time of 433 years. We obtained good results using a custom made source with 
an activity of 140 kbq. consult your local safety officer for safety regulations before com-
missioning a company to manufacture a source. americium foil can be supplied by aea 
Technology, braunschweig, germany. This foil retains the americium safely between two 
protective layers in order to prevent the release of americium in the environment in case 
of damage. We recommend fixing the americium in a holder with the following dimen-
sions: diameter 3.5 mm, total length 10mm including a screw thread (diameter 2 mm) of 
4 mm. it is important that the americium foil is fitted as close as possible to the surface 
of the holder, because α-particles can only travel a limited distance (less than 5 cm) in air 
(Supplementary Fig. 2). The source can be fitted in a holder by: canberra benelux nV, 
Zelik, belgium.

To obtain long arrays of Dsbs, cells should be irradiated from below, at an angle of 
about 30° with the horizontal plane. For experiments in which cells are fixed and immu-
nostained, this can be achieved by placing the source on a pole using the screw thread 
of the holder. Place the pole underneath a small table, preferably adjustable in X, Y and Z 
direction, with a cut-away; for example a microscope stage. cell culture dishes are placed 
on this stage (Fig. 1 and Supplementary Fig. 1).

To estimate the strength of the radioactive source required to produce a desired 
number of tracks in a cell in a specific time interval, a simple calculation can be made. 
assume that the distance between the source and the cell is equal to 10 mm. because of 
the isotropic emission a source strength of 1 Mbq (106 particles per second) yields at this 
distance a number of tracks equal to 106 / 4 × π × 102) = 806 tracks per mm2 per second. 
assume that the cell nucleus has a diameter of 10 μm and a thickness of 4 μm and the 
particles travel at an angle of 30º relative to the dish bottom, the cell area exposed to 
the source is approximately (8 × 10) μm2. Thus the number of particles passing through 
the area of about 80 μm2 is equal to 806 × 80 × 10-6 = 64 × 10-3 per second or about 4 
particles per minute. With a source of 140 kbq an average of 1 track per cell is expected 
in about 0.5 to 1 minute. This value depends of course strongly on the distance between 
the cell and the source. at a distance of 5 mm, commonly used in our studies, an average 
number of about 2 particle tracks are expected per minute.

This is close to the observed number in our experiments. because of the statistics an 
average of one track implies that 37% of the cells experience no track and 37% one track.

safety is of course an important aspect and guidelines of the manufacturer as well as 
local safety regulations should be taken into account. using the source in a general cell 
culture laboratory should not be a problem, because the source is sealed with a protec-
tive layer (this type of source is also used in ionizing smoke detectors).

Fig. 2 and Supplementary Fig. 3 show the set up necessary to irradiate cells under an 
inverted live cell microscope. in these experiments cells are irradiated from above and 
imaged at the same time. attach the alpha source to a steel wire using the screw thread. 
The wire should be attached to hinges at a distance from the source. This set up allows 
you to carefully place the source on the Mylar irradiation membrane.
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Immunochemical staining. Here we describe the detection of phosphorylated histone 
H2a (γH2aX), because it is a good example of an early response marker of Dsbs1. it also 
serves to illustrate the handling of the Mylar dishes after fixation of the cells. simultane-
ous detection of γH2aX and another Dna repair-related protein can be performed by 
combining primary antibodies in the same incubation solution. secondary antibodies 
(preferably “multi labelling grade”) can also be combined.

reagents. γH2aX detection: Mouse anti-phospho Histone H2a.X (ser139), clone JbW301 
(upstate biotechnology); secondary antibody: goat anti-mouse cy3 (Jackson); counter 
stain Dna with Hoechst 33342 (sigma), 100 x stock solution of 500 μg/ml; Tnbs: Pbs 
containing 0.1% Triton-X 100 and 1% Foetal calf serum; Vectashield (Vector)

Procedure

(a) remove Pbs, add 4 ml of Tnbs and incubate 30 min at rT.

(b) remove Tnbs. Do not allow the part of the Mylar with the irradiated cells to fall dry, 
but remove the Pbs from the rest of the Mylar using a paper tissue.

(c) add 40-60 μl of Tnbs supplemented with mouse anti-γH2aX on top of the irradiated

cells. carefully cover cells with a coverslip and incubate for 90 min at rT.

(d) slowly add 4 ml of Tnbs next to the coverslip. remove the coverslip using a pair of 
coverslip-tweezers. Take care not to damage the Mylar.

(e) Wash 3 times with Tnbs for about 5 min.

(f) repeat step b.

(g) add 40-60 μl of Tnbs supplemented with goat anti-mouse cy3. incubate under a 
coverslip for 30 min at rT.

(h) repeat step d.

(i) oPTional remove Tnbs and add 2 ml of Tnbs containing Hoechst 33342 to coun-
terstain the Dna and incubate for 15 min at rT.

(j) repeat step e.

(k) repeat step b.

(l) add about 10 μl of Vectashield on top of the stained cells and cover them with a 
coverslip.

(m) add 10 μl of distilled water on a slide before placing the dish on top of it, to prevent 
wrinkling of the Mylar. Place the Mylar dish on top of the slide. cut out the part of the 
mylar covered with the coverslip and seal the Mylar + coverslip using rubber cement.

(n) slides can be stored for about two weeks at 4 ºc.

reference

1. rogakou, e.P., boon, c., redon, c. & bonner W.M. Megabase chromatin domains 
involved in Dna double-strand breaks in vivo. J. Cell. Biol. 146, 905–916 (1999).
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aBStraCt
localized induction of Dna damage is a valuable tool for studying cellular Dna 
damage responses. in the last decades, methods have been developed to 
generate Dna damage using radiations of varying types, including photons and 
charged particles. Here we describe a simple ultrasoft X-ray multi microbeam 
system for high dose-rate, localized induction of Dna strand breaks in cells at 
spatially and geometrically adjustable sites. our system can be combined with 
fixed- and live-cell microscopy to study responses of cells to Dna damage.

keywords: soft X-rays, microbeam irradiation, Dna damage, Dna double-
strand breaks, live-cell microscopy

INtroDuCtIoN
Today various microbeam irradiation techniques are widely used but localized 
induction of Dna damage in cells posed a great challenge when professor 
christoph cremer and colleagues developed a microbeam instrument for 
studying the spatial organization of chromosomes inside the cell nucleus (cremer 
et al. 1981). in their experiments, a small area of the nucleus was exposed to the 
focused beam of a uV-c laser. using cytogenetic analysis the authors identified 
a sub-group of cells that showed a small number of chromosomes with heavy 
damage surrounded by the majority of chromosomes that were unaffected 
by the micro-irradiation. This pioneering study revealed that chromosomes 
occupy distinct territories in the interphase cell nucleus, an observation that has 
contributed in a fundamental way to our understanding of nuclear architecture.

since these early experiments microbeam irradiation of living cells has 
become a powerful and standard method for studying the induction and 
processing of Dna lesions. localized irradiation activates damage signaling 
and repair responses at sites of the nucleus exposed to the microbeam and 
initiates a complex choreography of events, including protein binding and 
parting, modification of chromatin and Dna processing. Microbeam irradiation 
techniques have enabled analysis of the dynamics of fluorescently-tagged repair 
proteins at damage sites and has helped to define the temporal and spatial 
organization of the Dna damage response (DDr) (bekker-Jensen et al. 2006, 
essers et al. 2006, Feuerhahn et al. 2008). results obtained using microbeam 
irradiation also have provided important insights into molecular pathways 
connecting Dna repair to cell death, genomic instability and malignant cell 
transformation (Hill et al. 2006).

by taking advantage of the many different types of photon and charged 
particle sources presently available, and the characteristic spectra of Dna 
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lesions they induce, an increasing variety of Dna repair processes can now be 
studied with microbeams. advanced irradiation systems incorporate focused or 
collimated photon and/or charged particle beams (czub et al. 2006, endo et al. 
2006, Folkard et al. 2001, Folkard et al. 2005, Funayama et al. 2008, garty et al. 
2006, gerardi 2006, greif et al. 2006, Hamada et al. 2006, Hill et al. 2006, nelms 
et al. 1998, nelms et al. 1998, schettino et al. 2002, sowa et al. 2005, stap et al. 
2008, sun et al. 2006, Tanno et al. 2006, Tartier et al. 2003). recently, some of 
these microbeam instruments have been combined with confocal or wide-field 
fluorescence microscopes for observation of DDr in living cells (chang et al. 
2006, Folkard et al. 2003, Hauptner et al. 2004, Jakob et al. 2005, kruhlak et al. 
2006, Moné et al. 2001, sowa resat et al. 2004, Walter et al. 2003). The radiation 
effects of the different photon and particle sources can be summarized as follows: 
uV-a photons produce singlet oxygen species that initiate free radical-driven 
reactions leading to oxidative damage to Dna and chromatin (Dizdaroglu 1992, 
Marrot et al. 2008) whereas uV-a exposure of pre-sensitized cells is more effective 
in producing Dna double strand breaks (limoli et al. 1994). uV-b photons 
predominantly produce dimers of pyrimidine  bases located on the same strand, 
leading to distortion of Dna structure, halting of transcription and replication 
(Marrot et al. 2008). uV-c photons induce pyrimidine dimers and pyrimidine (6–4) 
pyrimidone photoproducts, but not strand breaks (Perdiz et al. 2000, rodrigo et 
al. 2000). X-ray photons, alpha particles and accelerated electrons or ions transfer 
more energy at impact than uV photons. When absorbed in the cell nuclei, these 
high-energy radiations produce multiple ionizations that generate single- and 
double-strand Dna breaks (Dsbs) and some Dna base damage (Preston 2005).

Here we describe a vertically oriented ultrasoft X-ray multi microbeam 
(MMb) system designed to induce up to 10 Dsbs per second at a number 
of spatially and geometrically adjustable sites within a large number of cell 
nuclei simultaneously. We opted for Dsb induction by ultrasoft X-rays because 
poorly characterized chromatin damage generated as a by-product of the 
Hoechst/brdu/uV-a laser microirradiation, used frequently for Dsb induction, 
could affect our results (Dinant et al. 2007, Williams et al. 2007). The aim of 
this study is to apply MMb irradiation to quantitatively study accumulation 
of repair-related proteins in live cells and in cells fixed after irradiation. MMb 
irradiation also allows studying the kinetics of one or more fluorescent repair 
proteins at a number of damaged areas in a single cell nucleus. We expect 
that simultaneous analysis of different fluorescence signals in the same nucleus 
after MMb irradiation can provide detailed quantitative information about the 
dynamics and potential interactions of proteins at the damaged Dna.

experiments described here show that the MMb system produces a uniform 
pattern of Dna damage areas in the cell nuclei and that the accumulation 
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of repair proteins at the damaged areas can be quantitatively analyzed using 
fixed- and live-cell microscopy techniques.

materIaLS aND methoDS

Setup of the “multi micro Beam” (mmB) soft x-ray system. our experimental setup 
consists of an X-ray source contained in a vacuum chamber (Fig. 1), evacuated by a 
turbo-molecular pump and an in-series rotary pump, achieving a vacuum of < 10-5 mbar, 
as measured by bayert alpert ionization gauge. The samples are irradiated in ambient 
environment via a vacuum-sealed window with a diameter of 14 mm, formed by a 2 
µm-thick mylar membrane, supported by a stainless-steel grid. a 14 µm thick, photolitho-
graphically manufactured nickel mesh filter (Melo et al. 2008) with openings of between 
2.2-3.5 µm in diameter, placed on top of the window, was used as a multi micro aperture 
system, providing ≈ 5 x 106 micro beams/cm2. The soft X-ray source (Fig. 1) is based on 
an obsolete e-beam evaporation system of Vacuum generators. contrary to traditional 
sources, this system has cylindrical symmetry. electrons emitted by the circular cathode 
are focused at the top of the cooled anode (carbon target) by the surrounding cylindrical 
electrode (focusing cage). The advantage is that the size of the focal spot can be chosen 
by adjusting the distance of the top orifice of the electrode to the top of the anode. a 
spot size < 0.5 mm can easily be achieved, but we increased the size to about 4 mm to 
prevent evaporation of the anode material and increase the photon-emitting surface. 
We conducted our experiments with 277 eV, 4.4 nm carbon k radiation (agarwal et al. 
1981), using a graphite anode. To prevent system overheating, we connected the target 
to the cooled copper anode by conductive glue. Heat radiation from the cathode is also 
optically shielded by the top part of the focusing cage.

our samples were irradiated using an anode voltage of 3 keV and a cathode emission 

current of 8 ma, which can be increased to ~20 ma. approximately 90% of emission 

consisted of carbon k radiation (~277 eV) and the residual part was bremsstrahlung 

277eV
photons

water
cooling

water
cooling

cathode

vacuum

carbon anode

electron
trajectories

focusing
cage

mylar
membrane

mylar dish

metal mesh filter

cells
Fig. 1

Fig. 1 schematic representation of the multi micro-beam irradiation setup
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with a maximum intensity at ~1.6 keV, as determined from the pulse height distribution 
produced by a classical proportional counter.

Cell culture and irradiation. Wild-type and 53bP1-gFP-expressing u2os cells (bekker-
Jensen et al. 2005) were cultured in Dulbecco’s modified eagle’s medium (DMeM), sup-
plemented with 10% Fcs at 37°c in an atmosphere containing 10% co2. 24 h before 
irradiation, approximately 106 cells were plated in custom-made glass rings with mylar 
bottoms as described before (stap et al. 2008). cells were irradiated by placing the 
dishes on top of the nickel mesh filter for the required period of time.

Immunocytochemistry and microscopy. after irradiation, cells were fixed and stained for 
indicated proteins as described before (stap et al. 2008) using the following antibod-
ies: rabbit anti-raD51 (essers et al. 2002), mouse anti- γH2aX (05-636, Milipore), rabbit 
anti-MDc1 (a300-051a, bethyl laboratories), goat anti-mouse-cy3, (115-165-166) and 
goat anti-rabbit-FiTc (111-095-144) (Jackson immunoresearch). For live-cell analysis, the 
mylar membrane with irradiated cells was placed on top of a glass cover-slip, mounted 
into a push-to-seal custom-made imaging chamber in co2-independent medium (gibco 
brl) and positioned on the stage of an inverted leica sP2 confocal microscope equipped 
with a heated stage. Fluorescence recovery after photobleaching (FraP) analysis was 
performed using the 488 nm laser line. immunocytochemically stained cells were imaged 
using a leica DMra wide-field fluorescence microscope and wide-field 3-D images 
were reconstructed using Huygens Pro (scientific Volume imaging) and processed using 
imageJ and Photoshop cs3 (adobe systems). Data processing was performed using 
excel (Microsoft) and Prism 4 (graphPad software). scanning electron microscopy (seM) 
images of the nickel mesh filters were obtained using a seM 525 (Philips).

reSuLtS
Geometrically and spatially tunable mmB irradiation elicits 
normal DNa damage response.
Many Dsb repair-related proteins accumulate in the vicinity of the damaged 
Dna, forming so-called ionizing radiation induced foci (iriF) at damage-
containing chromatin within minutes after exposure of cells to ir (lukas et 
al. 2005). among the earliest events triggered by Dsbs is phosphorylation of 
histone H2aX by the aTM kinase (Foster et al. 2005). Phosphorylated H2aX 
(γH2aX) was present at confined areas of u2os cell nuclei at 30 min after 
irradiation by MMb (Fig. 2a). MMb irradiation also induced accumulation of 
the damage mediator MDc1 (stewart et al. 2003) and repair protein raD51 
(Tashiro et al. 2000) at the exposed areas (Fig. 2a). These results indicate that 
MMb irradiation elicits a normal Dna damage response. 

