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a  b  s  t  r  a  c  t

It  is  well  established  that  chromosomes  exist  in  discrete  territories  (CTs)  in  interphase  and  are  positioned
in  a  cell-type  specific  probabilistic  manner.  The  relative  localisation  of  individual  CTs  within  cell  nuclei
remains  poorly  understood,  yet  many  cancers  are  associated  with  specific  chromosome  rearrangements
and  there  is good  evidence  that  relative  territorial  position  influences  their  frequency  of  exchange.  To
examine  this  further,  we  characterised  the  complexity  of  radiation-induced  chromosome  exchanges  in
normal  human  bronchial  epithelial  (NHBE)  cells  by  M-FISH  analysis  of  PCC  spreads  and  correlated  the
exchanges  induced  with  their  preferred  interphase  position,  as  determined  by  1/2-colour  2D-FISH  anal-
ysis,  at  the  time  of  irradiation.  We  found  that  the  frequency  and  complexity  of  aberrations  induced
were  reduced  in  ellipsoid  NHBE  cells  in  comparison  to  previous  observations  in  spherical  cells,  consis-
tent  with  aberration  complexity  being  dependent  upon  the  number  and  proximity  of  damaged  CTs,  i.e.
lesion  proximity.  To  ask  if  particular  chromosome  neighbourhoods  could  be  identified  we  analysed  all
radiation-induced  pair-wise  exchanges  using  SCHIP  (statistics  for  chromosome  interphase  positioning)
and  found  that  exchanges  between  chromosomes  (1;13),  (9;17),  (9;18),  (12;18)  and  (16;21)  all  occurred
more  often  than  expected  assuming  randomness.  All  of  these  pairs  were  also  found  to  be  either  shar-

ing  similar  preferred  positions  in interphase  and/or  sharing  neighbouring  territory  boundaries.  We also
analysed  a  human  small  cell  lung  cancer  cell  line,  DMS53,  by  M-FISH  observing  the  genome  to be  highly
rearranged,  yet  possessing  rearrangements  also  involving  chromosomes  (1;13)  and  (9;17).  Our  findings
show  evidence  for  the  occurrence  of  non-random  exchanges  that  may  reflect  the  territorial  organisation
of  chromosomes  in  interphase  at time  of  damage  and  highlight  the  importance  of  cellular  geometry  for
the  induction  of  aberrations  of  varying  complexity  after  exposure  to  both  low  and  high-LET  radiation.

 201  
©

. Introduction

Determination of the complexity of radiation-induced chromo-
ome aberrations has been widely examined since the application

f whole chromosome painting techniques demonstrated the
ccurrence of complex chromosome aberrations (3 or more breaks
n 2 or more chromosomes) to be more common than previously
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thought [1]. 24-Colour and multiple-colour banding techniques
have since provided insight into the characteristic induction of
complex exchanges after exposure to low doses of high-linear
energy transfer (LET) radiation and also after relatively high doses
of low-LET radiation, revealing their importance not just as poten-
tial biomarkers of radiation exposure and determinants for cellular
fate [2–6], but also as events that further our understanding of the
mechanisms of chromosome exchange formation. For instance, by
combining multiplex-fluorescence in situ hybridisation (M-FISH)
data of complex aberrations with modelling predictions of the
number of chromosome territories (CTs) intersected by individ-

Open access under CC BY-NC-ND license.
ual �-particle tracks, a correlation between aberration complexity
and the number of individual territories intersected by each track
was shown [7]. A model was  proposed which was  based on theo-
retical ‘rejoining’ cycles [8–10] whereby complex exchanges could

icense. 
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heoretically be formed through sequential linking of smaller, inde-
endent exchanges [11] inferring that aberrations of increasing
omplexity are cumulative products of multiple, localised rear-
angements [7,12]. This implies two important aspects that relate
o chromosome aberration formation. Firstly, for particulate expo-
ure, aberration complexity is a consequence of the number of
ifferent CTs intersected by each track and therefore is related to
he geometry of the nucleus and the angle of irradiation and sec-
ndly, for all radiations, aberration complexity is related to the
ikelihood that individual, localised rearrangements sequentially
ink and so highlights the importance of ionisation density and
esion proximity throughout the nuclear space [13,14].

Chromosome aberrations are visualised routinely in mitosis
hen chromosomes are in a condensed state however, the damage

nd repair which result in the formation of chromosome aberra-
ions occur during the interphase stage of the cell cycle. 2 dimension
D) and 3D interphase FISH technology [15,16] enables the tertiary
rganisation of chromosomes in interphase to be examined, for
xample for the determination of the relative localisation of indi-
idual CTs within the cell nucleus [17,18]. The application of these
echniques is especially relevant for the study of how radiation-
nduced chromosome aberrations may  be formed and also for
nderstanding radiation-induced carcinogenesis since the nature
f ionising radiation leads to correlation of interaction events and,
herefore, initial damage along individual radiation tracks. This is
mportant given that many cancers are associated with specific
hromosome rearrangements and that there is good evidence asso-
iating the relative territorial position of certain chromosomes with
heir exchange frequency [19–23].

To examine this further and gain insight into physical
echanisms associated with the formation of chromosome rear-

angements, we characterised the complexity of radiation-induced
hromosome exchanges induced in a normal human lung cell type
nd correlated the chromosome exchange partners involved with
heir preferred interphase position at the time of irradiation. Our
ndings support the premise that aberration complexity is related,

n part, to the number of CTs intersected. We  also show certain
hromosome pairs to occupy neighbouring territories in interphase
uclei and that this physical proximity influences their likelihood
f forming a chromosome exchange.