We then measured the dose-rate of the MMb by counting the number of 
individual γH2aX iriF in exposed areas after different irradiation periods (Fig. 
2b). exposure time of between 5 and 15 s linearly correlated with the numbers 
of γH2aX iriF (Fig. 2b), allowing estimation of irradiation time for experiments 
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requiring induction of large amounts of Dsbs, when scoring of individual iriF 
is impossible. 

our irradiation setup provides a possibility to control the geometry and 
distribution of irradiated areas by using metal mesh filters of various parameters 
(Fig. 2c). indeed, when we applied mesh filters with opening diameters of 2.2 
and 3.5 µm, we detected γH2aX presence at confined circular areas of the 
expected diameter (Fig. 2c). importantly, few γH2aX iriF were present outside 
of these areas. We conclude that MMb allows precise control over irradiation 
dose, distribution and geometry of the exposed areas.
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Fig. 2 induction of Dna double strand-
breaks by multi micro-beam irradia-
tion. a MMb irradiation induces Dsb 
responses. u2os cells were irradiated 
for 6 min through a metal mesh filter 
with openings of 2.2 µm in diameter, 
fixed 30 min later and stained for Dna 
(blue), γH2aX (red) and rad51 (green, 
left panel) or MDc1 (green, right 
panel). inset shows magnification of 
a single irradiated area. scale bar 10 
µm. b The number of Dsbs induced by 
MMb irradiation linearly depends on ir-
radiation time. left panels show u2os 
cells irradiated for 5, 10 or 15 s through 
a metal mesh filter with openings of 2.2 
µm in diameter, fixed 5 min later and 
stained for Dna (blue), γH2aX (red) and 
MDc1 (green). right panel shows quan-
tification of numbers of γH2aX foci rep-
resenting individual Dsbs per exposed 
area in cells from (b). c The geometry 
of exposed areas can be controlled by 
applying metal mesh filters of varying 
parameters. cells were irradiated for 6 
min using filters with openings of 2.2 
µm (left) or 3.5 µm in diameter (right), 
fixed 5 min later and stained for Dna 
(blue) and γH2aX (red). upper panels 
show mesh filters used, imaged by a 
scanning electron microscope. lower 
panels show stained cells irradiated 
using the respective filters. scale bar 
2.2 µm (left panel) and 3.5 µm (right 
panel)
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Fig. 3 Dynamics of 53bP1-gFP at areas of Dna 
damage induced by the MMb system. a u2os cells 
expressing 53bP1-gFP were irradiated for 6 min 
through a metal mesh filter with openings of 2.2 μm 
in diameter and mounted under a confocal micro-
scope. The indicated area of the selected cell was 
then bleached and the cell was imaged for 20 min at 
intervals of 10 s. The gallery shows images captured 
at indicated times after bleaching. The perimeter of 
the cell nucleus is indicated by the dotted line. scale bar 10 μm. b Quantification of 
the fluorescence intensities measured at the different rois in the cell (a) at indicated 
times after bleaching. The fluorescence intensities at each roi were normalized to the 
intensities at the respective roi before bleaching. c Quantification of average fluores-
cence intensities at bleached (1-3) and non-bleached (4-7) regions at indicated times 
after bleaching. error bars indicate standard deviations. d Quantification of recovery 
of 53bP1-gFP intensity at damaged chromatin areas after photobleaching. The graph 
represents normalized average intensity of the bleached areas obtained from measure-
ment of 10 cells. The black curve represents non-linear fit obtained as described earlier 
(bekker-Jensen et al. 2005). error bars represent standard deviation.
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mmB irradiation is suitable for analysis of DDr in living cells
live-cell analysis can provide valuable information about the cellular response 
to Dsbs. uV laser microirradiation of presensitized cells is a frequently used 
method for Dsb induction used in combination with live-cell microscopy. 
However, the broad spectrum of Dna damage induced by this approach 
includes large amounts of uV-specific lesions and the deposited dose is difficult 
to estimate. Dna damage induced by ultrasoft X-rays is well characterized and 
does not include uV-specific lesions (gobert et al. 2004, goodhead et al. 1981, 
griffin et al. 1998, Hawkins 2006, Hill et al. 2001, nikjoo et al. 1999, Yokoya et 
al. 1999, de lara et al. 2001).
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Microscopical observation of MMb-irradiated u2os cells expressing gFP-
tagged 53bP1, one of early Dsb markers (bekker-Jensen et al. 2005), revealed 
accumulation of this protein at damaged chromatin consistent with the geometry 
of the mesh filter used (Fig. 3a). We then applied the fluorescence recovery 
after photobleaching (FraP) technique (van royen et al. 2009) to visualize the 
dynamics of 53bP1-gFP at damaged chromatin. We bleached the 53bP1-gFP 
fluorescence at 3 out of 7 irradiated areas in a single cell. subsequent imaging 
revealed recovery of the fluorescence at the bleached regions of interest (rois) 
and concomitant loss of fluorescence at the non-bleached rois (Fig. 3b and c), 
confirming dynamic character of interaction of 53bP1 with damaged chromatin. 
next, we quantified the dynamics of 53bP1 by estimating its residence time 
at damaged chromatin (Fig 3d). To achieve this, we irradiated cells using a 
metal mesh filter that produces on average one irradiated circular area of 5 µm 
in diameter, per cell. 20 min after irradiation, we bleached the gFP signal at 
damage-containing chromatin areas by exposing them to 5 pulses of the 488 
nm laser set to 100% emission. subsequently, we imaged the cells for 10 min 
at 10s intervals. We then measured the average gFP fluorescence intensities at 
the bleached regions and normalized them as described earlier (bekker-Jensen 
et al. 2005). To obtain residence time of 53bP1 at damaged chromatin we fitted 
the obtained data to the following equation (bekker-Jensen et al. 2005):

y(t) = Y1 (1- exp(- t/τ1)) + Y2 (1- exp(- t/τ2))

residence time of damage-associated fraction of 53bP1-gFP (τ1) was 
145 ± 5 s, more than 3.5 times longer than that reported before for 53bP1-
gFP at chromatin after uVa laser microirradiation in brdu presensitized cells 
(bekker-Jensen et al. 2005). Whether this discrepancy reflects physiological 
differences in protein dynamics at uV- and ir-irradiated chromatin requires 
further investigation.

DISCuSSIoN
We constructed a vertical ultrasoft X-ray multi microbeam source for 
simultaneous, localized irradiation of large numbers of cell nuclei. The purpose 
of this instrument is to induce high amounts of Dna damage by ionizing 
radiation at several sites in the cell nucleus. This allows detection of repair-
related proteins that accumulate at the damage sites at low concentrations. 
using custom-made metal mesh filters we were able to obtain a uniform 
pattern of Dna damage-containing areas. We could observe the irradiated 
samples under a live-cell confocal microscope and perform FraP analysis at the 
individual exposed sites. This procedure will allow evaluation of the dynamics 
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and interactions of several fluorescently labeled repair proteins simultaneously 
in a single cell as an alternative to uV laser microirradiation.

The MMb ultrasoft X-ray irradiation system is still in the initial phase of 
development. We intend to incorporate the MMb into an upright confocal 
fluorescence microscopy system equipped with a water-dipping objective. This 
will allow real-time observation of fast DDr events, such as accumulation of the 
ku or Dna-Pkcs proteins (Mari et al. 2006, uematsu et al. 2007). However, for 
this purpose, a higher dose-rate is required as accumulation of these factors 
reaches the maximum within the first minute after laser microirradiation. our 
current setup offers rates of up to 10 Dsbs per second, which can be further 
increased by shortening the distance between the source and cells (currently 
approximately 14 cm) and by raising the anode voltage to 5 keV (currently 3 
keV). 

ionizing radiation is widely accepted as the reference inducer of single- and 
double-strand breaks in studies focused on Dsb repair. in contrast, uV or multi-
photon laser microirradiation is difficult to control and reproduce between 
different experimental setups and generates large amounts of uV-specific 
lesions and possibly other types of Dna damage (Dinant et al. 2007, kong 
et al. 2009). Therefore, the relatively well-defined spectrum of Dna damage 
induced by ultrasoft X-rays generated by our setup presents a direct advantage 
over laser microirradiation techniques. recently, we used the MMb to confirm 
the recruitment of the HP1 protein to Dsb-containing chromatin, which was first 
observed using uV laser microirradiation (luijsterburg et al. in press).

The metal mesh filters that form the multi micro-aperture structure provide 
broad control over the spatial distribution of induced Dna damage. For 
instance, sparsely distributed openings could be used to study ‘bystander 
effects’ in neighbors of cells exposed to irradiation. currently, an area of about 
150 mm2, containing approximately 2x105 cells can be irradiated at the same 
instant. However, some experiments require irradiation of a limited area of the 
sample so that several irradiation conditions can be tested in one dish. This 
can be easily achieved by using metal mesh filters with openings restricted to 
a small area. in the near future we will upgrade the MMb system to make it 
compatible with α-particle and uV radiation sources and soft X-ray sources of 
other photon energies.
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gloW-DiscHargeD carbon ProMoTes  

cell aTTacHMenT anD sPreaDing  
ProbablY Due To carboXYlic grouPs 
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aBStraCt
Background: For high-resolution microscopy, cells have to be analyzed through 
thin glass coverslips. Therefore, it is necessary to culture cells on coverslips 
for preservation of cell morphology. We found cell attachment and spreading 
to be relatively slow processes, even when cells were plated on coated 
coverslips. This slowness presents a problem, particularly when synchronized 
cell populations are used.
methods: in this paper, we present a method that is based on glow-discharged 
carbon coating of coverslips which  romotes rapid attachment and spreading 
of cells, enabling rapid analysis of cells after plating. results obtained with 
carbon-coated coverslips were compared with those of other types of coating. 
Two fibroblast lines, an epithelial cell line, and a carcinoma cell line were tested.
results and Conclusions: all cell lines showed a rapid adhesion on carbon-
coated coverslips. With fibroblasts we found the carbon coating to be superior 
to other coatings tested, mainly because the carbon did not influence cell 
morphology. using synchronized or irradiated cells produced similar results. The 
superior performance of carbon coating is probably due to carboxylic groups 
on the glowdischarged carbon layer. The carbon layer does not interfere with 
microscopy or immunocytochemical staining procedures.
 
key terms: fluorescence microscopy; confocal microscopy; fibroblasts; coating; 
carbon; cell attachment; cell spreading; cell synchronization 

INtroDuCtIoN
Fluorescence and confocal microscopy are indispensable tools for the 
identification and characterization of macromolecules in tissues and cells. 
These techniques are particularly useful for studying spatial relationships 
between different cellular components. Visualization of macromolecules 
requires objectives with high magnification and numerical aperture. because 
of the short working distance of these objectives, cells are usually observed 
through thin glass coverslips. For this purpose, cells are usually spun down on 
glass slides and observed through coverslips. in many cases, this procedure 
leads to bad morphology. Therefore, culturing followed by fixation of the cells 
on coverslips is a better option; for the analysis of living cells, it usually is the 
only option.

unfortunately, most anchorage-dependent cell lines do not attach readily 
to glass surfaces without coating to promote cell attachment and spreading. 
even with coated coverslips, we found attachment and spreading to be 
relatively slow processes. When studying cell-cycle dependent processes, this 
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slowness can present a significant problem. For instance, synchronization of 
cell populations is lost when the cells are not properly attached and spread 
within 3 h after plating. in addition, there is considerable cell loss due to cell 
death and clumping of cells when attachment is too slow.

in this paper, we present results obtained with a method that is based on 
carbon coating of coverslips, which promotes rapid attachment and spreading 
of asynchronously growing and synchronized cells. Populations of synchronized 
cells were obtained by flow-cytometric sorting or by mitotic shake-off (1). one 
epithelial cell line, one carcinoma line, and two fibroblast lines were tested, and 
the effects of carbon coating of coverslips were compared with those of other 
frequently used coatings.

materIaLS aND methoDS

Cell Cultures. V-79 chinese hamster lung fibroblasts and ruc rat ureter carcinoma cells 

were cultured in eagle’s Minimum essential Medium (MeM) with Hank’s salts (gibco brl, 

life Technologies, rockville, MD) containing 10% fetal calf serum  Fcs). The cells were 

incubated in a 37°c incubator in an atmosphere of 2% co2 in air. HsF-7 human skin 

fibroblasts (kindly provided by Dr. D. J. chen, los alamos national laboratories, los 

alamos, nM) were cultured in Dulbecco’s MeM (gibco brl) supplemented with 10% Fcs 

and incubated in an incubator in an atmosphere of 10% co2 in air. MDck dog kidney 

epithelial cells (kindly provided by Dr. e. Pinelli, university of utrecht, utrecht, The neth-

erlands) were cultured in rPMi (gibco brl) supplemented with 10% Fcs in an incubator 

with an atmosphere containing 5% co2. cells were grown as monolayers in culture flasks 

(costar, cambridge, Ma).

Synchronization of Cells. synchronized cell populations were obtained by mitotic 

shake-off (1) or flow-cytometric sorting. For flow-cytometric sorting, Hoechst 33342 (cal-

biochem, san Diego, ca) was added to cell cultures in a final concentration of 5 mg/

ml (2). after incubating for 60 min at 37°c, cells were trypsinized, collected in medium 

supplemented with Hoechst 33342 (5 mg/ml), and concentrated by centrifugation. g1 

cells were sorted with a Facs Vantage flow cytometer (becton  Dickinson, san Jose, ca). 

synchronized cells were plated on coverslips at a concentration of 20,000 cells/coverslip. 

synchronization was checked by rerunning part of the sorted sample through the flow 

cytometer.

Irradiation of Cells. V-79 cell cultures in plateau phase were irradiated using a 137cs 

source, yielding a dose rate of approximately 1 gy/min (3). after irradiation with 0 gy, 5 

gy, or 10 gy, cells were trypsinized, diluted, and plated on coverslips coated with carbon 

or on coverslips coated with fibronectin.

Coating of Coverslips. Two different brands of round coverslips (diameter, 1.5 cm) were 

tested: assistant (Hecht, sondheim, germany) and Menzel (braunschweig, germany). 

coverslips were cleaned with a solution of 0.4 g k2cr2o7 per 10 ml sulfuric acid. 
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coverslips were coated in one of the following ways:
- with alcian Blue (4)
- with poly-L-lysine (5)
- with collagen type 5: coverslips were covered with a solution of 50 mg collagen type 5 
(sigma, st. louis, Mo) per milliliter acetic acid and air dried 
- with gelatin: coverslips were covered with a thin layer of a solution of gelatin (Merck, 
Darmstadt, germany) in aqua dest (concentration: 0.1, 1, or 2% w/v); after 30 min incuba-
tion at 37°c, the gelatin solution was removed and the coverslips were air dried
- with cell residues: cells were plated on uncoated coverslips; after the cultures had 
reached confluency, cells were removed by trypsinization or by spraying the conditioned 
culture medium using a syringe with a 21- gauge needle 
- with carbon: coverslips were etched in a balzers scD-040 (balzers instruments, liech-
tenstein) in an argon atmosphere (0.1 mbar) for 2.5 min and a current of 3–5 ma to 
prevent detachment of the carbon layer from the coverslips; after etching, the coverslips 
were transferred to a balzers MeD-010 and coated with 5–10 nm carbon (10-5 mbar); the 
carbon layer was hydrophilized and negatively charged by glow discharge (1 min, 30 ma) 
in air (6); the equipment required for this procedure can usually be found in laboratories 
with electron-microscopy facilities.

MATERIALS AND METHODS
Cell Cultures

V-79 Chinese hamster lung fibroblasts and RUC rat ure-
ter carcinoma cells were cultured in Eagle’s Minimum
Essential Medium (MEM) with Hank’s salts (Gibco BRL,
Life Technologies, Rockville, MD) containing 10% fetal
calf serum (FCS). The cells were incubated in a 37°C
incubator in an atmosphere of 2% CO2 in air. HSF-7 human
skin fibroblasts (kindly provided by Dr. D. J. Chen, Los
Alamos National Laboratories, Los Alamos, NM) were cul-
tured in Dulbecco’s MEM (Gibco BRL) supplemented with
10% FCS and incubated in an incubator in an atmosphere
of 10% CO2 in air. MDCK dog kidney epithelial cells

(kindly provided by Dr. E. Pinelli, University of Utrecht,
Utrecht, The Netherlands) were cultured in RPMI (Gibco
BRL) supplemented with 10% FCS in an incubator with an
atmosphere containing 5% CO2. Cells were grown as
monolayers in culture flasks (Costar, Cambridge, MA).

Synchronization of Cells

Synchronized cell populations were obtained by mitotic
shake-off (1) or flow-cytometric sorting. For flow-cytomet-
ric sorting, Hoechst 33342 (Calbiochem, San Diego, CA)
was added to cell cultures in a final concentration of 5
�g/ml (2). After incubating for 60 min at 37°C, cells were
trypsinized, collected in medium supplemented with

FIG. 1. V-79 fibroblasts visualized with phase-contrast microscopy 3 h after
plating. A: Cells plated on uncoated coverslips have not spread 3 h after plating.
B: Morphology of cells on carbon-coated coverslips is similar to the morphol-
ogy of cells plated in culture flasks. C: A larger number of abnormally large cells
was found in cultures plated on fibronectin-coated coverslips. Bar � 10 �m.
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Fig. 1. V-79 fibroblasts visualized with 
phase-contrast microscopy 3 h after 
plating. a: cells plated on uncoated 
coverslips are not spread within 3 h 
after plating. B: morphology of cells 
on carbon-coated coverslips is similar 
to the morphology of cells plated in 
culture flasks. C: a larger number of 
abnormally large cells was found in 
cultures plated on fibronectin-coated 
coverslips. bar = 10 µm.
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cells were also cultured on the following “ready-to-use” coverslips: coverslips coated 
with fibronectin or poly-l-lysine (becton Dickinson labware, bedford, Ma) and Permanox 
coverslips (nunc, roskilde, Denmark).

analysis of Cell attachment. all coverslips were placed in 25-well “replica dishes” 
(greiner, Frickenhausen, germany). cells plated on coverslips were monitored with a 
phase-contrast microscope (Diavert, leica, Wetzlar, germany). cell attachment was 
assessed by measuring the time between plating and spreading. spreaded cells could be 
recognized easily by visual observation (Fig. 1b). Photographs were made with a 35-mm 
camera (orthomat W, leica).

reSuLtS aND DISCuSSIoN
The delay between plating and spreading of cells and the capacity of the 
fibroblast cultures (V-79 and HsF) to reach confluency on the different coverslips 
are summarized in Table 1. no differences were observed between Menzel and 
assistant coverslips. synchronized V-79 cells, obtained by mitotic shake- off or 
flow sorting and plated on coverslips coated with either carbon or fibronectin, 
produced similar results. Moreover, irradiation of V-79 cells before plating on 

either carbon- or fibronectin-coated 
coverslips had no effect on the period 
between plating and spreading.

The results show that coating 
of coverslips with gelatin (1% and 
2%), collagen, poly-l-lysine, and 
fibronectin presented problems. 
gelatin and collagen coatings 
resulted in cell death, and cultures 
on poly- l-lysine– coated coverslips 
did not reach confluency. We found 
a higher number of abnormally large 
cells on fibronectin-coated coverslips 
(Fig. 1). it is known that (cellular) 
fibronectin can have an effect on 
cell morphology (7,8). coating with 
alcian blue, cell residues, or gelatin 
(0.1%) did not cause any of these 
negative effects but did not promote 
rapid attachment and spreading. 
Permanox appeared to be unsuitable 
because of its poor optical qualities. 
only on carbon-coated coverslips 

Analysis of Cell Attachment

All coverslips were placed in 25-well “replica dishes”
(Greiner, Frickenhausen, Germany). Cells plated on cov-
erslips were monitored with a phase-contrast microscope
(Diavert, Leica, Wetzlar, Germany). Cell attachment was
assessed by measuring the time between plating and
spreading. Spreaded cells could be recognized easily by
visual observation (Fig. 1B). Photographs were made with
a 35-mm camera (Orthomat W, Leica).