. Methods

.1. Cell culture and irradiation of primary normal human bronchial epithelial
ells

We  sourced normal human bronchial epithelial cells (NHBE cells) commer-
ially  (Lonza is an FDA approved tissue bank). They had been isolated from human
onor  (Lot number 6F4181) with full donor consent. NHBE cells were main-
ained  at 37 ◦C in a gassed incubator (5% CO2/95% air) in T75 flasks at a density
f  3.5 × 103 cells/cm2 in 15 ml  complete Bronchial Epithelial cell Basal Medium
BEBM)  (Lonza Bullet kit CC-3170; BEBM is supplemented with retinoic acid (0.1%),
uman epidermal growth factor (0.1%), epinephrine (0.1%), transferrin (0.1%), tri-

odothyronine (0.1%), insulin (0.1%), hydrocortisone (0.1%), bovine pituitary extract
0.2%) and gentamicin/amphotericin-B (0.1%) by addition of SingleQuotsTM (Lonza)).
ells  were passaged between 80 and 90% confluence (generally ∼4 days in culture
∼1–1.5  × 106 cells total)), as recommended by the supplier, and re-fed every 48 h.
or  this, medium was removed and the cell sheet washed in HEPES buffer before
ddition  of ∼6 ml  of trypsin/EDTA solution (0.25 �g/ml) for ∼4 min, followed by the
ddition  of 12 ml  trypsin neutralising solution (TNS) (Lonza). Cells were centrifuged
t  220 g for 5 min  then re-suspended in complete BEBM. Cells were frozen in 10%
MSO for long term storage from passage 3 (p3).

For  �-irradiations, NHBE cells were irradiated at room temperature (RT) as a
onolayer  at 80–90% confluency using the 60Co source at Brunel University at

7 ◦C at dose rate of 0.0944 Gy/min. For �-particle irradiations, the NHBE cells were
assaged and seeded onto Hostaphan-based (0.35 mg  cm−2 polyethylene terephtha-
ate; Hoeschst, Weisbaden, Germant) glass-walled dishes (30 mm internal diameter)
or 24 h and then transferred, in a portable incubator at 37 ◦C, to the Gray Insti-
ute  for Radiation Oncology & Biology in Oxford. The cells were then maintained
n  a humidified gassed (5% CO2/95% air) incubator at 37 ◦C as standard for a fur-
her  24–48 h before being irradiated at RT as a monolayer at 80–90% confluency
earch 756 (2013) 66– 77 67

(∼1.2–1.5 × 105 cells/dish) with 3.26 MeV  �-particles (LET of 121 keV/�m) using a
238Pu �-particle irradiator described previously [24]. Cells were exposed to a dose
of 0.19 Gy (∼0.1 Gy/min) which corresponds to a mean of 1.03 high-LET �-particle
traversals  per cell nucleus for a nuclear area of 105 �m2 (actual number of nuclear
traversals  follows a Poisson distribution where 35.7%, 36.8%, 18.9% and 8.6% of nuclei
are traversed by 0, 1, 2 or ≥3 tracks).

2.2. Collection of metaphase and prematurely condensed chromosome (PCC)
spreads  from NHBE cells

We  elected to irradiate early passage NHBE (p3/p4) cells in an effort to more
closely  mimic  effects in ‘primary’ cells rather than in populations that have been
repeatedly  passaged in vitro. However the total number of cells available for exper-
imentation  at early passage is limited and insufficient for suspension harvest
methodology.  In addition, preliminary experiments showed NHBE cells to be refrac-
tory to standard colcemid treatment for the collection of mitotic chromosomes
with  mitotic indices achieved of <1%. Accordingly, irradiated cells were seeded onto
glass microscope slides for culture and treatment for the premature condensation
of  chromosomes (PCC) in situ.

NHBE cells were seeded and irradiated with either low-LET �-rays or high-LET
�-particles  as a monolayer at 80–90% confluency as described in Section 2.1. After
irradiation,  NHBE cells were allowed to recover for 1 h at 37 ◦C then passaged and
seeded  at a density of 3.5 × 103 cells/cm2 in fresh complete BEBM, containing 10 �M
5′-bromodeoxyuridine (BrdU), onto flame sterilised glass microscope slides housed
within individual quadriperm chambers (Starsted). The cells were then cultured for
finite periods of time and harvested to achieve the optimal collection of 1st post-
irradiation  metaphases by adding 40 ng/ml demecolchicine for the final 5 h of the
culture time. Calyculin A (50 nM)  was  added 30 min  before fixation to induce PCC
in G2 cells. The medium was then discarded and the cells incubated in hypotonic
solution  (0.075 M KCl) at 37 ◦C for 15 min  before being fixed by gently washing the
microscope  slides with fresh ice-cold 3:1 (v/v) methanol:acetic acid for ∼3–5 min.
Slides were dried individually on a humidified hot-plate to obtain well spread quality
chromosome preparations and stored in an air-tight container containing silica gel
at −20 ◦C until required.

2.3.  Cell culture and preparation of metaphase chromosomes of DMS53 cell line

DMS53, a human small cell lung cancer (SCLC) cell line was obtained from the
European  Collection of Cell Cultures (ECACC, Salisbury, UK)  and cultured in Way-
mouth’s  Medium MB  752/1 (Lonza) supplemented with 10% (v/v) of heat inactivated
FBS and 1% penicillin/streptomycin/glutamine at 37 ◦C in 5% CO2/95% air. Cells
were  harvested to obtain mitoses by the addition of 0.025 �g/ml demecolchicine
(Gibco)  for the last 18 h of a total of 48 h culture period prior to being trypsinized
and  harvested from the flasks. The cell suspension was centrifuged at 200 × g for
5  min and re-suspended in ∼8 ml  of hypotonic solution (1:1 of potassium chlo-
ride  (0.075 M):sodium citrate (0.9%)) for 7 min at 37 ◦C. The cells were centrifuged
once  more and then re-suspended in a drop-wise fashion in fresh ice-cold 3:1 (v/v)
methanol:acetic acid, left for ∼1 h at −20 ◦C, fixed a further 4–5 times in fresh fixative
solution  and stored at −20 ◦C until required.