RESULTS AND DISCUSSION
The delay between plating and spreading of cells and

the capacity of the fibroblast cultures (V-79 and HSF) to
reach confluency on the different coverslips are summa-
rized in Table 1. No differences were observed between
Menzel and Assistant coverslips. Synchronized V-79 cells,
obtained by mitotic shake-off or flow sorting and plated on
coverslips coated with either carbon or fibronectin, pro-
duced similar results. Moreover, irradiation of V-79 cells
before plating on either carbon- or fibronectin-coated cov-
erslips had no effect on the period between plating and
spreading.

The results show that coating of coverslips with gelatin
(1% and 2%), collagen, poly-L-lysine, and fibronectin pre-
sented problems. Gelatin and collagen coatings resulted in
cell death, and cultures on poly-L-lysine–coated coverslips
did not reach confluency. We found a higher number of
abnormally large cells on fibronectin-coated coverslips
(Fig. 1). It is known that (cellular) fibronectin can have an
effect on cell morphology (7,8). Coating with Alcian Blue,
cell residues, or gelatin (0.1%) did not cause any of these
negative effects but did not promote rapid attachment and
spreading. Permanox appeared to be unsuitable because
of its poor optical qualities. Only on carbon-coated cover-
slips were attachment and spreading of fibroblasts as fast
as in culture flasks, and negative side effects were not
observed.

Epithelial and carcinoma cells were cultured on un-
coated coverslips, culture flasks, and coverslips coated
with carbon, fibronectin (“ready-to-use”; Becton Dickin-
son) or poly-L-lysine (Becton Dickinson). Comparing the
results with those obtained using the fibroblasts demon-
strated two differences: there was no increase in the
number of abnormally large cells on fibronectin-coated
coverslips, and MDCK epithelial cells did not attach to
uncoated coverslips and eventually died. On carbon- and
fibronectin-coated coverslips, attachment of the epithelial
and carcinoma cells was as rapid as in culture flasks.

Cell culture on carbon-coated coverslips, subsequent
fixation (with paraformaldehyde or glutaraldehyde), and
immunocytochemical staining of the cells was feasible
(Fig. 2). Problems due to autofluorescence or decreased
fluorescence did not occur (data not shown).

Glow, or electrical plasma discharge, the method we
used to hydrophylize the carbon-coated coverslips, is also
a basic treatment given to polystyrene to produce “tissue
culture grade” culture vessels (9). With this treatment,
there is an increase in the amount of (hydrophilic) car-

boxylic acid groups of the polystyrene surface (10,11).
The amount of surface carboxylic acid groups has been
correlated with cell adhesiveness (11). Therefore, the su-
perior performance of the carbon-coated coverslips may
well be due to an increased amount of carboxylic groups
in the carbon layer. It is not likely that carbon itself
promotes cell adhesion. Li et al. (12) found that diamond-
like carbon coating decreased cell adhesion.
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Fig. 2. V-79 fibroblasts fixed at 3 h after 
plating on a carbon-coated coverslip. 
replication patterns in cell nuclei are 
visualized by immunocytochemical 
staining of idurd incorporated in repli-
cating Dna. bar = 10 µm. (Photograph 
was taken with a ccD camera, coupled 
to a fluorescence microscope (leica 
DM ra Hc).
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were attachment and spreading of fibroblasts as fast as in culture flasks, and 
negative side effects were not observed.

epithelial and carcinoma cells were cultured on uncoated coverslips, 
culture flasks, and coverslips coated with carbon, fibronectin (“ready-to-use”; 
becton Dickinson) or poly-l-lysine (becton Dickinson). comparing the results 
with those obtained using the fibroblasts demonstrated two differences: there 
was no increase in the number of abnormally large cells on fibronectin-coated 
coverslips, and MDck epithelial cells did not attach to uncoated coverslips and 
eventually died. on carbon- and fibronectin-coated coverslips, attachment of 
the epithelial and carcinoma cells was as rapid as in culture flasks. cell culture 
on carbon-coated coverslips, subsequent fixation (with paraformaldehyde or 
glutaraldehyde), and immunocytochemical staining of the cells was feasible 
(Fig. 2). Problems due to autofluorescence or decreased fluorescence did not 
occur (data not shown).

glow, or electrical plasma discharge, the method we used to hydrophylize 
the carbon-coated coverslips, is also a basic treatment given to polystyrene 
to produce “tissue culture grade” culture vessels (9). With this treatment, 
there is an increase in the amount of (hydrophilic) carboxylic acid groups of 
the polystyrene surface (10,11). The amount of surface carboxylic acid groups 
has been correlated with cell adhesiveness (11). Therefore, the superior 
performance of the carbon-coated coverslips may well be due to an increased 
amount of carboxylic groups in the carbon layer. it is not likely that carbon itself 
promotes cell adhesion. li et al. (12) found that diamondlike carbon coating 
decreased cell adhesion.
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aBStraCt
Dna double-strand breaks (Dsbs) are amongst the most dangerous types of 
Dna damage. unrepaired, Dsbs may lead to cell death and when misrejoined, 
they can result in potentially carcinogenic chromosome rearrangements. The 
induction of Dsbs and their repair take place in a chromatin microenvironment. 
Therefore, understanding and describing the dynamics of Dsb-containing 
chromatin is of crucial importance for understanding interactions among 
Dsbs and their repair. recent developments have made it possible to study 
ionizing-radiation induced foci of Dsb repair proteins in vivo. Here we describe 
techniques that can be applied to visualize and analyze the spatio-temporal 
dynamics of Dsb-containing chromatin domains in mammalian cell nuclei. 
analogous procedures may also be applied to the analysis of mobility of other 
intranuclear structures in living cells.

INtroDuCtIoN
ionizing radiation is known to induce multiple types of Dna modifications, 
including base adducts and pyrimidine dimers, single-strand breaks (ssbs) and 
double-strand breaks (Dsbs) (1). of these, Dsbs are among the most dangerous. 
if unrepaired, or joined incorrectly, they may cause cell death or chromosome 
rearrangements that can lead to cancer (2-4). living organisms are equipped 
with efficient surveillance and repair mechanisms that are responsible for 
keeping genetic information intact (5,6). in mammalian cells, the majority of 
two-ended breaks, such as those caused by ionizing radiation, are repaired 
by the members of the non-homologous end joining pathway, including the 
ku70/ku80 complex, the Dna-Pk catalytic subunit, Dna ligase iV, and Xrcc4. 
This repair pathway is active throughout the cell cycle, but it is error-prone 
(7,8). an alternative Dna repair system, homologous recombination, is active 
mainly in the s/g2 phases of the cell cycle, at post-replicative chromatin, where 
duplicated Dna can serve as a template to accurately restore the damaged 
Dna to its original state. Proteins involved in homologous recombination 
include rad51, rad54, the rad51 paralogs, and the breast cancer associated 
protein brca2 (9).

Dsb repair-related processes have been studied in great detail using 
biochemical and genetic methods (5). recently, fluorescent protein technology 
has opened up the field of the Dsb repair to living cell microscopy. Many Dsb 
repair-related proteins have been reported to accumulate at microscopically 
discernible ionizing radiation-induced foci (iriFs) at sites of Dsbs (10). iriFs may 
vary in size, accumulation- and lifetime. it is speculated that iriFs might provide 
increased local protein concentrations needed for efficient Dsb processing. 
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iriFs most probably mark a physiological chromatin microenvironment, suitable 
for Dna repair activities. Therefore, details on mobility, dynamics and lifetime of 
the iriFs are important to understand processing of Dsbs at the chromatin and 
nuclear levels. Moreover, they can serve to resolve long-standing controversies 
concerning interactions between Dsbs contained in the separate iriFs and the 
formation of chromosome translocations (11-15).

Time-lapse imaging and analysis of processes in living cells requires 
meticulous Dna cloning and cell culture procedures as well as robust 
microscopy and image processing techniques (16). First, vectors expressing 
proteins of interest fused to fluorescent tags (usually gFP variants) are 
generated. expression vectors must then be transferred into the Dna of 
mammalian cells. cell lines expressing the proper amount of the fluorescently 
tagged protein of interest may then be used for imaging of cellular processes 
on which the tagged protein reports. Direct analysis of dynamics of intracellular 
structures is hindered by the mobility of the cell itself. objects under analysis 
move relative to the coordinate system of the cell nucleus but, at the same 
time, this coordinate system rotates and translates as the cell moves. Therefore, 
to unify the coordinate system across the entire time series, the cell nuclei must 
be transformed back to the reference coordinate system of the nucleus at time 
point 0. This operation, further called alignment, can be achieved by various 
methods. To calculate the rotational and translational components of the cell 
movement, analysis of density gradient of a fluorescence signal covering the 
entire cell nucleus can be used (17). other methods are based on maximizing 
correlation functions (18,19) and require extraction of features from the images 
followed by establishment of spatial correspondences between objects at 
subsequent time points.

in this chapter, we describe analysis of the dynamics of Dsb-containing 
iriFs, labeled with 53bP1-gFP, a fluorescently tagged protein involved in the 
cellular response to Dsbs (20). First, we describe the transfection of mammalian 
u2os (osteosarcoma) cells with the expression vector and the isolation of 
stably transfected clones. construction of the fusion protein expression vector 
is described elsewhere (21). We then provide a description of the microscopy 
technique used to capture 3-D time-lapse images of γ-radiation induced iriFs 
in living cells (see Fig. 1a). next, cell translation and rotation during the imaging 
is eliminated using a data alignment approach based on the iterative closest 
Point (icP) algorithm in Matlab scripting language (22). This method requires 
extraction of iriFs’ positions from the pictures using image thresholding (23), 
followed by calculation of the individual centers of gravity (the most stable 
description of their position). To correct for the movement of the nucleus 
between time point 0 and a given time point, the coordinates of all centers of 
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gravity at a given time point are aligned with the coordinates at time point 0 
using icP. The aligned coordinate sets are then checked for iriFs that, within 
a single time interval, moved over a distance exceeding a preset value. This 
can be a consequence of optical merging or disappearance of objects leading 
to false nearest neighbor correspondence assignment. such false-assigned 
events are removed from the coordinate sets and excluded from the analysis. 
Following alignment, the spatio-temporal properties of the iriFs in the cell 
nucleus can be analyzed. The data on iriFs’ dynamics are presented as the 
mean squared displacement (MsD) and an average of displacements of all iriFs 
in the analyzed cell per time step (see Fig. 2a-c). The slope of the initial part of 
the MsD versus time can be used to calculate the diffusion coefficient of the 
iriFs. The shape of the MsD curve can be used to obtain information on the 
type of process (unrestricted diffusion, restricted diffusion or directed motion) 
that governs the dynamics of the iriFs. 

The procedure described here has been used by the authors to analyze 
the mobility of other nuclear structures, e.g. intra-nuclear aggregates of 
ataxin1-gFP (24), centromeres labeled by cenPb-gFP, fluorescently labeled 
nucleotides incorporated into Dna and telomeres labeled by TrF2-gFP (data 
not shown). Depending on the research question, the live-cell imaging, image 
processing and data analysis procedures described here can be adapted to 
individual needs.

materIaLS
microscopy
1. inverted wide-field fluorescence, phase-contrast microscope (leica ir-be, leica Mi-

crosystems gmbH, germany, or other inverted fluorescence microscope with Z-motor 
drive, see Note 1).

2. incubator enclosing the microscope, maintaining an atmosphere of 10% co2 at a 
temperature of 37°c (custom-made or other microscope incubator).

3. Motorized microscope stage (Märzhäuser Wetzlar, germany), allows for simultaneous 
imaging of multiple fields in one experiment. 

4. light source for fluorescence imaging: mercury or metal halide lamp (e.g. metal-
halide el6000, leica). Metal-halide lamps, although more expensive, provide longer 
lifetime. also, their intensity can be manually adjusted.

5. a filter cube for gFP imaging (c1, leica, excitation 450-490 nm, emission 500-550 
nm).

6. cooled ccD camera (kX85, apogee instruments, usa).
7. a Plan apo 63x/1.40 oil objective (leica).
8. glass-bottom cell culture dishes (Fluorodish FD35, World Precision instruments lTD, 

england). 
9. custom-made fixture for the glass-bottom cell culture dishes on the microscope 

table.
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10. image Pro Plus (iPP) software (Media cybernetics, usa).
11. Time-lapse image acquisition plug-in with auto-focusing routine, custom-written for 

iPP or other time-lapse, 3-D image acquisition software.

Cell culture and transfection
1. u2os osteosarcoma cell line.
2. 37°c incubator, 10% co2.
3. Dulbecco’s Modified eagle’s Medium (DMeM) (gibco/brl, usa) supplemented with 

10% fetal bovine serum.
4. solution of trypsin (0.25%) and 1 mM ethylenediamine tetraacetic acid (eDTa) (gibco/

brl).
5. 35 mm and 10 cm cell culture-treated plastic Petri dishes.
6. pegFP-n1 mammalian expression vector containing full-length 53bP1 insert (21).
7. Fugene 6 transfection reagent (roche Diagnostics, usa).
8. DMeM, for transfection used without fetal bovine serum (gibco/brl).
9. Puromycin (bD biosciences, belgium).
10. inverted phase-contrast, cell-culture microscope with 10x objective.

Ionizing radiation source
11. a cesium 137cs gamma-radiation source.

Image processing
1. Huygens Pro image deconvolution software (scientific Volume imaging, The neth-

erlands)
2. Matlab programming environment (Mathworks inc, usa).
3. Dipimage image processing toolbox for Matlab (Quantitative imaging group, The 

netherlands).
4. iterative closest Point (icP) alignment algorithm (22), implementation custom-written 

in Matlab scripting language.
5. semi-automatic image alignment routine based on icP, custom-written in Matlab 

programming language. 

methoDS
transfection and isolation of stable cell line expressing 53BP1-GFP
This section describes transfection of cells with the 53bP1-gFP expression vector and 
isolation of stably transfected clones.
1. Maintain the u2os cells in DMeM supplemented with 10% Fcs and antibiotics in an 

atmosphere containing 10% co2.
2. 24 hrs prior to transfection, plate 5x106 cells into 10 cm Petri dish. 
3. Mix 6 µg Dna with 1 ml of serum-free DMeM, add 20 µl Fugene 6, incubate 15 min at 

room temperature. adjust the Dna/Fugene ratio according to the Fugene 6 product 
manual if transfection efficiency is low.

4. add the mixed reagents to the Petri dish, incubate 24 hrs.
5. add puromycin to the culture medium to a final concentration of 1 µg/ml. after this 

step, maintain cells in culture medium supplemented with puromycin (see Note 2).
6. incubate cells for 5-7 days, refreshing medium every 2-3 days.
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7. Trypsinize cells; use a 5 ml syringe with a 21 gauge needle to obtain single-cell sus-
pension. count and plate cells into 4 new dishes in concentrations 105, 104, 103 and 
102 cells per dish. incubate 6-7 days until single colonies consisting of at least 100 
cells are formed.

8. observe the dishes with colonies using an inverted fluorescence microscope with 10x 
objective. Mark (on the bottom side of the culture dish) positions of 20-30 colonies of 
cells containing green nuclei using a felt-tip pen (see Note 3). 

9. install an inverted cell-culture microscope equipped with 10x objective in laminar 
flow cabinet to avoid contamination. Trypsinize cells in the 10 cm dish while carefully 
observing cells under the microscope. carefully add 10 ml of medium when cells 
round up, but are still attached to the bottom. Transfer the dish onto the microscope. 
use a 100 µl micro-pipette cleaned with 70% ethanol and sterile tips to carefully suck 
up the cells while scratching the marked green colonies with the tip. Take care not 
to mix two or more colonies. Transfer each collected colony into a 35 mm culture 
dish and incubate until the cell cultures are 20-50% confluent. Then check cells in 
each dish for gFP expression. subculture dishes containing high percentage of stably 
expressing cells into 75 cm2 flasks.

10. Test selected cell lines for the presence of 53bP1-gFP protein by immuno-blotting 
using antibodies against both 53bP1 and gFP. cell lines expressing truncated protein 
products should be excluded. screen for cell lines displaying equal expression levels 
of endogenous and gFP-tagged 53bP1. Freeze suitable cells in liquid nitrogen for 
extended storage.

Irradiation of cells and time-lapse microscopy
in this section we describe cell culture conditions and irradiation, followed by time-lapse 
3-D microscopy of the iriFs in living cells (see also ref. 25).
1. Plate 7.5x105 cells into the glass-bottom dish, 24 hrs prior to the experiment (see 

Note 4). 
2. irradiate cells with required dose. Typically, 4-5 gy should yield a number of iriFs suf-

ficient for analysis. keep the dish with cells on a 25 cm2 culture flask filled with 37°c 
water during irradiation to minimize cooling of cells. 

3. Put a drop of immersion oil on the 63x/1.4 objective. Mount the dish onto the mi-
croscope stage. Wait 5-10 min until the temperature inside the incubation chamber 
is stabilized.

4. Pick cells for imaging. select multiple imaging fields if motorized XY microscope 
stage is available.

5. image cells for required length of time, using auto-focusing if available. illuminate 
cells as short as possible to minimize photo-toxicity (see Note 5). acquire 5 -10 
optical sections, with 300-500 nm Z interval (see Note 5). save images as single-
channel, gray-scale 3-D stacks in ics 1.0 format (see Note 6).

Image processing and object extraction
This section provides step by step instructions for image processing required for extraction 
of iriF coordinates from captured 3-D images using Matlab and Dipimage. The dynamic 
behavior of the cell on a cover-slip poses a serious problem in the analysis of dynamics 
of objects inside of living cells. nuclei of living cells undergo constant morphological 
changes and move. correction for the mobility of the cell nucleus is performed using 
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the coordinates of iriFs extracted from the images after thresholding. each subsequent 
operation is illustrated in the example Matlab code. Where applicable, the numbers in 
parenthesis identify the lines where the described operation is executed in the example 
code. The line numbers refer to the position in the file ‘iriFtracking.m’ when it is opened 
in Matlab. The ‘iriFtracking.m’ file and files containing the icP algorithm code as well as 
installation instructions can be downloaded from ‘http://www.amc.nl/cmo’.
1. Process 3-D images with Huygens 2 software (see Fig. 1a). use the classic iterative 

Mle deconvolution algorithm.
2. compare the shape of analyzed nucleus in the first and the last image of the time 

series. exclude nuclei that undergo extensive morphological changes from the 
analysis (see Note 7).

3. Perform gaussian filtering of the image with large sigma (code line 51, also see Note 
8).

4. segment the gaussian-filtered image using the isodata thresholding to find pixels 
that belong to the cell nucleus (code line 52, also see Note 9).

5. Process the original image using the median filter with a sigma comparable to the 
size of the iriFs (code line 53, also see Note 10).

6. From the median-filtered image, isolate pixels that were detected as belonging to 
the cell nucleus (code line 54).

7. Detect the iriFs by isodata thresholding of the nuclear part of the median-filtered 
image (code lines 55-56). 

8. calculate the coordinates of the gravity centers of the detected iriFs (code line 57).

Data alignment and analysis
after image processing and extraction of the iriFs’ coordinates from all images forming 
a time series, the 3-D data clouds must be corrected for the movement of the cell nuclei. 
The movement of the cell nucleus is treated here as rigid body transformation, consisting 
of translational and rotational components in the X-Y plane. The icP algorithm is used 
here to align the clouds of iriF coordinates (23). To describe the dynamics of iriFs in 

Fig. 1 Visualization and tracking of 53bP1-gFP iriFs in a u2os cell. (a) Maximum intensity 
projection of a reconstructed 3-D image of a u2os cell expressing 53bP1-gFP, 20 min 
after exposure to 4 gy of gamma-radiation. The mobility of iriFs that are marked by 
black crosses was analyzed (see b and Fig. 2). (b) Visualization of trajectories of iriFs. 
Inlays show magnified trajectories of 2 spots. The color of the trajectories indicates time.
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living cell nuclei, the mean square displacement (MsD), average distance covered by the 
iriFs per time step and their average diffusion coefficient are calculated.
1. For all time steps, calculate the shift between image at time point ti and ti-1 (code lines 

79-86, see Note 11).
2. For all time steps, shift coordinates from the time point ti to ‘prealign’ them with the 

coordinates at time point ti-1 (code lines 88-89).
3. For all time steps, find the indices of the nearest neighbor of each object from the 

coordinate set at time ti-1, in the coordinate set from the subsequent time point ti 
(code line 91-92).

4. Find and remove multiple-assigned nearest neighbors (code line 94-101, also see 
Note 12).

5. apply the icP algorithm to the coordinate set from the first (t0) time point and co-
ordinate sets from all subsequent (t1,2,3,…n ) time points to calculate the rotation and 
translation between the first and all subsequent time points (code line 111). 

6. apply the rotation and translation to the data sets (code line 113).
7. Find and remove objects that in a single time step moved further than the allowed 

distance (code lines 119-125, also see Note 13).
8. Perform definitive icP alignment of the first (t0) and subsequent (t1,2,3,…n) coordinate 

sets to calculate the rotation and translation matrices (code line 134).
9. apply the rotation and translation to the data sets (code line 135). at this time, the 

data can be plotted to visualize the trajectories of iriFs (see Fig. 1b).
10. using the calculated rotation and translation, align all images from the time series to 

the first image. create maximum intensity projections (MiPs) of aligned images. Mark 
the MiPs by black crosses at the coordinates of the gravity centers of the iriFs for 
visualization purposes (code lines 141 and 216-245, also see Fig. 1a).

11. check images visually for objects that may have been assigned incorrectly, exclude 
these from further analysis (see Note 14).

12. For each iriF, calculate the squares of the distances between the positions of the iriF 
at time point t0 and at time points t1,2,3,…n. calculate mean of the distances of all iriFs 
after each time point (code lines 145-153, also see Figs. 2a, 2b).

13. calculate mean displacement of all objects in the cell per time step (code line 154, 
also see Fig. 2c). 

NoteS
1. Here we describe the use of a conventional wide-field fluorescence microscope; 

a confocal microscope is also suitable. a confocal system has the advantage of a 
better resolution in the Z-direction. a disadvantage is that, compared to excitation 
under a conventional fluorescence microscope, more photo-toxicity is induced by 
the laser scanning of a confocal microscope. However, recent findings demonstrate 
reduced photo-toxicity and bleaching using a modified confocal microscope (26). 
When using a non-confocal system, it should be equipped with a motorized Z-drive, 
which enables 3-D imaging.

2. The cells may be Facs-sorted after this step to enrich the gFP-expressing popu-
lation. Puromycin is an antibiotic toxic for mammalian cells. The pegFP-n1 vector 
contains puromycin resistance gene. incubation of pegFP-n1-transfected cells in 
medium complemented with puromycin selects for the cells stably expressing the 
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construct. it is recommended, but 
not always necessary, to maintain 
stable cell lines in the presence of 
the antibiotic.

3. expression levels within the trans-
fected cell population can vary 
to a high degree. The amount 
of expressed gFP fusion protein 
should be comparable to the level 
of endogenous protein. Therefore 
colonies of cells with medium-low 
to medium levels of gFP in the 
nucleus and low in the nucleoli and 
cytoplasm should be selected. 

4. To limit movement of cells, which 
is convenient for the process-
ing of images, cells should be 
>90% confluent at the time of ex-
periment. avoid over-confluency. 
nuclei of cells in over-confluent 
cultures may be rounded-up. This 
requires collecting more optical 
sections to capture the entire 
Z-depth of the nucleus.

5. Prolonged exposure of cells to 
fluorescent light is toxic due to free 
radical production and resulting 
protein and Dna damage. The flu-
orescence intensity of gFP fusion 
proteins varies between clones and 
cells. The exposure time should 
therefore be adjusted for each 
cell individually. as a rule, minimal 
exposure time necessary to obtain 
images sufficiently exposed should 
always be used. note that an image that looks very noisy frequently contains enough 
information for the image deconvolution software. The number of optical sections 
per time point should also be limited. between 5 and 10 optical sections, at 300-500 
nm intervals is enough to image most of the cell nucleus of flat, adherent cells. More 
optical sections may be required for cells with less flat nuclei and for cells in over-
confluent cultures.

6. if the image capturing software does not support the ics file format, the images may 
be saved in other format and later converted using Dipimage.

7. chromatin is tightly connected to the nuclear membrane. Therefore, changes of the 
nuclear morphology result in apparent motion of the iriFs that are located close 
to the membrane. This motion can lead to overestimation of the iriFs’ mobility. 
Therefore it is suggested to exclude from the analysis the cell nuclei undergoing 
morphological changes.
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Fig. 2 analysis of the mobility of 53bP1-gFP 
iriFs. (a) squared displacement of 2 iriFs 
(magnified in Fig. 1b) from their positions 
at time 0 as a function of time. (b) Mean of 
the squared displacement (MsD) of all iriFs 
from their positions at time 0 as a function 
of time. (c) Mean displacement per time 
step (2 min) of the individual iriFs (bars 
1-22) and mean displacement per time step 
of all iriFs in analyzed cell (bar 23). error 
bars indicate standard deviation.
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8. Filtering the image with gaussian filter with large sigma reduces noise and enhances 
large objects (such as the cell nucleus). 

9. isodata thresholding is based on the intensity histograms of the entire image. in 
an image of 53bP1-gFP expressing cell, the intensity of area outside of the cell 
nucleus is low. The nucleus, with exception of nucleoli is uniformly green, on top 
of the nuclear staining there are more intensely green iriFs. isodata thresholding of 
the entire image would therefore detect the low-intensity areas outside of the cell 
nucleus as the background and the entire nucleus as object. Therefore to detect the 
iriFs, only the pixels belonging to the cell nucleus must be thresholded. Then, the 
uniform nucleus staining is detected as background and the iriFs as objects.

10. a median filter with small sigma reduces the noise in the image and enhances the 
detection of the iriFs. 

11. This initial shift is later used to establish correspondences between objects from 
images taken at 2 subsequent time points; it does not include rotation of the cell.

12. Tracked iriFs frequently vanish from the image (due to limited Z-axis imaging or 
actual disappearance of the iriFs) or merge. as a consequence, an iriF could be 
assigned to more than one nearest-neighbor pair. Therefore, multiple-assigned 
neighbors should be removed from the analysis.

13. Vanishing or merging of iriFs during imaging causes false nearest-neighbor assign-
ments, leading to overestimation of iriFs’ mobility. a remedy is to exclude iriFs that 
move over a distance larger than a maximum, user-defined distance in a single time 
step. This distance should be approximately 2 times larger than average distance 
covered by the tracked objects between 2 subsequent time points. in our experi-
mental conditions, the maximum allowed distance was 800 nm per 2 min. if images 
are collected at longer time intervals, the maximum allowed distance might be pro-
portionally increased.

14. randomly localized iriFs frequently are positioned close to one another. such close 
localization results in optical ‘merging’ of objects and their tracking during the entire 
experiment fails. However, such events can be usually detected by an observer, as 
the human brain is highly skilled in pattern recognition. Wrongly tracked iriFs might 
strongly influence the mobility measurements and should be excluded from the 
analysis.
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Dsbs induced by Dna damaging agents or during genome duplication are 
hazardous because interactions between Dna ends from different Dsbs can 
produce tumorigenic chromosome translocations (1). although much is known 
about Dsb repair, less is known about how ends from different Dsbs meet (2). 
Two theories have been advanced to describe this event. The “contact-first” 
theory proposes that interactions between unrelated chromosome breaks can 
take place only when the breaks are created in chromatin fibers that colocalized 
at the time of Dna damage induction (3). The “breakage-first” theory assumes 
that breaks formed at distant locations can subsequently be brought together 
to produce translocations (4). The breakage-first theory predicts that Dsbs 
should move over large distances in the nucleus before interacting. Whether 
such extensive migration and subsequent interaction of Dsbs can actually 
occur is unclear (5–7).
by exposing cells to α-particles from a radiation source positioned alongside 
the cells (8), we introduced near-horizontal linear Dsb tracks (9–12). Potential 
movements of the Dsbs relative to each other should result in distortion of 
their initial pattern. Dsbs were visualized by immunodetection of histone H2aX 
phosphorylation (Fig. 1), resulting in γH2aX, which rapidly expands through 
chromatin on both sides of a Dsb (13, 14). changes in the spatial distributions 
of Dsbs were studied by analyzing track morphology at various intervals after 
exposure to α-radiation. The linear tracks in Hela nuclei at 2.5 min after impact 
closely approximated the trajectories of the α-particles through the nucleus. in 
these tracks, individual chromosome domains containing γH2aX (γH2aX-cD) 
could be observed (Fig. 1a). The average track length was 10.1 ± 2.8 µm, and 

interactions between ends from different Dna double-strand breaks 
(Dsbs) can produce tumorigenic chromosome translocations. Two theories 
for the juxtaposition of Dsbs in translocations, the static “contact-first” 
and the dynamic “breakage-first” theory, differ fundamentally in their 
requirement for Dsb mobility. To determine whether or not Dsb-containing 
chromosome domains are mobile and can interact, we introduced linear 
tracks of Dsbs in nuclei. We observed changes in track morphology within 
minutes after Dsb induction, indicating movement of the domains. in a 
subpopulation of cells, the domains clustered. Juxtaposition of different 
Dsb-containing chromosome domains through clustering, which was most 
extensive in g1 phase cells, suggests an adhesion process in which we 
implicate the Mre11 complex. our results support the breakage-first theory 
to explain the origin of chromosomal translocations.
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the average number of γH2aX foci was 22 ± 2 per 10 µm. changes in track 
morphology could be observed within 5 min after exposure when the cells were 
maintained at 37°c. at 21°c, track modifications were inhibited, indicating that 
track reorganization is not solely due to passive diffusion. We classified tracks 
into two main groups on the basis of differences in their morphological changes 
over time. in one group, γH2aXcDs along the tracks clustered (Fig. 1, b to e), 
whereas the other group of tracks contained only nonclustering γH2aX-cDs 
(Fig. 1, F and g).
The fraction of tracks with γH2aX-cD clusters is presented in Table 1 as group 
i. at 5 to 10 min after exposure, stretches devoid of γH2aX-cDs appeared in 
these tracks (Fig. 1b), and at 15 min most of the γH2aX-cDs had congregated 
into small clusters (Fig. 1c). The clustering process continued for more than 60 
min (Fig. 1, D and e). group i tracks could be divided into two subgroups. in 
tracks of subgroup ia, all the γH2aX-cDs were contained in three to five large 
clusters. no separate γH2aX-cDs were present in these tracks. subgroup ib 
tracks contained a mixture of clustered and separate nonclustered γH2aX-cDs.
We propose that the formation of γH2aX-cD clusters and the emergence 
of vacant stretches in group i tracks are due to movement of γH2aX-cDs. 
individual γH2aX-cDs could still be distinguished in the clusters of some group 
i tracks (Fig. 1e).

time after 
irradiation 
(min)

Group I:  
tracks with γh2ax-CD clusters

Group II: tracks without 
γh2ax-CD clusters other

Sub-group Ia: 
Clusters only

Sub-group Ib: 
Clusters and 
non-clusters

total 
(%)

total  
(%)

- + - + - + %

0 0 0 0 0 0 97 3 100 0

15 6 0 0 0 6 73 16 89 5

30 19 0 0 7 26 39 25 64 10

60 38 0 0 12 50 2 31 33 17

120 24 0 0 23 47 0 36 36 17

180 26 0 0 46 72 0 9 9 19

table 1. Quantification of α-particle induced γH2aX-cD track morphology and rad51 
colocalization in Hela cells as a function of time after irradiation. Displayed are the per-
centages of tracks observed within the indicated categories; the absence (–) or presence 
(+) of rad51 foci is denoted for each. Tracks in the category “other” could not be clas-
sified unambiguously as group i or ii. at least 100 tracks per time point were analyzed.
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The total number of γH2aX-cDs in these clustered tracks was 20 ± 7 foci per 
10 µm at 30 min. This is close to the number found in the linear tracks analyzed 
immediately after irradiation, supporting the argument that clusters are formed 
by relocation of γH2aX-cDs. analysis of the tracks revealed that seven or more 
γH2aX-cDs, separated by distances of several µm, could be brought together 
to form a cluster.
in contrast to group i tracks, group ii tracks consisted exclusively of nonclustering 
γH2aX-cDs (Fig. 1, F and g). The patterns in this group varied from linear 
to scattered. The scattering of γH2aX-cDs in these tracks demonstrates that 
γH2aX-cDs can move within a limited range, notwithstanding their attachments 
to neighboring chromosome domains. We observed nonclustering tracks with 
γH2aX-cDs that had moved up to ~2 µm away from the linear track (Fig. 1g). 
The extent of movement is of the same order as that observed for mobile 

By exposing cells to � particles from a
radiation source positioned alongside the
cells (8), we introduced near-horizontal
linear DSB tracks (9–12). Potential move-
ments of the DSBs relative to each other
should result in distortion of their initial
pattern. DSBs were visualized by im-
munodetection of histone H2AX phospho-
rylation (Fig. 1), resulting in �H2AX,
which rapidly expands through chromatin
on both sides of a DSB (13, 14 ). Changes
in the spatial distributions of DSBs were
studied by analyzing track morphology at
various intervals after exposure to �
radiation. The linear tracks in HeLa nuclei
at 2.5 min after impact closely approx-
imated the trajectories of the � particles

through the nucleus. In these tracks, indi-
vidual chromosome domains containing
�H2AX (�H2AX-CD) could be observed
(Fig. 1A). The average track length was
10.1 � 2.8 �m, and the average number of
�H2AX foci was 22 � 2 per 10 �m.
Changes in track morphology could be ob-
served within 5 min after exposure when
the cells were maintained at 37°C. At
21°C, track modifications were inhibited,
indicating that track reorganization is not
solely due to passive diffusion. We classi-
fied tracks into two main groups on the
basis of differences in their morphological
changes over time. In one group, �H2AX-
CDs along the tracks clustered (Fig. 1, B to
E), whereas the other group of tracks con-

tained only nonclustering �H2AX-CDs
(Fig. 1, F and G).

The fraction of tracks with �H2AX-CD
clusters is presented in Table 1 as Group I. At
5 to 10 min after exposure, stretches devoid
of �H2AX-CDs appeared in these tracks
(Fig. 1B), and at 15 min most of the �H2AX-
CDs had congregated into small clusters (Fig.
1C). The clustering process continued for
more than 60 min (Fig. 1, D and E). Group I
tracks could be divided into two subgroups.
In tracks of Subgroup Ia, all the �H2AX-CDs
were contained in three to five large clusters.
No separate �H2AX-CDs were present in
these tracks. Subgroup Ib tracks contained a
mixture of clustered and separate nonclus-
tered �H2AX-CDs.

We propose that the formation of
�H2AX-CD clusters and the emergence of
vacant stretches in Group I tracks are due to
movement of �H2AX-CDs. Individual
�H2AX-CDs could still be distinguished in
the clusters of some Group I tracks (Fig. 1E).
The total number of �H2AX-CDs in these
clustered tracks was 20 � 7 foci per 10 �m at
30 min. This is close to the number found in
the linear tracks analyzed immediately after
irradiation, supporting the argument that
clusters are formed by relocation of �H2AX-
CDs. Analysis of the tracks revealed that
seven or more �H2AX-CDs, separated by
distances of several �m, could be brought
together to form a cluster.