2.4. Multiplex fluorescence in situ hybridisation (M-FISH) assay

A  modified method of the MetasystemsTM protocol was  used. To do this, fresh
slides  of chromosome preparations were hardened (3:1 methanol:acetic acid for 1 h,
dehydrated through an ethanol series (2 min  each in 70%, 70%, 90%, 90% and 100%),
baked at 65 ◦C for 20 min, then 10 min in acetone) before being pre-treated with
RNase A (100 �g/ml in 2× SSC) at 37 ◦C for 1 h and then washed in 2× SSC.

For  hybridisation, 10 �l of MetasystemsTM 24-colour probe cocktail was  dena-
tured  by incubating at 75 ◦C for 5 min. After this time, the probe was  placed onto ice
briefly then incubated at 37 ◦C for 30 min. In parallel, slides were incubated in 0.1×
SSC  for 1 min  at RT, 2× SSC for 30 min at 70 ◦C and 0.1× SSC for 1 min at RT. The slides
were  then denatured in 0.07 N NaOH for 1 min  at RT, before being washed sequen-
tially  in 0.1× SSC at 4 ◦C and 2× SSC at 4 ◦C for 1 min  each and dehydrated through
an  ethanol series of 30, 50, 70, and 100% for 1 min  each. Cells and probe were then
mixed,  overlayed with a pre-warmed coverslip and left to hybridise for 48–72 h at
37 ◦C before being washed in 1× SSC at 73 ◦C for 5 min and 4× SSC/0.05% Tween
20  at RT for 5 min. A mix of 50 �l blocking reagent containing 1 �l MetasystemsTM

detection agent was then applied to the slide and overlayed using a coverslip and
incubated at 37 ◦C for 15 min. After this time, the slide was washed sequentially
in  4× SSC Tween 20 and PBS at RT for 3 min each, then left to dry in the dark at
RT.  Cells were counterstained using 4′ ,6-diamidino-2-phenylindole (DAPI III) (Vysis,
UK), sealed and stored in the dark at −20 ◦C.

2.4.1.  M-FISH analysis
Chromosome aberrations were analysed as previously described [2]. In brief,
PCC spreads were visualised using an 8-position Zeiss Axioplan II fluorescence
microscope  containing individual filter sets for each component fluor of the
MetasystemsTM probe cocktail plus DAPI. Digital images were captured for M-FISH
using  a charged-coupled device (CCD) camera (Photometrics Sensys CCD) coupled to
and driven by ISIS (MetasystemsTM). In the first instance, cells were karyotyped and
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nalysed by enhanced DAPI banding. Detailed paint analysis was  then performed by
ssessing paint coverage for each individual fluor down the length of each individ-
al  chromosome, using both the raw and processed images for each fluor channel.

 PCC spread was  classified as being apparently normal if all 46 chromosomes were
bserved by this process, and subsequently confirmed by the MetasystemsTM M-
ISH assignment, to have their appropriate combinatorial paint composition down
heir entire length.

.4.2.  Classification of chromosome aberrations
Structural chromosomal abnormalities were identified as colour-junctions

own  the length of individual chromosomes and/or by the presence of chromosome
ragments.  The M-FISH paint composition was  used to identify the chromosomes
nvolved  in the abnormality and assignment of a breakpoint to a specific chromo-
omal  region (pter, p, peri-centromere, q or qter) was  based on the DAPI banding
attern  at the M-FISH colour junction, the location of the centromere and the size
f the painted material on each rearranged chromosome.

For  radiation-induced aberrations in NHBE cells, exchange aberrations involv-
ng  three or more breaks in two or more chromosomes were classed as complex,

hile those involving only two breaks in one or two chromosomes were classified
s simple. To test for any non-random chromosome exchanges, colour-junctions
etween  participating chromosomes were identified in all simple and complex aber-
ations. For each exchange, each colour-junction was  only scored once. For DMS53,
bnormalities were described according to International System of Cytogenetic
omenclature  [65].

.5.  Interphase chromosome territory positioning in NHBE cells using 2D-FISH
ith  whole chromosome paints (WCP)

.5.1. Cell culture and fixation
To  correlate the preferred territorial position of chromosomes with chro-

osome  exchange aberrations induced upon exposure to ionising radiation,
opulations  of un-irradiated NHBE cells were cultured using the same conditions
s  described in Section 2.1. Cells were trypsinised at 80–90% confluence and the
ell  suspension centrifuged at 200 × g for 5 min  before being re-suspended in ∼7 ml
ypotonic buffer (0.075 M KCl) and being left at room temperature for 15 min. The
ells were centrifuged once more and fixed by the drop-wise addition of fresh ice-
old 3:1 (v/v) methanol:acetic acid with constant agitation. After an incubation
eriod  of a minimum of 1 h at 4 ◦C, the cells were washed an additional two times
ith  fresh 3:1 fixative, ‘dropped’ onto slides and stored in an air-tight container

ontaining  silica gel at −20 ◦C until required.

.5.2. Whole chromosome paint (WCP) preparation
Whole human chromosome paints for chromosomes 1, 7, 9, 10, 12, 13, 16,

7,  18 and 21 were created. These were generated from micro-dissected normal
hromosome  arm templates (a kind gift to Joanna Bridger from Michael Bittner).
egenerate  oligonucleotide primed PCR (DOP-PCR) was used initially to amplify

he  micro-dissected template and then to create probes by labelling with either
igoxigenin-11-dUTP  (Roche) or biotin-16-dUTP (Roche). For amplification, chro-
osome template was mixed with a final concentration of 1× KAPA HiFi Fidelity

uffer  (KAPA Biosystems), 0.2 mM dNTP mix, 2 �M DOP primer, 0.02 U/�l Taq poly-
erase  and sterile water. The thermal cycling conditions were initial denaturation

t  95 ◦C for 3 min  followed by 31 cycles of denaturation (98 ◦C), annealing (62 ◦C)
nd  extension (72 ◦C) for 20 s, 1 min  and 30 s each, with a final extension at 72 ◦C
or  5 min. Amplified product was then labelled using the aforementioned condi-
ions  with the exception that a final concentration of 80 �M dTTP was used with
ither 0.2 mM digoxigenin-11-dUTP or 0.2 mM biotin-16-dUTP. A total of 34 cycles
f denaturation, annealing and extension was carried out.

200–400  �g of digoxigenin or biotin labelled DNA was mixed with 7 �g of Cot1
NA,  30 �g herring sperm DNA, 1.8 �l 3 M sodium acetate and 40 �l ice-cold 100%
thanol,  then incubated at −80 ◦C for a minimum of 30 min  before being centrifuged
t  500 × g for 30 min at 4 ◦C. After removing the supernatant, the DNA pellet was
ashed  with 200 �l of ice-cold 70% ethanol and centrifuged again at 500 × g for

5  min  at 4 ◦C. The supernatant was removed and the pellet dried at 37 ◦C before
eing  dissolved in 12 �l of hybridisation mix  (10% dextran sulphate, 2× SSC, 50%
ormamide,  1% Tween 20,) for at least 2 h at 50 ◦C.

.5.3. Slide and WCP  denaturation
Slides  were baked at 70 ◦C for 1 h, dehydrated through an ethanol series (70,

0,  and 100%) and dried at 70 ◦C for a further 5 min. To denature chromosomes,
lides  were immersed in 70% formamide in 2× SSC at 70 ◦C for 2 min  then immedi-
tely  quenched in ice-cold 70% ethanol for 5 min. The slides were then dehydrated
hrough  90 and 100% ethanol for 5 min  each and dried on a warming plate. Probes
ere  denatured by incubating at 75 ◦C for 10 min  followed by pre-annealing at

7 ◦C for 45 min  before being applied onto the denatured slide. The probe was then
verlayed with a pre-warmed coverslip, sealed and left to hybridise overnight in a

umidified chamber at 37 ◦C.

.5.4. Post-hybridisation washes and detection
The sealant was carefully removed and the slides washed three times in 50%

ormamide  in 2× SSC at 45 ◦C for 5 min  each with gentle agitation. The slides were
earch 756 (2013) 66– 77

then washed three times in 0.1× SSC (preheated to 60 ◦C) at 45 ◦C for 5 min each
followed  by 4× SSC at RT for 5 min. For post-hybridisation detection, the proce-
dure  from Garimberti and Tosi was used [25]. Briefly, each slide was  incubated with
100 �l of 3% bovine serum albumin (BSA) in 4× SSC at RT for 1 h at 37 ◦C to block
any  non-specific binding. After this time, 100 �l of 20 �g/ml Cy-3 strepavidin (GE
Healthcare)  and/or mouse anti-digoxigenin (diluted 1:666) (Sigma–Aldrich) in 3%
BSA in 4× SSC/0.05% Tween 20 and was applied onto each slide, overlayed with a
coverslip and incubated in the dark for 30 min  at 37 ◦C in a humidified chamber.
The  slides were then washed three times by shaking in 4× SSC/0.05% Tween 20 for
3 min each at RT in the dark. For digoxigenin-labelled WCPs, 100 �l of rabbit anti-
mouse-FITC  (Sigma–Aldrich) diluted 1:1000 with 3% BSA in 4× SSC/0.05% Tween 20
was applied, overlayed with a coverslip and incubated once more in the dark in a
humidified chamber at 37 ◦C for 20 min. This was followed by washing three times
in  4× SSC/0.05%Tween 20 in the dark for 3 min  each and then incubating with 100 �l
of a 1:100 of monoclonal anti-rabbit-FITC (Sigma–Aldrich) at 37 ◦C for 20 min. After
biotin  and digoxigenin detection, the slides were washed twice with 4× SSC/0.05%
Tween  20 for 3 min  each and then washed once with 1xPBS for 5 min. The slides
were briefly rinsed with water before being air dried and mounted with Vectashield
containing  DAPITM.

2.5.5. Combined FISH and immunofluorescence staining
A similar procedure to that described above was used to co-stain FISH prepa-

rations  (labelled with biotin-dUTP) for the proliferative marker, Ki-67. After slides
had undergone the post-hybridisation washes (Section 2.5.4) they were incubated
in  4× SSC at RT for 5 min  and blocked for 10 min  at RT in 100 �l of 3% BSA in 4×
SSC.  20 �g/ml Cy-3 strepavidin (GE Healthcare) in 1% BSA/4× SSC was  applied to
each  slide and incubated in the dark at 37 ◦C for 30 min in a humidified cham-
ber.  After this time, the slides were washed three times in 4× SSC/0.05% Tween
20  for 5 min  each at 42 ◦C then incubated with 100 �l of polyclonal rabbit anti-
pKi-67  (Novacastra) at a 1:1500 dilution in 1% new-born calf serum (NCS)/PBS
for  1 h at RT. Slides were then washed three times in PBS for 5 min each prior
to  being incubated with 100 �l of goat anti-rabbit AF488 diluted 1:200 in 1%
NCS/PBS  for 1 h at RT. Finally the slides were washed three times for 5 min
each  in PBS, rinsed briefly in water and mounted with Vectashield containing
DAPITM.