In contrast to Group I tracks, Group II
tracks consisted exclusively of noncluster-
ing �H2AX-CDs (Fig. 1, F and G). The
patterns in this group varied from linear to
scattered. The scattering of �H2AX-CDs in
these tracks demonstrates that �H2AX-CDs
can move within a limited range, notwith-
standing their attachments to neighboring
chromosome domains. We observed non-
clustering tracks with �H2AX-CDs that
had moved up to �2 �m away from the
linear track (Fig. 1G). The extent of move-
ment is of the same order as that observed
for mobile chromosomal loci that do not
contain DSBs (15). The movement of the

Fig. 1. Changes in spatial distributions
of DSBs in time. (A) Distributions of
�H2AX-CDs in HeLa nuclei 2.5 min af-
ter exposure to � radiation. (B to D)
�H2AX-CD distributions in clustering
tracks 7.5 min, 15 min, and 60 min after
irradiation. (E) Multiple individual
�H2AX-CDs, three of which are indicat-
ed by an arrow, can be observed in
single clusters. (F and G) Distributions
of �H2AX-CDs in nonclustering tracks
30 min and 180 min after irradiation.
DNA was stained with Hoechst 33342
(blue). DSB-containing chromosome
domains were visualized with �H2AX
antibodies (red). The small �H2AX foci
in the background are indicative of S-
phase cells (24). Tracks with similar
general characteristics were also ob-
served in normal human primary fibro-
blasts (table S1) and Chinese hamster
ovary cells. Scale bars, 2 �m.

Table 1. Quantification of � particle–induced �H2AX-CD track morphology
and Rad51 colocalization in HeLa cells as a function of time after irradiation.
Displayed are the percentages of tracks observed within the indicated cate-

gories; the absence (–) or presence (�) of Rad51 foci is denoted for each.
Tracks in the category “Other” could not be classified unambiguously as
Group I or II. At least 100 tracks per time point were analyzed.

Time after irradiation (min)

Group I: tracks with �H2AX-CD clusters Group II: tracks without �H2AX-CD clusters Other (%)

Subgroup Ia:
clusters only

Subgroup Ib:
clusters and
nonclusters

- � - � Total (%) - � Total (%)

0 0 0 0 0 0 97 3 100 0
15 6 0 0 0 6 73 16 89 5
30 19 0 0 7 26 39 25 64 10
60 38 0 0 12 50 2 31 33 17
120 24 0 0 23 47 0 36 36 17
180 26 0 0 46 72 0 9 9 19

R E P O R T S
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Fig. 1. changes in spatial dis-
tributions of Dsbs in time. (a) 
Distributions of γH2aX-cDs 
in Hela nuclei 2.5 min after 
exposure to α-radiation. (b 
to D) γH2aX-cD distribu-
tions in clustering tracks 7.5 
min, 15 min, and 60 min 
after irradiation. (e) Multiple 
individual γH2aX-cDs, three 
of which are indicated by an 
arrow, can be observed in 
single clusters. (F and g) Dis-
tributions of γH2aX-cDs in 
nonclustering tracks 30 min 
and 180 min after irradia-
tion. Dna was stained with 
Hoechst 33342 (blue). Dsb-
containing chromosome 
domains were visualized 
with γH2aX antibodies (red). 
The small γH2aX foci in the 
background are indicative of 
sphase cells (24). Tracks with 
similar general characteris-
tics were also observed in 
normal human primary fibro-
blasts (table s1) and chinese 
hamster ovary cells. scale 
bars, 2 µm.
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chromosomal loci that do not contain Dsbs (15). The movement of the γH2aX-
cDs was sufficient to produce multiple contacts between the γH2aX-cDs in the 
majority of the tracks, but this rarely led to aggregation of the domains.
next, we investigated the relation between γH2aX-cD clustering and cell cycle 
phase by analyzing Dsb tracks together with the signal of the Dna replication 
marker proliferating cell nuclear antigen. The majority of the clustered group 
i tracks (83%) was found in g1 phase cells. Most of the nonclustered group 
ii tracks (67%) occurred in s and g2 phase cells. given the interval of 60 min 
between Dsb induction and cell fixation, clustering is most prevalent in pre–s-
phase cells. The absence of clustering in tracks with mobile γH2aX-cDs (Fig. 
1, F and g) indicates that chromatin movement is not the only requirement for 
clustering. Formation of stable γH2aX-cDs clusters suggests the existence of 
an adhesive process that binds together multiple γH2aX-cDs.
The adhesion between γH2aX-cDs could involve proteins that stabilize 
damaged chromosomes by interconnecting chromatin fibers decorated with 
γH2aX. Potential candidates are proteins of the structural maintenance of 
chromosome (sMc) family (16). For example, the sMc protein–containing 
Mre11 Dsb repair complex can specifically tether linear Dna molecules (17). a 
subfraction of the Mre11 complex has properties expected of a protein complex 
involved in γH2aX-cD adhesion. of the two types of Dna damage–induced 
accumulations of the Mre11 complex, one is disrupted by extraction of nuclei 
with detergent, whereas the other is not (18). We found that the detergent-
sensitive fraction was present in a dispersed manner throughout the clustered 
γH2aX-cDs (Fig. 2a), consistent with a possible role of the Mre11 complex in 
γH2aX-cD adhesion. by contrast, the detergent-resistant fraction showed only 
a single small Mre11 focus per γH2aX-cD or a few Mre11 foci in clusters of 
γH2aX-cDs (Fig. 2, b and c). The oligomers of the Mre11 complex that can 
form at Dna ends (17) could represent the Mre11 complex signal observed in 
these foci, whereas the global association of the complex with the γH2aX-cDs 
could be mediated through the forkheadassociated phosphoepitope binding 
domain of its nbs1 component (19).
To obtain evidence for involvement of the Mre11 complex in γH2aX-cD 
clustering, we analyzed track morphologies in primary fibroblasts from ataxia 
telangiectasia-like disorder (aTlD) patients; these fibroblasts have a reduced 
level and function of the Mre11 complex (20). Three observations suggest that 
clustering of α-particle–induced γH2aX-cDs is affected in aTlD cells. First, 
the percentage of tracks with subgroup ia morphologies, containing γH2aX-
cDs in large clusters only and lacking rad51 foci, was reduced from 10% in 
normal fibroblasts to 2% in aTlD fibroblasts at 60 min after irradiation. second, 
consistent with less efficient γH2aX-cD clustering in aTlD cells, this reduction 
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was concomitant with an increase from 0% to 15% in tracks with subgroup 
ib morphology, containing both clustered and nonclustered γH2aX-cDs and 
lacking rad51 foci. Third, in the aTlD cells that did show clustering of γH2aX-
cDs, the clusters were often more extended and branched in appearance 
compared with their more compact appearance in control cells (Fig. 2, e and F).
For additional information on Dsb track clustering, we probed the γH2aX-cD 
tracks for rad51, a protein involved in Dsb repair by homologous recombination 
(1). The linearity of the tracks of rad51 (Fig. 3a) and Mre11 foci (Fig. 2D) 
observed upon exposure to α-particles demonstrates colocalization of the Dna 
repair proteins with Dsbs. rad51 (Fig. 3, b to e) and avidly bound Mre11 (Fig. 
2, b and c) were concentrated mainly in small foci located at the interior or 
at the periphery of the γH2aX-cD. Moreover, we very rarely observed more 
than one repair protein focus in an individual γH2aX-cD. Mre11 was present in 
subgroups ia and ib and group ii tracks in ~80% of the cells, which suggests 
that Mre11-mediated Dsb processing occurred in all track types. by contrast, 
rad51 localized to subgroup ib and group ii tracks but was absent from tracks 
that displayed clustering only (subgroup ia; Table 1). Possibly, Dsb processing 
in these clusters proceeds through a rad51-independent pathway. This is 
consistent with our observation that the cells containing this track morphology 
are in the g1 phase of the cell cycle in which rad51 foci do not form (21).
To assess the influence of other Dsb repair proteins on γH2aX-cD clustering, 
we introduced Dsb tracks in chinese hamster ovary cells deficient in one of two 
mechanistically distinct Dsb repair pathways, homologous recombination and 
nonhomologous Dna end joining (8). Formation of both clustering (subgroups 
ia and ib) and nonclustering (group ii) tracks was observed in these mutant 
cells, suggesting that the initial movement and adhesion of Dsb-containing 
chromosome domains occurs upstream or independent of Dsb repair.
our results suggest why experiments using partial irradiation of cells with 
ultrasoft X-rays produced apparently immobile Dsbs (5). nuclei in those 
experiments absorbed a local dose of irradiation that was more than two 
orders of magnitude higher than that produced by an α-particle track. every 
Dsb resulting from the local X-irradiation would be embedded in a dense cloud 
of adhesive γH2aX-cDs that would prevent the Dsb-containing chromosome 
domains from detectably moving. The use of lower doses delivered by local 
α-irradiation reveals that the positions of Dsb-induced γH2aX-cDs are not 
necessarily fixed and can move to cluster together. The clusters contain multiple 
γH2aX-cDs and multiple foci of the Mre11 and/or rad51 Dsb repair proteins, 
which supports the notion that distant Dsbs can be juxtaposed. gathering 
of multiple Dsbs has also been observed in saccharomyces cerevisiae cells 
(22). However, for yeast cells it is suggested that in s phase, multiple Dsbs are 
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�H2AX-CDs was sufficient to produce
multiple contacts between the �H2AX-CDs
in the majority of the tracks, but this rarely
led to aggregation of the domains.

Next, we investigated the relation be-
tween �H2AX-CD clustering and cell cycle
phase by analyzing DSB tracks together with

the signal of the DNA replication marker
proliferating cell nuclear antigen. The major-
ity of the clustered Group I tracks (83%) was
found in G1 phase cells. Most of the nonclus-
tered Group II tracks (67%) occurred in S and
G2 phase cells. Given the interval of 60 min
between DSB induction and cell fixation,

clustering is most prevalent in pre–S-phase
cells. The absence of clustering in tracks with
mobile �H2AX-CDs (Fig. 1, F and G) indi-
cates that chromatin movement is not the
only requirement for clustering. Formation of
stable �H2AX-CDs clusters suggests the ex-
istence of an adhesive process that binds
together multiple �H2AX-CDs.

The adhesion between �H2AX-CDs could
involve proteins that stabilize damaged chro-
mosomes by interconnecting chromatin fibers
decorated with �H2AX. Potential candidates
are proteins of the structural maintenance of
chromosome (SMC) family (16 ). For exam-
ple, the SMC protein–containing Mre11 DSB
repair complex can specifically tether linear
DNA molecules (17 ). A subfraction of the
Mre11 complex has properties expected of a
protein complex involved in �H2AX-CD ad-
hesion. Of the two types of DNA damage–
induced accumulations of the Mre11 com-
plex, one is disrupted by extraction of nuclei
with detergent, whereas the other is not (18).
We found that the detergent-sensitive fraction
was present in a dispersed manner throughout
the clustered �H2AX-CDs (Fig. 2A), consis-
tent with a possible role of the Mre11 com-
plex in �H2AX-CD adhesion. By contrast,
the detergent-resistant fraction showed only a
single small Mre11 focus per �H2AX-CD or
a few Mre11 foci in clusters of �H2AX-CDs
(Fig. 2, B and C). The oligomers of the
Mre11 complex that can form at DNA ends
(17 ) could represent the Mre11 complex sig-
nal observed in these foci, whereas the global
association of the complex with the �H2AX-
CDs could be mediated through the forkhead-
associated phosphoepitope binding domain of
its NBS1 component (19).

To obtain evidence for involvement of the
Mre11 complex in �H2AX-CD clustering,
we analyzed track morphologies in primary
fibroblasts from ataxia telangiectasia-like dis-
order (ATLD) patients; these fibroblasts have
a reduced level and function of the Mre11
complex (20). Three observations suggest
that clustering of � particle–induced �H2AX-
CDs is affected in ATLD cells. First, the
percentage of tracks with Subgroup Ia mor-
phologies, containing �H2AX-CDs in large
clusters only and lacking Rad51 foci, was
reduced from 10% in normal fibroblasts to
2% in ATLD fibroblasts at 60 min after
irradiation. Second, consistent with less effi-
cient �H2AX-CD clustering in ATLD cells,
this reduction was concomitant with an in-
crease from 0% to 15% in tracks with Sub-
group Ib morphology, containing both clus-
tered and nonclustered �H2AX-CDs and
lacking Rad51 foci. Third, in the ATLD cells
that did show clustering of �H2AX-CDs, the
clusters were often more extended and
branched in appearance compared with their
more compact appearance in control cells
(Fig. 2, E and F).

Fig. 2. Mre11 and �H2AX-CD cluster-
ing. (A to C) Distribution of the Mre11
complex in �H2AX-CDs 30 min after
exposure to � radiation. Differential
extraction of HeLa cells containing �
particle–induced �H2AX-CDs (red) re-
veals two modes of Mre11 complex
association with �H2AX-CDs. Dis-
persedly colocalizing Mre11 (green) is
present in cells that have not been
treated with detergent. Colocalization
of Mre11 and �H2AX results in yellow
(A). Avidly bound Mre11 complex, re-
vealed by detergent extraction of HeLa
cells, is present in bright foci within
�H2AX-CDs [(B) and (C)]. (D) Linear
arrangement of Mre11 foci in HeLa cells
in a nonclustering track 30 min after �
irradiation. (E and F) Morphology of
clustering �H2AX-CDs in normal hu-
man primary fibroblasts (E) and ATLD
primary fibroblasts (F) 15 min after
irradiation. Scale bars, 2 �m.

Fig. 3. Spatial relations
between �H2AX-CDs
and Rad51 foci. (A) Lin-
ear arrangement of
Rad51 foci (green) in
HeLa cells in a nonclus-
tering track 30 min after
� irradiation. (B to E)
Rad51 foci in �H2AX-
CDs 30 min [(B) and
(C)] and 60 min [(D)
and (E)] after irradiation.
DNA, �H2AX, and
Rad51 are shown in
blue, red, and green,
respectively. (C) and (E)
are three-dimensional
projections of the cells
shown in (B) and (D),
respectively. Scale bars,
2 �m.
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�H2AX-CDs was sufficient to produce
multiple contacts between the �H2AX-CDs
in the majority of the tracks, but this rarely
led to aggregation of the domains.

Next, we investigated the relation be-
tween �H2AX-CD clustering and cell cycle
phase by analyzing DSB tracks together with

the signal of the DNA replication marker
proliferating cell nuclear antigen. The major-
ity of the clustered Group I tracks (83%) was
found in G1 phase cells. Most of the nonclus-
tered Group II tracks (67%) occurred in S and
G2 phase cells. Given the interval of 60 min
between DSB induction and cell fixation,

clustering is most prevalent in pre–S-phase
cells. The absence of clustering in tracks with
mobile �H2AX-CDs (Fig. 1, F and G) indi-
cates that chromatin movement is not the
only requirement for clustering. Formation of
stable �H2AX-CDs clusters suggests the ex-
istence of an adhesive process that binds
together multiple �H2AX-CDs.

The adhesion between �H2AX-CDs could
involve proteins that stabilize damaged chro-
mosomes by interconnecting chromatin fibers
decorated with �H2AX. Potential candidates
are proteins of the structural maintenance of
chromosome (SMC) family (16 ). For exam-
ple, the SMC protein–containing Mre11 DSB
repair complex can specifically tether linear
DNA molecules (17 ). A subfraction of the
Mre11 complex has properties expected of a
protein complex involved in �H2AX-CD ad-
hesion. Of the two types of DNA damage–
induced accumulations of the Mre11 com-
plex, one is disrupted by extraction of nuclei
with detergent, whereas the other is not (18).
We found that the detergent-sensitive fraction
was present in a dispersed manner throughout
the clustered �H2AX-CDs (Fig. 2A), consis-
tent with a possible role of the Mre11 com-
plex in �H2AX-CD adhesion. By contrast,
the detergent-resistant fraction showed only a
single small Mre11 focus per �H2AX-CD or
a few Mre11 foci in clusters of �H2AX-CDs
(Fig. 2, B and C). The oligomers of the
Mre11 complex that can form at DNA ends
(17 ) could represent the Mre11 complex sig-
nal observed in these foci, whereas the global
association of the complex with the �H2AX-
CDs could be mediated through the forkhead-
associated phosphoepitope binding domain of
its NBS1 component (19).

To obtain evidence for involvement of the
Mre11 complex in �H2AX-CD clustering,
we analyzed track morphologies in primary
fibroblasts from ataxia telangiectasia-like dis-
order (ATLD) patients; these fibroblasts have
a reduced level and function of the Mre11
complex (20). Three observations suggest
that clustering of � particle–induced �H2AX-
CDs is affected in ATLD cells. First, the
percentage of tracks with Subgroup Ia mor-
phologies, containing �H2AX-CDs in large
clusters only and lacking Rad51 foci, was
reduced from 10% in normal fibroblasts to
2% in ATLD fibroblasts at 60 min after
irradiation. Second, consistent with less effi-
cient �H2AX-CD clustering in ATLD cells,
this reduction was concomitant with an in-
crease from 0% to 15% in tracks with Sub-
group Ib morphology, containing both clus-
tered and nonclustered �H2AX-CDs and
lacking Rad51 foci. Third, in the ATLD cells
that did show clustering of �H2AX-CDs, the
clusters were often more extended and
branched in appearance compared with their
more compact appearance in control cells
(Fig. 2, E and F).

Fig. 2. Mre11 and �H2AX-CD cluster-
ing. (A to C) Distribution of the Mre11
complex in �H2AX-CDs 30 min after
exposure to � radiation. Differential
extraction of HeLa cells containing �
particle–induced �H2AX-CDs (red) re-
veals two modes of Mre11 complex
association with �H2AX-CDs. Dis-
persedly colocalizing Mre11 (green) is
present in cells that have not been
treated with detergent. Colocalization
of Mre11 and �H2AX results in yellow
(A). Avidly bound Mre11 complex, re-
vealed by detergent extraction of HeLa
cells, is present in bright foci within
�H2AX-CDs [(B) and (C)]. (D) Linear
arrangement of Mre11 foci in HeLa cells
in a nonclustering track 30 min after �
irradiation. (E and F) Morphology of
clustering �H2AX-CDs in normal hu-
man primary fibroblasts (E) and ATLD
primary fibroblasts (F) 15 min after
irradiation. Scale bars, 2 �m.