2.5.6.  Image acquisition and analysis
Slides  were viewed using an Olympus BX41 fluorescence microscope and digital

images captured using a Viewpoint GS digital camera (Digital Scientific) controlled
by  Digital Scientific Smart Capture3 software. 50 acquired images for each chro-
mosome  were then subjected to erosion chromosome position analysis by using
a bespoke script, created by Dr Paul Perry, a kind gift of Prof Wendy Bickmore,
MRC  Human Genetics Unit, Edinburgh first published in 1999 [26]. The DAPI stain
revealing the nucleus is delineated and then eroded inwards to create 5 shells of
equal area. The intensity of the DNA (DAPI) signal and chromosome signal is then
measured in each shell [26]. To normalise the data for the skewed distribution of
DNA in a flattened nucleus the percentage chromosome intensity measurement
is  divided by the DAPI intensity measurement for each shell and the average for
50 images plotted in a histogram; the y-axis being the %chromosome signal/%DNA
signal.

2.6.  Interphase chromosome territory:chromosome territory measurements

Selected  pairs of biotin-16-dUTP and digoxigenin-11-dUTP labelled WCPs
were  hybridised to un-irradiated NHBE nuclei and detected as described in Sec-
tion 2.5. Slides were viewed using an Olympus BX41 fluorescence microscope
and  digital images captured using a Viewpoint GS digital camera (Digital Scien-
tific) controlled by Digital Scientific Smart Capture3 software. 50 acquired images
for each chromosome pair were then analysed in ImageJ software (National
Institutes  for Health (NIH), www.rsb.info.nih.gov) for the purpose of determin-
ing the average distance between homologous and heterologous chromosome
territories  (CTs). The distances between the boundary edges of each CT were mea-
sured.

3. Results

3.1. Exchange aberrations induced in NHBE cells after exposure to
low-LET �-rays and high-LET ˛-particles

Table 1 gives the frequencies and types of chromosome
exchanges initially induced in NHBE cells after exposure to low-LET
�-rays and high-LET �-particles and shows that both simple and

complex exchange types are induced (for more details see Themis
et al. [27]). For �-rays, the frequency of simple exchanges were sig-
nificantly greater after exposure to 0.5 and 1 Gy compared to sham
(p < 0.004) while a significantly greater frequency of complexes

http://www.rsb.info.nih.gov/
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Table 1
Frequency of exchange aberrations in NHBE cells visualised by M-FISH.

Test Total cells Damaged cells (frequency) Type of damage (frequency)

Simple Complex

Sham 490 0.112 6 (0.010) 0 (0.00)
68 
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0.5  Gy �-rays 179 0.1
1.0  Gy �-rays 106 0.2
∼1  �-particle/nucleus 682 0.3

as induced again compared to sham (0.00) after exposure to 1 Gy
0.038, p = 0.04) but not 0.5 Gy (0.011, p = 0.17).

Simple and complex aberrations were also observed after expo-
ure to ∼1 �-particle/nucleus at frequencies of 0.123 and 0.062,
espectively, giving a simple:complex (S:C) ratio of ∼2 (Table 1).
his proportion of complex aberrations induced is in contrast to
revious �-particle studies at an equi-fluence of ∼1 track/nucleus

n peripheral blood lymphocytes (PBL) [7,12] and haemopoeitic
tem cells (HSC) [28] where the S:C ratio was ∼<1. In addition, only
40% of NHBE cells classified as containing an exchange were found

o have one or more complex, whereas this fraction was  greater
60–80% depending on LET of the �-particle) for both PBL and
SC (Fig. 1). Therefore although complex chromosome aberrations
ere induced in NHBE cells exposed in vitro to high-LET �-particles

hey do not represent the dominant exchange-type when irra-
iated in a perpendicular set-up (i.e. through the base of the
ish).

.2. Interphase chromosome positioning in NHBE cells

To  determine the preferred nuclear positioning of interphase
hromosomes in NHBE cells we harvested and fixed a population of
n-irradiated NHBE cells for 2D-fluorescence in situ hybridisation
FISH) using whole chromosome paints (WCP) for chromosomes 1,
, 9, 10, 12, 13, 16, 17, 18 and 21. Digital images were subjected
o erosion analysis and the data for each chromosome plotted as

 histogram, with the x-axis displaying nuclear shells from 1 to 5
epresenting the nuclear periphery to the nuclear interior, respec-

ively (Fig. 2) [26]. The y-axis is the percentage fluorescence signal
ntensity from the chromosome paint normalised by division with
he percentage fluorescence signal intensity from the DAPI stained
NA.

ig. 1. Fraction of cells with an exchange that contained at least one complex. Data are s
arying incident LET. The relative differences in geometric shape and possible organisatio
11 (0.061) 2 (0.011)
11 (0.104) 4 (0.038)
84 (0.123) 42 (0.062)

When we visualise the erosion analysis data for chromosome
positioning in the histograms (Fig. 2), the skew of the graph
towards shell 1 or 5 allows us to state that the chromosome has
a preferential position towards the nuclear periphery or interior,
respectively. We  find chromosomes 7, 10, 12, 13 and 18 pref-
erentially located towards the nuclear periphery, chromosomes
16, 17 and 21 to occupy a more interior position and chro-
mosome 1 to occupy an intermediate position. The histogram
for chromosome 9 shows no apparent skew, instead it displays
a bimodal distribution, implying that either each homologue is
located in a different relative nuclear location or that there are
two populations of cells within the culture. Although this bimodal
distribution is seen only rarely in interphase chromosome position-
ing, the differential positioning of certain chromosomes has been
observed in cells depending on their proliferative status [29,30].
For instance in fibroblasts, chromosome 18 is found in two dif-
ferent radial locations in Ki-67 positive and negative cells; with
chromosome 18 at the nuclear periphery in positive proliferat-
ing cells and in the nuclear interior in negative non-proliferating
cells. In addition, chromosome 9 also sits in two  different locations
in proliferating and non-proliferating cells (Bridger, unpublished
data). Therefore, to assess whether a similar explanation accounted
for the bimodal distribution of chromosome 9 in NHBE cells, we
repeated the position analysis in cells co-stained with the cell
proliferation marker anti-Ki-67 [31]. A similar staining strategy
was carried out for chromosome 18, however, as Fig. 2 shows,
we saw no difference in 2D positioning for either chromosome 9
or 18 between proliferative (Ki-67 positive) and non-proliferative

(Ki-67 negative) cells. This suggests that NHBE cells do not reor-
ganise their genomes when they become non-proliferating and
that the bimodal distribution of chromosome 9 requires further
examination.

hown for PBL [7], CD34+ [28] and NHBE cells after exposure to ∼1 �-particle/cell of
n of individual chromosome territories within each cell nuclei are shown.
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Fig. 2. 2D-FISH interphase chromosome position profiles in NHBE cells. For chromosomes 9 and 18, separate profiles were obtained for Ki-67 positive (dots) and Ki-67
n orresp
y ch chr

3
p

m
c

egative (diagonals) populations. The x-axis shows 5 shells of equal area; shell 1 c
-axis shows the %chromosome signal/%DNA signal. 50 nuclei were analysed for ea

.3. Determination of non-random chromosome exchange
artners in NHBE cells
All  chromosome exchange partners observed in 1st cell division
etaphase + PCC spreads (Table 1) (identified by the presence of

olour-junctions) were inserted into a triangular matrix (Table 2)
onds to the nuclear periphery and shell 5 corresponds to the nuclear interior. The
omosome.

for the purpose of identifying non-random associations between
particular pairs of chromosomes. This was carried out by SCHIP

(Statistics for Chromosome Interphase Positioning based on inter-
change data) analysis [32] which enables one to determine the
deviation of the observed frequency of exchanges between chro-
mosomes with respect to the expected frequency, assuming
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Table 2
Triangular matrix of chromosome exchange partners observed in 1st cell division NHBE cells and SCHIP analysis data.

The top half of the table shows the observed number of pair-wise exchanges between all heterologous autosomes and the bottom half shows the deviation from that expected if all the autosomes were randomly located
relative  to each other. A positive value indicates an excess of observed events, implying that two autosomes are, on average, closer to each other than expected [32].
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Table 3
SCHIP analysis of selected pair-wise chromosome exchanges.

Candidate cluster p-Value Candidate cluster p-Value

(1;2) 0.451200 (9;11) 0.527100
(1;3) 0.177300 (9;17) 0.029300
(1;13) 0.019300 (9;18) 0.046500
(1;18) 1.000000 (12;18) 0.012200
(3;6) 0.212800 (15;16) 0.383900
(3;15) 0.088300 (16;21) 0.005000
(4;12) 0.070300 (18;19) 1.000000
(6;8) 0.059500 (20;22) 0.187000
(6;10) 0.401500 (21;22) 1.000000
(7;10) 0.094500
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Fig. 3. Relative interphase positions of chromosomes in NHBE cells. Panel A shows
chromosomes 1 (red) and 13 (green), Panel B shows chromosomes 9 (green) and 17
(red) while Panel C shows chromosomes 16 (red) and 21 (green). Panel D outlines a
‘map’ of the relative positioning of chromosome territories in NHBE cells as deter-
mined by combining information generated from chromosome position analysis,
SCHIP  analysis of radiation-induced aberrations and 2-colour FISH of CTs.

Table 5
Average distance between homologous chromosome pairs in interphase.

Chromosome Average distances
between CTs (�m)

Touching CTs
(%  of nuclei)

1–1 4.04 ± 2.54 7
9–9 5.42 ± 3.35 0

13–13 3.52 ± 2.54 1
16–16 5.66 ± 3.98 0

in two different chromosomes) [5]. The proportion of all exchanges

T
A

old font denotes statistical significance at 95%.

andomness. Although SCHIP cannot ‘mine’ interchange matrix
ables to extract non-random pair-wise exchanges, it can be used
o test the significance of particular ‘chromosome clusters’. Accord-
ngly, we identified the pair-wise exchanges that appear to occur

ore frequently than others based on data in the upper part of
able 2 as (1;3), (1;13), (3;6), (3;15), (4;12), (6;8), (7;10), (9;17),
9;18), (12;18) and (16;21). Given the small numbers of ‘events’
n our data-set due to the limited number of exchanges actually
nduced (Table 1) (essentially 202 colour-junctions distributed over
31 possible heterologous pair-wise combinations) we have also

ncluded a number of pair-wise exchanges that did not appear to
ccur with any frequency, specifically (1;2), (1;18), (6;10), (9;11),
15;16), (18;19), (20;22) and (21;22). Table 3 shows the p-values
btained for the above mentioned candidate clusters and identifies
ve radiation-induced pair-wise exchanges, namely (1;13), (9;17),
9;18), (12;18) and (16;21), that occur more often than expected
ssuming randomness. To examine these findings in more detail,
-colour FISH was performed for the purpose of determining the
istance between chromosome territories (CTs) for identified pairs
f chromosomes (Fig. 3). The average distance between the visible
dges of the two closest CTs was 0.21 ± 0.49 �m (range 0–2.06),
.75 ± 0.99 �m (range 0–2.47) and 0.61 ± 0.94 �m (range 0–2.85)
or chromosomes (1;13), (9;17) and (16;21) respectively (Table 4).
n addition, 50–60% of all nuclei observed (for each pair) had at least
ne pair of CTs visibly touching and sharing neighbouring CT sur-
aces. By contrast the average distance between homologous pairs
as >3.5 �m (Table 5) consistent with measurements reported by

eitz et al. [33] and Heride et al. [34].