Fig. 3. Spatial relations
between �H2AX-CDs
and Rad51 foci. (A) Lin-
ear arrangement of
Rad51 foci (green) in
HeLa cells in a nonclus-
tering track 30 min after
� irradiation. (B to E)
Rad51 foci in �H2AX-
CDs 30 min [(B) and
(C)] and 60 min [(D)
and (E)] after irradiation.
DNA, �H2AX, and
Rad51 are shown in
blue, red, and green,
respectively. (C) and (E)
are three-dimensional
projections of the cells
shown in (B) and (D),
respectively. Scale bars,
2 �m.
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�H2AX-CDs was sufficient to produce
multiple contacts between the �H2AX-CDs
in the majority of the tracks, but this rarely
led to aggregation of the domains.

Next, we investigated the relation be-
tween �H2AX-CD clustering and cell cycle
phase by analyzing DSB tracks together with

the signal of the DNA replication marker
proliferating cell nuclear antigen. The major-
ity of the clustered Group I tracks (83%) was
found in G1 phase cells. Most of the nonclus-
tered Group II tracks (67%) occurred in S and
G2 phase cells. Given the interval of 60 min
between DSB induction and cell fixation,

clustering is most prevalent in pre–S-phase
cells. The absence of clustering in tracks with
mobile �H2AX-CDs (Fig. 1, F and G) indi-
cates that chromatin movement is not the
only requirement for clustering. Formation of
stable �H2AX-CDs clusters suggests the ex-
istence of an adhesive process that binds
together multiple �H2AX-CDs.

The adhesion between �H2AX-CDs could
involve proteins that stabilize damaged chro-
mosomes by interconnecting chromatin fibers
decorated with �H2AX. Potential candidates
are proteins of the structural maintenance of
chromosome (SMC) family (16 ). For exam-
ple, the SMC protein–containing Mre11 DSB
repair complex can specifically tether linear
DNA molecules (17 ). A subfraction of the
Mre11 complex has properties expected of a
protein complex involved in �H2AX-CD ad-
hesion. Of the two types of DNA damage–
induced accumulations of the Mre11 com-
plex, one is disrupted by extraction of nuclei
with detergent, whereas the other is not (18).
We found that the detergent-sensitive fraction
was present in a dispersed manner throughout
the clustered �H2AX-CDs (Fig. 2A), consis-
tent with a possible role of the Mre11 com-
plex in �H2AX-CD adhesion. By contrast,
the detergent-resistant fraction showed only a
single small Mre11 focus per �H2AX-CD or
a few Mre11 foci in clusters of �H2AX-CDs
(Fig. 2, B and C). The oligomers of the
Mre11 complex that can form at DNA ends
(17 ) could represent the Mre11 complex sig-
nal observed in these foci, whereas the global
association of the complex with the �H2AX-
CDs could be mediated through the forkhead-
associated phosphoepitope binding domain of
its NBS1 component (19).

To obtain evidence for involvement of the
Mre11 complex in �H2AX-CD clustering,
we analyzed track morphologies in primary
fibroblasts from ataxia telangiectasia-like dis-
order (ATLD) patients; these fibroblasts have
a reduced level and function of the Mre11
complex (20). Three observations suggest
that clustering of � particle–induced �H2AX-
CDs is affected in ATLD cells. First, the
percentage of tracks with Subgroup Ia mor-
phologies, containing �H2AX-CDs in large
clusters only and lacking Rad51 foci, was
reduced from 10% in normal fibroblasts to
2% in ATLD fibroblasts at 60 min after
irradiation. Second, consistent with less effi-
cient �H2AX-CD clustering in ATLD cells,
this reduction was concomitant with an in-
crease from 0% to 15% in tracks with Sub-
group Ib morphology, containing both clus-
tered and nonclustered �H2AX-CDs and
lacking Rad51 foci. Third, in the ATLD cells
that did show clustering of �H2AX-CDs, the
clusters were often more extended and
branched in appearance compared with their
more compact appearance in control cells
(Fig. 2, E and F).
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extraction of HeLa cells containing �
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veals two modes of Mre11 complex
association with �H2AX-CDs. Dis-
persedly colocalizing Mre11 (green) is
present in cells that have not been
treated with detergent. Colocalization
of Mre11 and �H2AX results in yellow
(A). Avidly bound Mre11 complex, re-
vealed by detergent extraction of HeLa
cells, is present in bright foci within
�H2AX-CDs [(B) and (C)]. (D) Linear
arrangement of Mre11 foci in HeLa cells
in a nonclustering track 30 min after �
irradiation. (E and F) Morphology of
clustering �H2AX-CDs in normal hu-
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projections of the cells
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respectively. Scale bars,
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Fig. 2. Mre11 and γH2aX-cD clustering. 
(a to c) Distribution of the Mre11 complex 
in γH2aX-cDs 30 min after exposure 
to α radiation. Differential extraction of 
Hela cells containing α-particle–induced 
γH2aX-cDs (red) reveals two modes of 
Mre11 complex association with γH2aX-
cDs. Dispersedly colocalizing Mre11 
(green) is present in cells that have not 
been treated with detergent. colocaliza-
tion of Mre11 and γH2aX results in yellow 
(a). avidly bound Mre11 complex, revealed 
by detergent extraction of Hela cells, is 
present in bright foci within γH2aX-cDs 
[(b) and (c)]. (D) linear arrangement of 
Mre11 foci in Hela cells in a nonclustering 
track 30 min after α irradiation. (e and F) 
Morphology of clustering γH2aX-cDs in 
normal human primary fibroblasts (e) and 
aTlD primary fibroblasts (F) 15 min after 
irradiation. scale bars, 2 µm.

Fig. 3. spatial relations between γH2aX-cDs and rad51 foci. (a) linear arrangement 
of rad51 foci (green) in Hela cells in a nonclustering track 30 min after α irradiation. 
(b to e) rad51 foci in γH2aXcDs 30 min [(b) and (c)] and 60 min [(D) and (e)] after ir-
radiation. Dna, γH2aX, and rad51 are shown in blue, red, and green, respectively. (c) 
and (e) are three- imensional projections of the cells shown in (b) and (D), respectively.  
scale bars, 2 µm.
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recruited to repair centers containing a high concentration of repair proteins 
(22). in mammalian cells, juxtaposition of multiple Dsbs occurs primarily in g1 
phase, and the individual breaks already contain repair proteins. Juxtaposition 
of multiple Dsbs, even though conserved among eukaryotes, seems potentially 
dangerous, because malfunctioning of repair could generate genomic 
rearrangements. although chromosome translocations could also arise from the 
interaction of a single broken chromosome with a nondamaged chromosome 
(23), our demonstration that Dsb-containing chromosome domains are mobile 
and can interact supports the breakage-first theory to explain the generation of 
translocations between two broken chromosomes.
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SuPPortING materIaL
materials and methods
Cell culture. Hela cells were cultured as monolayers in Dulbecco’s Minimal essential 

Medium (gibco brl, invitrogen corporation, carlsbad, ca, usa), supplemented with 

10% fetal calf serum. cells were incubated in a 37°c incubator in an atmosphere of 

10% co2 in air. VH25 and c5ro normal human fibroblasts (kindly provided by Dr. l. 

Mullenders, leiden university, The netherlands and Dr. n. g. J. Jaspers, erasmus Mc, 

respectively) were cultured as monolayers in Dulbecco’s Minimal essential Medium, sup-

plemented with 15% fetal calf serum. The cells were incubated in a 37°c incubator in an 

atmosphere of 5% co2 in air. cHo cells expressing Pcna-gFP were grown as monolay-

ers in a mixture of Dulbecco’s Minimal essential Medium and Ham’s F10 medium (1:1) 

supplemented with 10% fetal calf serum and incubated in a 37°c incubator in an atmos-

phere of 5% co2 in air. other primary fibroblasts used in this study were derived from 

ataxia telangiectasia-like disorder (aTlD) patients that carry mutations in Mre11 (s1). 

Two independent cell strains, aTlD2 and aTlD4, were used. The Dna repair deficient 

cHo cell lines used in this study were homologous recombination deficient irs1sF cells, 

defective in Xrcc3, and non-homologous Dna end joining deficient Xr-c1 cells (kindly 

provided by Dr. M. Zdzienicka, leiden university) defective in the catalytic subunit of 

Dna-dependent protein kinase (s2).

Irradiation of cells. For irradiation the cells were cultured on ultra-thin Mylar film in cus-

tom-made culture dishes. The 1.8 μm Mylar film (birkelbach kondensatortechnik, emdte-

bruck, germany) was glued to glass rings with a diameter of 50 mm using silicone rubber 

(general electric silicones, Waterford, nY, usa). The dishes were left to cure at room 

temperature for 24 hours and then incubated during 15 min at 120°c to stretch the film. 

The Mylar surface was coated with carbon to improve attachment and spreading of cells 

(s3). cells were plated at a concentration of 300,000 to 400,000 per dish in 16 ml culture 

medium and incubated for 24 hours at 37°c before treatment. The cells were irradiated 

at 21°c with α-particles using an americium (am-241) source with an activity of 140 kbq. 

The source with a diameter of 1 mm was placed at a distance of about 3 mm underneath 

the Mylar film. on average the α-particles entered the culture dish at an angle of 30° 

from the horizontal plane. The exposure time was 1 min. subsequently, the cells were 

incubated at 37°c, unless otherwise noted.

Fixation and immunohistochemical staining of cells. cell cultures were fixed at different 

time intervals after irradiation. For γH2aX staining and for γH2aX/rad51 and γH2aX/

Mre11 double staining cells were washed three times in Pbs. To detect avidly bound 

Mre11 only, cells were washed with csk and css buffer for γH2aX/Mre11 double 

staining (s4). The cultures were then fixed by incubation in a 2% paraformaldehyde 

(electron Microscopy sciences, Fort Washington, Pa, usa) solution in Pbs for 15 min 

at 21°c and washed three times with Pbs. Prior to immunochemical staining the cells 

were incubated for 30 min in Tnbs (Pbs supplemented with 0.1% Triton-X 100 and 1% 

fetal calf serum) to improve their permeability. cells were then incubated for 90 min in 

Pbs+ (Pbs supplemented with 1% fetal calf serum) containing the primary antibodies. 
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For γH2aX staining Mouse anti-phospho Histone H2a.X (ser139), clone JbW301 (upstate 

biotechnology, Waltham, Ma, usa) was used at a dilution of 1:100. For γH2aX/rad51 

double staining JbW301, diluted 1:100 was used in combination with rabbit anti-rad51 

(s5), diluted 1:2500. For γH2aX/Mre11 double staining JbW301 at a dilution of 1:100 in 

combination with rabbit anti-Mre11 (s6), diluted 1:500. after washing twice with Tnbs 
for 5 min, cells were incubated in Pbs+ containing the secondary antibodies: goat anti-
mouse cY3 (Jackson immunoresearch laboratories, West grove, Pen, usa, nr 115-165-
100) and goat anti-rabbit FiTc (Jackson, nr 111-095-144). after another wash with Tnbs 
cells were stained with Hoechst 33342 in a final concentration of 5 g/ml for 10 min. after 
washing again with Tnbs a droplet of Vectashield (Molecular Probes, eugene, or, usa) 
was placed on top of the stained cells and the cells were covered with a coverslip. The 
piece of Mylar containing the stained cells was then cut out and was placed, together 
with the coverslip, on a slide. The piece of Mylar with the coverslip on top of it was glued 
to the slide using rubber cement.

occasionally we detected nuclei with more than one track. in the vast majority of 
those cases all tracks within a particular nucleus were of the same type. We observed that 
during the first 30 min some of the γH2aX-cDs increased in size. after 60 min the fraction 
of nuclei with tracks had decreased three-fold, suggesting that Dna doublestrand break 
(Dsb) repair might have occurred in a fraction of the cells. However, we have not been 
able to unambiguously identify signatures of Dsb repair in the α-particle tracks visual-
ized by γH2aX staining. This is due in part to the unknown nature of dephosphorylation 
events on γH2aX in response to the repair of a Dsb. The phosphatase mediating this 
reaction has not been identified (s7). if the phosphatase were to act globally, all signal in 
the track would disappear simultaneously. by contrast, if it were to act locally, remnants 
of α-particle track as detected by γH2aX staining might be observed.

Time-lapse recordings covering a period of 4 hours following exposure revealed no 
disintegration of the cells, consistent with the application of a low dose of irradiation. 

based on the assumption that every γH2aX domain harbors a complex Dna damage site 
and that the total number of Dsbs is of the same order, the number of Dsbs per track is 
approximately 22. assuming that 40 Dsbs per nucleus corresponds to a dose of 1 gy, we 

estimate the dose deposited in one α-particle track at approximately 0.5 gy.

microscopic analysis. Preparations were observed using a leica (Wetzlar, germany) 
fluorescence microscope (DM ra Hc). Micrographs were recorded using a cooled ccD 
camera (kX1400, apogee instruments, ca, usa). stacks of 40 images were collected 

at intervals of 200 nm in the Z direction. The stacks of images were reconstructed and 

rendered using Huygens software (scientific Volume imaging, Hilversum, The nether-
lands) and maximum intensity projections were made using image Pro Plus software (Me-
diacybernetics, carlsbad, ca, usa). For the analysis of the different types of tracks at 

least 100 cells per time point were used.

PCNa expression. cHo cells were transfected with a construct encoding Pcna-gFP. 

immunoblotting was used to identify clones that expressed the fusion protein at endog-
enous levels. Time-lapse imaging of the cell line showed that the gFP signal reported 

on the different phases of the cell cycle as previously established by immunodetection 
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of Pcna (s8). cells in early, mid and late s phase (distinctive focal Pcna patterns) were 
easily distinguished from cells in g1 (a small nucleus with a homogeneous Pcna distribu-
tion) and g2 (a large nucleus with a homogeneous Pcna distribution) phase of the cell 
cycle.
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time after 
irradiation 
(min)

Group I:  
tracks with γh2ax-CD clusters

Group II: tracks without 
γh2ax-CD clusters other

Sub-group Ia: 
Clusters only

Sub-group Ib: 
Clusters and 
non-clusters

total 
(%)

total  
(%)

- + - + - + %

0 0 0 0 0 0 98 2 100 0

15 5 0 0 0 5 28 50 78 7

30 9 0 0 1 10 19 49 68 22

60 10 0 0 10 20 6 50 56 24

table S1. Quantitation of α-particle-induced γH2aX-cD track morphology and rad51 co-
localization in primary human fibroblasts as a function of time after irradiation. Displayed 
are the percentages of tracks observed within the indicated categories. The details of 
the γH2aX-cDs track morphologies are described in the text. co-localization of the 
γH2aX-cDs with rad51 protein is indicated. Tracks in the category ‘other’ could not be 
classified unambiguously as group i or ii. Per time point at least 100 tracks were analyzed.
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The human telomere binding factor TrF2 is essential at telomeres, facilitating 
the formation and stabilization of t- loops1 and suppressing local aTM-mediated 
damage response2. bradshaw et al.3 recently reported that TrF2 accumulates 
at nuclear sites damaged by high-intensity laser beams, presumptively in 
response to Dna double-strand breaks (Dsbs), and that it arrives before 
other Dna repair-related proteins, including aTM. To characterize the type 
of lesion responsible for triggering TrF2 recruitment, we produced a variety 
of localized nuclear damage and then quantified TrF2 colocalization with 
appropriate Dna damage markers. although we found that TrF2 is indeed 
recruited to sites damaged by a high-intensity multiphoton laser beam, we 
did not find any evidence for such recruitment after we exposed cells to lower-
intensity sources of ultraviolet radiation or to ionizing radiation, indicating that 
archetypal radiogenic Dna lesions such as Dsbs are insufficient to trigger TrF2 
recruitment.

in an effort to confirm the original observation that TrF2 is recruited to sites 
damaged by high-intensity lasers (for example, multiphoton lasers or pulsed 
laser microbeams)3, we exposed Hela cells expressing green fluorescent 
protein (gFP)-tagged TrF2 to a highly focused beam from an 800-nm pulsed 
multiphoton laser. With this source, coincident absorption of two photons 
results in energy deposition equivalent to that produced by a single 400-nm 

Figure 1 TrF2 response to photo induced Dna damage. (a) live-cell confocal images of a 
nucleus after high-intensity multiphoton laser exposure in the presence of Hoechst 33258 dem-
onstrates recruitment of TrF2 to the exposed region. representative time points are shown for 
images captured at 10-s intervals after exposure. (b) cell nuclei do not show any recruitment 
of TrF2-gFP (green) to damage sites as marked by DDb2-mcherry (red) after exposure to 
localized ultraviolet c irradiation (1,000 J/m2, t = 5 min after illumination).
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photon (Supplementary methods online). We measured TrF2 recruitment 
to exposed nuclear regions by live-cell imaging and compared it with the 
recruitment of ku80-gFP, a nonhomologous end-joining (nHeJ) protein, or 
xeroderma pigmentosum c (XPc)-gFP, a critical nucleotide excision repair 
(ner) protein. When cells were exposed in the presence of the photosensitizing 
dye Hoechst 33258, we observed, within 10 s, recruitment of both ku80 and 
XPc to laser-damaged sites (15% of maximum laser output; Supplementary 
Fig. 1 online). recruitment of TrF2 to these damaged sites occurred within 
20 s of exposure and persisted for the 3-min duration of the experiment, but 
only after a 1.6-fold increase in laser power (to 24% of maximum laser output; 
Fig. 1 and Supplementary table 1 online). Fluorescence intensity of TrF2 at 
telomeres was not measurably affected. These results are consistent with those 
of bradshaw et al.3 in that we confirmed TrF2 recruitment to damaged nuclear 
regions within seconds of exposure.