.4. M-FISH karyotypic analysis of small cell lung cancer cell line
MS53

A  causal relationship between Radon exposure in the home and
he occurrence of lung cancer has been demonstrated, with esti-

ates that Radon accounts for 9% of all lung cancer deaths in Europe
35,36]. The histological type that most contributed to this increase
ere small cell lung cancers (SCLC), therefore, a previously unchar-
cterised non-metastatic SCLC cell line (DMS53) was selected for
-FISH karyotypic analysis with the objective of identifying clonal

berrations that may  reflect findings in NHBE cells.

able 4
verage distances between heterologous chromosome pairs in interphase.

Chromosome pair Average distances between CTs in order of relative pro

1 

Touching CTs (% of nuclei)

1 and 13 0.21 ± 0.49 59 

9  and 17 0.75 ± 0.99 64 

16  and 21 0.61 ± 0.94 51 
17–17 5.79 ± 2.81 0
21–21 3.25 ± 2.13 0

12 DMS53 cells were fully karyotyped revealing extraordinar-
ily complex cytogenetic patterns (Fig. 4) with most metaphases
displaying similar cytogenetic features and very few apparently
normal chromosomes. For this reason, individual karyotypes were
drawn in a cartoon format and grouped in an effort to identify those
chromosomes that were interacting with each other (Fig. 5). By
doing this for each metaphase spread a number of clonal abnor-
malities were identified (Tables 6 and 7).

4. Discussion

Both simple (S) and complex (C) aberrations were observed
in NHBE cells after exposure to high-LET �-particles (∼1 �-
particle/nucleus) and low-LET �-rays (1 Gy), however only simple
exchanges were detected at appreciable levels above sham at the
lower dose of 0.5 Gy �-rays (Table 1), consistent with expectations
that exposure to low doses of sparsely ionising radiation only rarely
results in complex rearrangements (e.g. involving multiple breaks
classified as complex after exposure to high-LET �-particles was
∼33% (S:C ratio ∼2), in-line with that observed in fibroblast cells
[22,37,38] but in contrast to previous M-FISH studies examining

ximity (�m)

2 3 4

1.7 ± 1.62 4.69 ± 1.69 7.09 ± 2.12
2.7 ± 2.21 5.38 ± 2.87 8.59 ± 2.57

2.74 ± 2.48 4.54 ± 2.43 6.7 ± 3.08
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Fig. 4. Representative M-FISH image of a pseudo-coloured DMS53 karyotype.

Fig. 5. Cartoon of DMS53 ‘cell 2’ M-FISH karyotype. Groups of interacting chromosomes
pattern assumed in each ‘normal’ chromosome while the second row shows the abnor
‘apparently normal’ while (E) shows chromosomes “missing” from that spread.
earch 756 (2013) 66– 77 73

an equi-fluence (1 track/nucleus) of �-particle-induced aberra-
tion complexity in peripheral blood lymphocytes (PBL) [7,12] and
haemopoeitic stem cells (HSC) [28], where the S:C ratio was  ∼<1.
Indeed, between 60 and 80% (depending on LET of the �-particle)
of HSC or PBL which contained an exchange were classified as hav-
ing at least one complex in comparison to only ∼40% of NHBE cells
(Fig. 1). This reduction in complexity may  be a reflection of the rela-
tionship between the delayed formation of exchanges in heavily
damaged cells [2,39–41] whereby exchanges of increasing com-
plexity are observed at later sampling times [42]. However no evi-
dence for this was found in NHBE cells (for more details see Themis
et al. [27]). Therefore complex chromosome aberrations are not the
dominant exchange-type in NHBE cells exposed in vitro to high-LET
�-particle radiation in a set-up where the �-particles hit perpen-
dicularly. The small proportion of non-G1 cells present at the time of
irradiation and/or differences in repair fidelity may  be relevant but
also pertinent is that NHBE cells are ellipsoid in shape and geometri-
cally flatter than PBL or HSC. Thus, NHBE cells irradiated with a sin-
gle �-particle through the base of the dish (as in this study), would

be expected to have fewer chromosome territories intersected (and
also fewer total DSB) compared to spherical nuclei (Fig. 1). Accord-
ingly, these data support the proposal that in addition to radiation
quality and dose, the complexity of aberrations initially induced by

 (A, B and C) are shown separately in two rows. The first row describes the break
mal chromosomes observed by M-FISH. (D) identifies chromosomes classified as
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articulate radiation is related to the number of chromosome terri-
ories (CTs) intersected by individual tracks [7,12]. Indeed a recent
tudy demonstrates this directly by showing varying fractions of
omplex aberrations to be induced in AG1522 fibroblasts depend-
ng on the path of exposure through the ellipsoid nucleus [43].