Hoechst 33258 promotes the precise photochemical reaction that produces 
Dsbs after ultraviolet a exposure4. This reaction originally formed the basis 
for concluding that γH2aX foci were generated specifically in response to 
ultraviolet a laser–induced Dsbs5. However, even in the absence of Hoechst, 
boosting the output of our multiphoton laser beam to 60% of the maximum 
resulted in ku80 and XPc being rapidly recruited to damaged nuclear regions. 
interestingly, TrF2 recruitment again required a 1.6-fold increase in power 
output for visualization (to 95% of the maximum; Supplementary Fig. 2 online). 
These results highlight the fact that laser energy output and the presence 
of photosensitizers can greatly influence results. in contrast to multiphoton 
treatment, we did not observe TrF2 recruitment after exposure to a more 
conventional, less intense 405-nm laser beam in the presence of Hoechst, 
whereas both ner and nHeJ proteins were rapidly and abundantly recruited.

although ionizing radiation produces a multitude of Dna lesions, it is 
perhaps best known for its ability to produce Dsbs6. α-particles deposit their 
energy along defined tracks that produce dense linear distributions of Dsbs 
that are readily recognizable after detection of γH2aX by immunofluorescence7. 
in one series of experiments, an average of one to two α-particles from a 241am 
source traversed Hela cell nuclei in a longitudinal trajectory (Supplementary 
methods). We observed significant accumulation of γH2aX as well as various Dna 
damage-response proteins (nbs1, Mre11, MDc1 and 53bP1) as early as 90 s 
after α-particle exposure (Fig. 2). However, quantitative analysis of fluorescence 
intensity at damaged sites did not show any significant accumulation of TrF2 
(Fig. 2c). Furthermore, TrF2 was not recruited to α-particle–induced damage 
sites in primary human dermal fibroblasts or in the alT-positive osteosarcoma 
cell line u2os, indicating that failure of TrF2 to accumulate at damage sites 
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Figure 2 TrF2 fails to colocalize with Dna damage generated by α-particle irradiation. 
(a) Maximum intensity projection from a reconstructed stack of images of a u2os nucleus 
90 s after longitudinal transversal by two a-particles shows well-defined damage tracks 
(MDc1) with no change in TrF2 staining pattern. (b) Maximum-intensity projection of 
a Hela nucleus (outlined in white for clarity) ∼10 min after perpendicular exposure to 
200 a-particles delivered to an area ∼5 µm in diameter (yellow) shows robust γH2aX 
accumulation but no recruitment of TrF2 (0 of 111 cells from three independent experi-
ments). (c) TrF2 fluorescence intensity (mean ± s.d.; n = 10) in Hela cells 10 min after 
α- particle exposure does not show any increase in TrF2 at Dsbs relative to background 
fluorescence. The intensity of TrF2 signals at telomeres remains essentially unchanged.

is independent of telomere maintenance mechanisms (Supplementary Fig. 3 
online). also, consistent with previous observations2, TrF2 did not colocalize 
with ionizing radiation–induced foci in response to 5 gy of 137cs γ-rays (data 
not shown).
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We considered the possibility that damage from one or two α-particle tracks 
might be insufficient to trigger TrF2 recruitment. To resolve this issue, we used 
a charged-particle microbeam to deliver defined numbers of α-particles to 
specified locations8 (Supplementary methods). Delivery of either 200 or 400 
α-particles (roughly 30 or 60 gy) to a defined nuclear area of less than 5 µm2 

resulted in well-defined damage clusters marked by γH2aX and MDc1 (Fig. 
2b and Supplementary Fig. 4 online). However, even at these high fluences 
(producing thousands of Dsbs in a limited volume), we never observed TrF2 at 
exposed nuclear regions (Fig. 2b,c and Supplementary Fig. 4).
Finally, we considered the possibility that TrF2 was, in fact, recruited to sites 
of highintensity laser-induced damage not in response to Dsbs but instead 
in response to Dna damage more characteristic of ultraviolet exposure (for 
example, cyclobutane pyrimidine dimmers and 6-4 photoproducts). We used 
ultraviolet c light (254 nm) to expose Hela cells expressing both TrF2-gFP and 
mcherry-tagged DDb2, a heterodimeric protein involved in ner. We confined 
ultraviolet damage to discrete nuclear volumes by passing light though a 
polycarbonate filter (5 µm pore size) as described previously9 (Supplementary 
methods) and performed live-cell imaging to monitor recruitment of the 
fluorescently tagged proteins to damaged sites. exposures of 100 J m–2 

resulted in rapid accumulation of DDb2. However, even after 1,000 J m–2, no 
aggregation of TrF2-gFP occurred within 15 min of exposure (Fig. 1b).

The lesion spectrum produced by high-intensity laser systems is not well 
characterized, and compared with other Dna-damaging agents, it seems 
uniquely capable of eliciting TrF2 recruitment. although Dna damage 
characteristic of that produced by ionizing radiation, such as Dsbs, is 
undoubtedly present after such exposure, the precise mechanism of damage 
formation is unknown, and clearly, unusual features associated with such 
concentrated energy deposition result in additional lesion types in Dna or 
other nuclear constituents. it is certainly not our intent to cast aspersions on 
the use of laser microbeams for the study of biological phenomena. indeed, 
we believe that in many cases, laser microbeams (when combined with 
appropriate controls, discriminating damage markers and suitable endpoints) 
can be used effectively to study Dna damage responses10. However, our results 
strike a cautionary note regarding the interpretation of resultant data, and 
they illustrate the importance of combining different sources of Dna damage 
before drawing conclusions about localization or dynamics of any Dna damage 
regulator. in conclusion, although the initiating lesion(s) responsible for laser 
microirradiation–induced TrF2 recruitment remains elusive, it seems unlikely to 
us that TrF2 has a biologically relevant role in the early response to exogenous 
Dna damage, particularly Dsbs.
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SuPPLemeNtary materIaLS
Supplementary methods
Cell culture. Hela cells and u2os cells were cultured as monolayers in Dulbecco’s 
Minimal essential Medium (gibco brl, invitrogen corporation, carlsbad, ca, usa), sup-
plemented with 10% fetal calf serum.  cells were incubated in a 37°c incubator in an 
atmosphere of 10% co2 in air.  Primary Human Dermal Fibroblasts (HDF) were cultured as 
monolayers in MeM alpha medium (gibco), supplemented with 10% fetal calf serum and 
were incubated in a 37°c incubator in an atmosphere of 5% co2 in air.  

Laser-induction of local DNa damage and live cell imaging. For induction of multiphoton 
damage, a coherent Mira mode-locked Ti:sapphire laser was used at 800 nm with a 
pulse length of 200 fs and repetition rate of 76 MHz.  in parallel experiments, a 30 mW 
405 nm diode laser supplied by Zeiss was used to induce local damage.  exposures were 
done with and without Hoechst 33258 (sigma, bisbenzimidazole derivative, supravital 
minor groove-binding Dna stain with aT selectivity; final concentration 10 µg/ml added 
30 minutes prior to treatment).  all treated cells were analyzed at the same magnifica-
tion and zoom factor using low laser power to minimize monitor bleaching during data 
collection. The region to be damaged was always the same size and shape, while laser 
treatment was done with calibrated lasers to exclude variations in dose.  confocal images 
of living Hela cells expressing gFP-tagged TrF21, ku802 and XPc (manuscript in prepa-
ration) were obtained using a Zeiss lsM 510 microscope equipped with a 25 mW ar 
laser at 488 nm and 40X 1.3 n.a. oil immersion lens.  images of single nuclei were taken 
at a lateral sample interval of 100 nm.  gFP fluorescence was detected using a dichroic 
beamsplitter (HFT488) with an additional 505-530 nm bandpass emission filter placed in 
front of the photomultiplier tube.  

Ionizing radiation-induced DNa damage
Longitudinal exposure to one or two α-particles (high Let, densely ionizing). our 
procedure is described elsewhere in detail3. in short, cells were cultured on ultra-thin 
Mylar film in custom-made culture dishes and irradiated with α-particles using an 
americium (241am) source with an activity of 140 kbq.  cell cultures were irradiated so that 
α-particles entered at an angle of 30° from the horizontal plane, on average. cells were 
fixed immediately after exposure (90 seconds), 5 minutes, 10 minutes, 30 minutes and 
60 minutes post-exposure.  Preparations were observed using a leica (Wetzlar, germany) 
fluorescence microscope (DM ra Hc).  Micrographs were recorded using a cooled ccD 
camera (kX1400, apogee instruments, ca, usa).  stacks of 40 images were collected 
at intervals of 200 nm in the Z direction.  The stacks of images were reconstructed and 
rendered using Huygens software (scientific Volume imaging, Hilversum, The nether-
lands) and maximum intensity projections were made using image Pro Plus software (Me-
diacybernetics, carlsbad, ca, usa).  

Perpendicular exposure to a high dose of localized α-particles. cells were cultured on 
ultra-thin polypropylene foil in custom-made culture dishes and then irradiated with 7.2 
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MeV α-particles (range ~60µm, initial stopping power 80 keV/µm).  The charged particles 
are focused with a series of electrostatic lenses4 to a beam diameter of less than 5µm.  a 
detailed description of ion beam generation, cell-targeting techniques and beam posi-
tioning has been described elsewhere5.  cells were exposed to 0, 200, or 400 α-particles 
delivered perpendicularly (approximately 0, 30, and 60 gy, respectively) and fixed im-
mediately, 30 min, and 60 min after irradiation.  Preparations were observed using a 
Zeiss (Thornwood, nY, usa) fluorescence microscope (axioplan 2ie MoT).  images were 
captured using a ccD camera (model cV-M4+cl, Jai PulniX inc., san Jose, ca, usa).  
stacks of 40 images were collected at intervals of 200nm in the Z direction.  The stacks of 
images were reconstructed and rendered as above.

Irradiation of cells with γ-rays (low Let, sparsely ionizing). cells were cultured on cham-
berslides (nalge nunc international, naperville, il, usa), then exposed to 5 gy 137cs 
γ-rays (Mark i, J.l. shepard) and fixed immediately, 5 min, 10 min, 30 min, and 60 min 
following exposure.   Preparations were observed using a Zeiss (Thornwood, nY, usa) 
fluorescence microscope (axioplan 2ie MoT).  images were captured using a ccD 
camera (model cV-M4+cl, Jai PulniX inc., san Jose, ca, usa).  stacks of 10 images 
were collected at intervals of 500nm in the Z direction.  each image was analyzed indi-
vidually for co-localization.  

Scoring. Maximal accumulation of TrF2 at damage sites was previously shown to occur 
approximately 2 minutes following exposure6; this was corroborated by our results from 
multiphoton laser experiments.  accordingly, we primarily investigated time points less 
than 10 minutes, although later time points were also examined as noted.  cells were 
scored qualitatively for the presence or absence of TrF2 recruitment to damage sites.  
Positive recruitment was scored when noticeable changes in the staining pattern of 
TrF2 were observed, or when there was an increase in the incidence of TrF2 foci at the 
damage site.  a subset of these cells was also quantitatively analyzed as described in 
“image analysis.”

Image analysis. The amount of TrF2 fluorescence co-localizing with Dna damage 
markers relative to the amount fluorescence in the background and on the telomeres 
was quantified by image analysis.  image analysis was performed using a custom-made 
macro created in Matlab (MathWorks, natick, Massachusetts, usa), using Dipimage 
(Quantitative imaging group, Delft university of Technology, Delft, The netherlands), 
an image library for Matlab. 3D images of cells co-stained for TrF2, γH2aX (or MDc1) 
and Dna were used.  For analysis of telomere-associated TrF2, the TrF2 channel was 
thresholded using the isodata algorithm7.  For the areas obtained by thresholding, the 
average TrF2 intensity was determined.  For analysis of the TrF2 signal in the dam-
age-containing areas, the γH2aX channel was thresholded using the isodata algorithm. 
Damage-containing areas that also contained telomere-associated TrF2 were excluded 
from analysis.  The intensity of TrF2 was measured in the remaining areas.  To measure 
intensity of TrF2 in the background, the damage-containing areas were expanded by 
dilation, the damage-containing and telomere-associated areas were subtracted and, in 
the remaining areas, the average TrF2 intensity was determined.
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Immunofluorescence. cells were fixed onto substrate (Mylar, polypropylene, or glass) in 
2% paraformaldehyde in Pbs for 6 minutes and then rinsed in Pbs.  cells were permea-
bilized with 0.2% Triton X-100 in Pbs for 6 minutes followed by 30 minutes blocking in 
5% milk solution.  Primary antibodies were mixed in 5% milk solution and incubated for 
1 hour.  For γH2aX / TrF2 dual staining, rabbit anti-γH2aX (Trevigen #4411 Pc-100) was 
used in combination with Mouse anti-TrF2 (imgenex #iM6-124a).  alternatively, dual 
staining with Mouse anti-γH2aX (upstate biotechnology #05-636) and rabbit anti-TrF2 
(santa cruz #sc9143 H-300) was used.  Following incubation with primary antibodies, 
cells were rinsed in Pbs and secondary antibodies in 5% milk solution were added for 1 
hour.  secondary antibodies used were goat anti-mouse cY3 (Jackson immunoresearch 
laboratories, West grove, Pa, usa, #115-165-100), goat anti-rabbit FiTc (Jackson, 
#111-095-144), goat anti-mouse alexa488 (invitrogen #a11029), and goat anti-rabbit 
alexa594 (invitrogen #a11012).  cells were then rinsed in Pbs and mounted onto slides 
with Vectashield antifade with DaPi (Vector laboratories, burlingame, ca, usa) and cov-
erslipped.

uVC-induction of local DNa damage and live cell imaging. Hela cells expressing 
TrF2-gFP were transiently transfected with DDb2-mcherry8 using lipofectamine trans-
fection reagent (invitrogen, breda, The netherlands) according to manufacturer instruc-
tions. after transfection, cells were cultured for an additional 24 h to allow expression 
of the fusion proteins before experiments were performed. cells were uVc-irradiated 
on an axiovert 200M widefield fluorescence microscope using a uVc source containing 
four uV lamps (Philips TuV 9W Pl-s) above the microscope stage. The uV dose rate was 
measured to be 3 W/m2 at 254 nm. For induction of local uV-damage, cells were uV irra-
diated through a polycarbonate mask (Millipore billerica, Massachusetts, usa) with pores 
of 5μm9 and subsequently irradiated for 39s (100 J/m2) or 390s (1000 J/m2).  The response 
of TrF2-gFP and DDb2-mcherry upon uV irradiation was measured on a Zeiss axiovert 
200M widefield fluorescence microscope, equipped with a 100x Plan-apochromat (1.4 
n.a.) oil immersion lens (Zeiss, oberkochen, germany) and a cairn Xenon arc lamp with 
monochromator (cairn research, kent, u.k.). images were recorded with a cooled ccD 
camera (coolsnap HQ, roper scientific, usa). a 375-490 excitation filter, 490 dichroic 
mirror and 525-40 band-pass emission filter was used for egFP imaging (monochroma-
tor: 470 nm ± 20 nm). a 375-580 excitation filter, 585 long-pass dichroic mirror and 
620-60 band-pass emission filter was used for mcherry imaging (monochromator: 550 
nm ± 20 nm).
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Supplementary Figures 

 

         
 

         
 
Supplementary Figure 1. Exposure of cells to multiphoton laser beams at 15% of 
maximum laser output in the presence of Hoechst 33258 recruits the repair proteins (a) 
XPC and (b) Ku80 within 10 seconds of exposure. 
 
 
 

           

 

Supplementary Figure 2. TRF2 is recruited to exposed nuclear regions following multiphoton 
laser beam exposure at 95% of maximum laser output, even in the absence of the 
photosensitizing dye Hoechst 33258.  

 

 

 

 

 

 

 

 

0 s 10 s 20 s 60 s 120 s 

0 sec 10 sec 20 sec 60 sec 30 sec 

0 sec 30 sec 60 sec 20 sec 10 sec 

XP
C 

Ku
80

 

a) 

b) 

XP
C 

Supplementary Figure 1. exposure of cells to multiphoton laser beams at 15% of 
maximum laser output in the presence of Hoechst 33258 recruits the repair proteins (a) 
XPc and (b) ku80 within 10 seconds of exposure.
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maximum laser output in the presence of Hoechst 33258 recruits the repair proteins (a) 
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Supplementary Figure 2. TRF2 is recruited to exposed nuclear regions following multiphoton 
laser beam exposure at 95% of maximum laser output, even in the absence of the 
photosensitizing dye Hoechst 33258.  
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Supplementary Figure 2. TrF2 is recruited to exposed nuclear regions following multi-
photon laser beam exposure at 95% of maximum laser output, even in the absence of the 
photosensitizing dye Hoechst 33258. 

Supplementary Figure 3. 
Quantitation of fluorescence 
intensity of TrF2 following lon-
gitudinal exposure to one or 
two α-particles.  no increase 
in TrF2 fluorescence at Dsbs 
is seen in primary cells (HDF) 
or alT-positive cells (u2os) 10 
minutes post-exposure (mean 
± s.d.; n=10).  large variability 
in telomere length, indicated 
by the deviation in TrF2 fluo-
rescence, is characteristic of 
the recombination-based alT 
phenotype. 

Supplementary Figure 4. Protein response to localized exposure of 400 α-particles. (a) 
Hela cell nuclei 10 minutes after perpendicular exposure to 400 α-particles shows no 
recruitment of TrF2 to irradiated region (yellow) (0 of 101 cells from 4 independent 
experiments). (b) γH2aX (green) and MDc1 (red) are robustly recruited to damaged 
sites 30 minutes after perpendicular exposure to 400 α-particles and show significant 
co-localization.
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suMMarY anD general Discussion

CHAPTER 8



Dsbs are the most hazardous of all Dna lesions. Dsbs may lead to carcinogenesis. 
on the other hand, they are the critical lesions leading to cell death in various 
cancer therapies. For these reasons, induction and cellular responses to Dsbs 
are studied in great detail.

in experimental settings, induction of Dsbs is a critical step. in the present 
thesis, we present two methods to induce Dsbs in small areas of the cell 
nucleus. both methods have, in contrast to many existing techniques for local 
Dsb induction, a well-characterized damage spectrum. This is an important 
advantage, because different proteins are recruited in the various cellular 
responses to different Dna lesions. Dsbs are analyzed using fluorescence 
microscopy and both methods for damage induction are suitable for studying 
live cells as well as fixed cells. 

in chapter 2, a method is presented to induce Dsbs by irradiating cells 
with  α-particles. Dsbs are induced in easily recognizable linear tracks. it is 
possible to apply a low dose by inducing one track of Dsbs per cell, each track 
corresponding with a dose of only 0.5 gy. 

in chapter 3, we describe a soft X-ray microbeam system for local Dsb 
induction. in contrast to the α-particles method, large numbers of Dsbs 
are induced simultaneously in a large number of cells. The method is very 
convenient to detect proteins that accumulate at Dsbs in low copy numbers, 
because the system can be operated at a high dose rate.

next, supporting techniques are described, that facilitate application of the 
Dsb induction methods. This concerns the attachment of cells to the mylar 
membrane of culture dishes used in both irradiation set-ups (chapter 4). in 
chapter 5, procedures are provided for the analysis of movement of Dsbs in 
nuclei.

in chapter 6, we present a study in which the α-particle method was 
applied to analyse the dynamic behaviour of Dsbs. it was found for the first 
time that chromatin domains that contain Dsbs are mobile and can fuse. This 
observation is relevant for cancer therapy, because fusion of two or more 
chromatin domains that contain unrepaired Dsbs may increase the probability 
of chromatin exchanges. chromatin exchanges, induced by radiotherapy in 
normal tissue around a tumor, may contribute to the risk to develop a new 
type of cancer. We estimate that Dsb-containing chromatin domains can travel 
a distance of 1-2 µm. This seems a limited distance, but we have preliminary 
results indicating that chromatin domains that contain undamaged Dna are 
less mobile. Furthermore, we observed that movement of Dsb-containing 
domains is non-directional. The obvious question that remains to be discussed 
is: is movement of Dsb-containing domains functional or accidental? it has 
been suggested that Dsbs move to repair centers. our observation that 
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movement of Dsb-containing domains is non-directional, argues against this 
concept. bringing together two or more domains containing open Dna ends 
increases the probability of chromosome exchanges, leading to cell death 
or carcinogenesis. in future experiments, we will study the relation between 
distances between Dsbs and the probability of chromosome exchanges. 
The soft X-ray system described in chapter 3 is the ideal tool to address this 
question, because it allows comparison of cell populations irradiated with the 
same dose but with different distribution patterns of Dsbs. 

Telomeres are nucleoprotein structures at the end of chromosomes that 
disguise and protect chromosome ends so that they are not recognized as 
Dsbs. Many Dna repair-related proteins are associated with telomeres and 
recent studies suggest that the reverse might be true as well, i.e., that telomeric 
proteins such as TrF2 are recruited to Dsbs. in chapter 7, we demonstrate 
that at this crossroad of Dsbs and telomeres, characterization of the damage 
spectrum is essential. We found that accumulation of the telomeric protein TrF2 
at Dsbs can only be detected at Dna damage sites induced by multiphoton 
laser irradiation and not at Dsbs induced by induction techniques with a better 
characterized damage spectrum. This result is not surprising, considering that a 
role of TrF2 at Dsbs is unlikely, the more so because it has been suggested that 
TrF2 inhibits aTM to avoid a Dna damage response to proper chromosome 
ends. inhibition of aTM at Dsbs would not be a good strategy for cells, because 
aTM plays a central role in the cellular response to Dsbs.

in conclusion, it can be stated that the Dsb-inducing techniques described 
here are useful tools to unravel processes induced by Dsbs.
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ADDENDUM



NeDerLaNDSe SameNVattING
De meeste cellen in het menselijk lichaam bevatten 2 meter Dna. Dna bestaat 
uit 2 strengen, die een wenteltrap-structuur (de dubbele helix) vormen en 
bevat alle instructies die nodig zijn om een menselijk lichaam te maken. Dna 
kan op veel manieren beschadigd raken, iedere cel in een organisme moet 
10.000-100.000 Dna beschadigingen per dag verwerken. cellen hebben dan 
ook een zeer effectief reparatiesysteem om al die schade te herstellen. er zijn 
verschillende soorten Dna schade die met verschillende reparatiesystemen 
hersteld worden. een Dna dubbelstrengs breuk (Dsb) is een breuk waarbij 
beide strengen van de dubbele helix gebroken zijn. Het is de ernstigste vorm 
van Dna schade. een enkele Dsb kan voldoende zijn om een cel te doden. Dit 
celdodende effect is de basis van veel kankertherapieën.  aan de andere kant 
kan een foutief gerepareerde Dsb een cel laten ontsporen in een kankercel.  
Het is om deze twee tegengestelde aspecten dat Dsbs en de reactie van cellen 
op Dsbs het onderwerp zijn van veel onderzoek. 

in experimenten waarbij Dsbs en/of de reactie van cellen op Dsbs 
bestudeerd worden, is het induceren van Dsbs een kritische stap. omdat 
verschillende soorten Dna schade verschillende reparatiesystemen activeren, 
is het belangrijk dat precies bekend is welke soorten  Dna schade met een 
specifieke techniek worden geïnduceerd.

in dit proefschrift worden twee technieken beschreven, waarmee Dsbs in een 
klein gebied van de celkern geïnduceerd kunnen worden. bij beide technieken 
wordt gebruik gemaakt van ioniserende straling en van beide technieken is, in 
tegenstelling tot veel andere technieken, de Dna schade goed gedefinieerd. 
De Dsbs worden zichtbaar gemaakt door het visualiseren van reparatie eiwitten 
ter plaatse van de Dsbs en geanalyseerd m.b.v. fluorescentie microscopie. 
beide technieken zijn niet alleen geschikt om Dsbs in gefixeerde cellen te 
detecteren, maar zijn ook geschikt om Dsbs in levende cellen te volgen. 

in hoofdstuk 2 wordt een techniek beschreven, waarbij m.b.v. α-straling 
een klein aantal Dsbs in een cel wordt aangebracht. De Dsbs ontstaan in een 
herkenbaar patroon, een rechte lijn. Veranderingen in dit patroon zijn makkelijk 
te herkennen en deze techniek is dan ook zeer geschikt om het dynamisch 
gedrag van Dsbs te bestuderen.

in hoofdstuk 3 wordt een techniek beschreven, waarbij Dsbs worden 
aangebracht door bestraling met soft X-rays. in tegenstelling tot de techniek 
beschreven in hoofdstuk 2, wordt in korte tijd een groot aantal Dsbs in een 
klein volume van een cel geïnduceerd. De techniek is zeer geschikt om eiwitten 
te detecteren, die zich slechts in geringe hoeveelheden op Dsbs verzamelen.

in de hoofdstukken 4 en 5 worden technieken beschreven, die de 
toepassing van de Dna schade inductietechnieken faciliteren. Voor beide 
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technieken is het noodzakelijk dat de cellen gekweekt worden op een ultradun 
(ca. 2 µM) Mylar membraan. om de cellen goed te laten hechten en groeien, 
wordt het membraan gecoat met koolstof (hoofdstuk 4).  in hoofdstuk 5 worden 
technieken beschreven waarmee de beweging van Dsbs in levende cellen 
geanalyseerd kan worden.

in hoofdstuk 6 laten we, m.b.v. de techniek beschreven in hoofdstuk 2, zien 
dat Dsbs kunnen clusteren. Dit is een belangrijke, voor kankertherapie relevante, 
observatie. als twee of meer Dsbs bij elkaar komen voordat ze gerepareerd 
zijn, is de kans aanwezig dat ze verkeerd gerepareerd worden. als er een stuk 
van chromosoom a aan chromosoom b gezet wordt, ontstaat een chromosoom 
translocatie. Het is bekend dat chromosoom translocaties tot carcinogenese 
kunnen leiden. Vaak ontstaan er bij het behandelen van kanker chromosoom 
translocaties in het gezonde weefsel rond de tumor. Hierdoor kunnen, jaren 
na de behandeling, weer nieuwe tumoren ontstaan. We hebben aanwijzingen 
dat het clusteren van Dsbs gestimuleerd wordt doordat Dsbs beweeglijker 
zijn dan onbeschadigd Dna. er is in de literatuur wel gesuggereerd dat er 
reparatiefabriekjes zijn in de celkern, waar het beschadigde Dna naar toe gaat. 
onze observatie dat Dsbs kunnen clusteren lijkt hier op het eerste gezicht mee 
in overeenstemming. Wij denken dat de beweging van Dsbs niet gericht, maar 
willekeurig is. bovendien vergroot het samenbrengen van verschillende Dsbs 
de kans op foutieve reparatie en daarmee ook de kans op de vorming van 
chromosoom translocaties. Het lijkt niet waarschijnlijk dat de cel dit resultaat 
zou faciliteren door de aanwezigheid van reparatiefabrieken.

in de toekomst willen we de relatie tussen de afstand tussen Dsbs en de kans 
op chromosoom translocaties bestuderen. De soft X-ray techniek, beschreven 
in hoofdstuk 3, is hiervoor zeer geschikt, omdat daarmee verschillende 
celpopulaties bestraald kunnen worden met dezelfde dosis, maar met een 
ander distributie patroon.

Hoofdstuk 7 laat zien hoe belangrijk het is dat de Dna schade, geïnduceerd 
met een bepaalde techniek, goed gedefinieerd is. 

Telomeren zijn Dna-eiwit structuren aan het uiteinde van chromosomen die 
er voor zorgen dat de uiteinden van chromosomen door de cel niet voor Dsbs 
worden aangezien. Veel eiwitten die betrokken zijn bij de reparatie van Dna 
worden ook aangetroffen op telomeren. recente studies suggereren dat het 
omgekeerde ook mogelijk is, namelijk dat een specifiek telomeer eiwit, TrF2, 
betrokken is bij de reparatie van Dna. in hoofdstuk 7 laten we zien dat TrF2 
zich alleen ophoopt op plekken waar het Dna beschadigd is door bestraling 
met een multiphoton laser. TrF2 wordt echter niet gevonden op Dsbs die 
geïnduceerd zijn met technieken waarvan de Dna schade beter gedefinieerd 
is. Het is dan ook discutabel of TrF2 een rol speelt bij reparatie van Dsbs, 
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temeer omdat ook bekend is dat TrF2 de werking van aTM onderdrukt. aTM 
is een essentieel eiwit in het Dna reparatiesysteem en onderdrukking van dit 
eiwit ter plaatse van een Dsb is dan ook onwaarschijnlijk. 

Dit proefschrift laat zien dat de hier gepresenteerde Dsb inductietechnieken 
zeer geschikt zijn om cellulaire processen, die veroorzaakt worden door Dsbs, 
te ontrafelen.

A
D

D
E

N
D

U
M

N
E

D
E

R
LA

N
D

SE
 SA

M
E

N
vA

TTIN
g

112



DaNkWoorD
als er een ding is dat ik in de afgelopen 30 jaar heb geleerd, is het wel dat je 
wetenschap niet alleen kunt doen. Dit dankwoord is dan ook met veel plezier 
geschreven. Jacob, copromotor, dit proefschrift is doordrenkt met jouw ideeën. 
Met jou samenwerken is altijd inspirerend, stimulerend, soms tenenkrommend, 
maar in ieder geval nooit saai. samen hebben we veel gelachen en binnen 
en buiten het laboratorium de nodige avonturen beleefd, van het sexen 
van rundersperma tot dolle autoritten (inclusief bijna-dood-ervaringen) in 
de usa. bedankt voor alles en ik hoop dat je na je pensioen, nog vaak op 
het lab zult komen. ron,  je was voor mij een uitstekende promotor. Je gaf 
me op de goede momenten ruimte, tijd en vertrouwen. ook je pijlsnelle en 
doeltreffende correcties van manuscripten heb ik zeer gewaardeerd. roland, 
promotor, jouw kennis en ervaring waren een grote steun voor het onderzoek 
dat hier gepresenteerd wordt. De werkbesprekingen in rotterdam weet je 
altijd in goede banen te leiden en zijn altijd zinvol. eddie, ik ben blij dat je 
emeritaat je niet verhindert om nog iedere week naar het aMc te komen. 
op het laboratorium voor radiobiologie had je, ondanks alle bestuurlijke 
beslommeringen, altijd tijd voor wetenschap en experimenten. Je inbreng 
in mijn proefschrift is overduidelijk, die α-deeltjes zijn inderdaad fantastisch. 
Przemek, je bent van alle markten thuis, inclusief die van het opmaken van 
proefschriften. Je inzet en enthousiasme waardeer ik enorm en ik hoop dat we 
de komende jaren nog veel mooie projecten kunnen doen. ron (H), zonder jou 
was de digitale wereld voor mij waarschijnlijk nog een volslagen raadsel en zou 
ik iedere dag alleen naar Weesp moeten fietsen. Je kennis van beeldbewerking 
is een belangrijke bijdrage voor dit proefschrift. Het was fantastisch om samen 
met carel en jou onze levende cel opstelling te bouwen. carel, waarom nou 
toch dat vervroegde pensioen. Je droge humor en technisch vernuft waren 
onmisbaar voor het hier beschreven onderzoek. Zonder jouw idee om met 
een rookmelder cellen te bestralen was dit proefschrift er misschien wel niet 
geweest. Jan (V), bedankt dat je met ons de helse machine wilt ontwikkelen. 
Jouw vermogen om op het goede moment bij de juiste mensen apparatuur 
te “lenen”, hebben het onderzoek enorm geholpen. Tony, bedankt voor je 
bijdrage aan het Dsb onderzoek, helaas was je maar kort in ons lab.

een aantal medeauteurs wil ik hier ook graag bedanken. Jeroen, het is altijd 
een plezier om met jou experimenten te doen. Je zei dat je dan niet hoefde 
na te denken, maar ik ben blij dat je dat toch altijd deed. Martijn, jouw kennis 
van de biologische effecten van uV was een belangrijke bijdrage. ik hoop dat 
we nog vaak samen boven een artikel staan. Jan (vM) zonder jouw hulp was het 
koolstof-coaten er niet gekomen. Henk, ook jij bedankt voor je bijdrage aan 
het koolstofverhaal en je zeer collegiale aanwezigheid op onze zitkamer. susan 
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and eli, our telomere story was an exciting adventure with a happy ending. eli, 
i enjoyed our cycle tours in het gooi very much, sorry they were a bit too long. 

Techniek speelt een belangrijke rol in dit proefschrift. Meindert, Harry en 
Jacques, ik kom altijd met plezier naar jullie werkplaats. Jullie schrikken wel 
eens als ik weer met een onmogelijk verzoek kom, maar uiteindelijk komen 
jullie altijd met een oplossing. koos, je optimistische inzet om, samen met 
Wijnand en Michel, onze microscopen in goede conditie te houden waardeer ik 
zeer. Wim (s) van leica, jouw technische kennis van microscopen is onmisbaar 
voor ons, evenals je snelle service. Patrick en Frank, ook van leica, bedankt 
voor jullie meedenken over onze microscopie problemen.

om goed te kunnen werken is een prettige werkplek vereist. buiten ons 
cMo/Dsb clubje zijn er daarom nog meer mensen van celbiologie die ik hier 
wil noemen. onze goede buren: eric, Hilde, Judith, Marcel, Dineke, sabine, 
alicia, katrin en alle “oogjes”, reinier, ingeborg, rob, Martin, John (c), John 
(H) en alle studenten. ilse, zonder jou was het lab allang volkomen vervuild 
geweest. kees (H) je bent een prima kamergenoot en ik hoop dat we nog lang 
van je filmkennis kunnen profiteren. De koffieclub moet ook zeker genoemd 
worden: arthur, Wikky, klazien, Wilma, ard, Marcel, cees (vD), nienke, Jan 
(P), 10 uur is altijd een gezellig moment op de dag. cars, bedankt voor alle 
klussen die je voor ons gedaan hebt. Jan (W), je was altijd een steunpilaar voor 
ons en zonder jouw hulp was onze verhuizing naar celbiologie niet zo goed 
afgelopen. Trees en irene, nog twee steunpilaren voor de hele afdeling, mag ik 
hier zeker niet vergeten. Trees, je talenkennis en je moed om referentielijsten 
te corrigeren hebben dit proefschrift zeer geholpen. 

De radiobiologen van leXor, klaas, Hans, Jaap, roos, Tijana en chris 
bedankt voor jullie onmisbare samenwerking en gastvrijheid. ik ben blij dat er 
in jullie lab er nog steeds “sporen” van ons terug te vinden zijn.

een aantal mensen van het oude laboratorium voor radiobiologie, waar ik 
in 1977 begon, wil ik hier ook graag noemen. Het was een mooie tijd, eerst 
in het antoni van leeuwenhoek ziekenhuis en later in het aMc. greet, je was 
de moeder van het lab en ik ben blij dat we af en toe nog van je coq au vin 
kunnen genieten. bart (k), je tomeloze optimisme en positieve levenshouding 
zijn ongeëvenaard. bob, ik heb erg veel van je geleerd, van celkweek tot 
het plezier in het observeren met een microscoop. ook ons pionieren in de 
levende cel microscopie (Time lapse cinematography heette dat toen) was 
zeer leerzaam. Het zal je plezier doen te horen dat onze state-of-the-art levende 
cel microscoop in het cMo nog onderdelen bevat uit de opstelling die wij in 
1979 gebruikten. Dat het zo’n vrolijke tijd was, is ook te danken aan een hele 
stoet van analisten en promovendi: carolientje, Jose, Myrna, ons Jol, karen, 
Jaap (vdb), liana, reinke, Jan (P), gert, Wim (r), Piet, erik & erik, Marco, astrid, 
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Marieke, lieve, Henny, bart (M), gertrude, esther en alle anderen die ik hier 
vergeet te noemen.

Machteld, bedankt voor het omslagontwerp en al je geduld. Tenslotte, 
Pa en Ma, bedankt voor al jullie steun door de jaren heen. en natuurlijk lieve 
Paulien, bedankt voor de veilige thuishaven en al het andere.
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