The  frequency of simple exchanges induced in NHBE cells after
xposure to low-LET �-rays is also lower than that previously
bserved in PBL (Table 1) [5,38,44,45]. Our results are more con-
istent with those observed in HF19 fibroblasts [46] inferring that
ellular geometry and CT organisation may  also be relevant for
he induction of aberrations of varying complexity after �-rays.
he dynamics of damaged chromatin and the existence of spe-
ialised repair centres remain controversial [47,48] however a key
spect of the sequential exchange model for the formation of com-
lex exchanges is that migration of initially induced damage is

imited within localised nuclear regions. This is shown by the
eduction in the sequential linking of independent exchange events
therefore reduction in complex aberrations) when the spatial dis-
ance in energy deposition along an �-particle track is increased
Fig. 1), and by each non-reducible rejoining cycle only involv-
ng up to a maximum of three different chromosomes [28]. Thus,
he mobility of damaged chromatin is limited by its topological
rganisation within the nucleus, impacting on the likelihood that
amage can participate in ‘rejoining events’ which are beyond an

interacting distance’ of ∼>1 �m [13,49]. Accordingly for low dose
xposures, damage induced in CTs that occupy peripheral pos-
tions within ellipsoid nuclei (i.e. where less of their CT surface
eighbours another CT) may  be too distant to interact with other
amage for the efficient induction of an interchange (simple or
omplex). If valid then one might anticipate a greater proportion
f intra- rather than inter-chromosomal exchanges for peripheral
ompared to interior positioned chromosomes [50]. In addition, it
ould further support the expectation that exchange aberrations

re correlated by the combined surface area of neighbouring terri-
ories whereby exchange partners reflect nuclear organisation and
erritorial neighbourhoods [13,51–54].

It is well established that the interphase positions of CTs dis-
lay non-random preferential positioning within the cell nucleus
ith a degree of variability between individual cells. For instance, it
as been widely reported that chromosomes adopt a radial position
ased on gene density whereby gene-rich chromosomes occupy the

nterior of the nucleus in spherical nuclei [17,55]. Such an organi-
ation has also been observed in non-spherical, flattened cells such
s fibroblasts but in addition, the size of the chromosome has also
een shown to be important [16,18]. However when one consid-
rs proliferative compared to non-proliferative cells and also cells
t varying stages of differentiation or disease status, chromosome
osition can change, implying other factors such as transcriptional
ctivity may  be the dominant mechanism involved [30,29,56,57].
ur data for ellipsoid NHBE cells do not fit completely with size
orrelated positioning since there are larger and smaller chromo-
omes towards the nuclear periphery and the largest chromosome
chromosome 1) is in an intermediate nuclear location. The data
o not fit a gene-density distribution either even though there
re gene-poor chromosomes (chromosomes 13 and 18) towards
he nuclear periphery and a gene-rich chromosome (chromosome
7) towards the nuclear interior, the other chromosomes that are

ocated at the periphery and interior have intermediate density
f genes (Fig. 2). Therefore our data may  be consistent with the
rganisational grouping whereby active transcription has control
ver chromosome location. Interestingly, Mehta et al. [58] observed
mall chromosomes, in particular chromosomes 13 and 18, to

hange their locations in a rapid motor-dependant process when
nder reversible growth arrest (low serum) conditions, in keeping
ith previous observations that certain chromosomes were dif-

erentially positioned according to their proliferative status [29].
earch 756 (2013) 66– 77

We  examined this for NHBE cells co-staining chromosomes 9 and
18 with the cell proliferation marker anti-Ki-67. Overall though,
no difference in positioning for either chromosome was observed
between proliferative (Ki-67 positive) and non-proliferative (Ki-67
negative) cells (Fig. 2).

Three  of the chromosomes tested (chromosomes 16, 17 and 21)
were positioned to the interior of NHBE nuclei, which given the flat-
tened, ellipsoid shape of the nucleus may  increase the likelihood of
them being neighbouring territories in interphase. Interestingly,
chromosomes 16 and 21 were identified by SCHIP analysis [32]
as non-randomly forming exchanges in NHBE cells more often
than expected after exposure to ionising radiation (Table 3). In
addition to this, we also identified exchanges between chromo-
somes (1;13), (9;17), (9;18) and (12;18) to occur more frequently
than expected assuming randomness. Thus, we find evidence of
cell type-specific chromosome associations in keeping with the
identification of clusters of particular (but different) chromosomes
reported by Cornforth et al. [22] and Arsuaga et al. [59]. However
in contrast to the aforementioned studies, our radiation-induced
pair-wise data-set for NHBE cells was extremely limited. Therefore
to support these findings we performed 2-colour FISH analysis on
three of the identified non-random pairs; (1;13), (9;17) and (16;21).
2D measurements (ImageJ software, NIH, www.rsb.info.nih.gov) of
the minimum distance between the edge:edge boundaries of each
chromosome pair show that, on average, at least one chromosome
existed within <1 �m of another, indeed, CTs were visibly touch-
ing in ∼60% of nuclei of each pair tested (Table 4 and Fig. 3). By
contrast, although similar to other studies, homologous chromo-
some pairs were separated by distances of >3.5 �m [55,29]. Taken
together, these data are consistent with the expectation that spatial
proximity of CTs influences the preferential formation of particular
chromosome exchanges [20,60,61].

We M-FISH karyotyped a small cell lung cancer (DMS53) cell
line with the objective of identifying clonal aberrations that may
reflect early rearrangements in carcinogenesis, and which may
also demonstrate a mechanistic association between non-random
exchange formation and interphase positioning of chromosomes
in NHBE cells [20,57,60,62]. Although the karyotype was highly
rearranged, meaning any correlations with our NHBE cell find-
ings may  just reflect the large number of exchanges detected
(Figs. 4 and 5), we did find two interactions that involved chro-
mosomes previously detected in radiation-induced aberrations.
Specifically, the preferential involvement identified between chro-
mosomes 9 and 17, and chromosomes 1 and 13 (Table 3) are also
seen in the DMS53 karyotype as der(9)t(9;17), der(9)t(16;9;17),
ace(1;13;10) and der(13)t(17;135) (Tables 6 and 7). In addition,
chromosomes 9 and 17 and, 1 and 13 were shown by 2-colour FISH
to exist as neighbours in ∼60% of NHBE nuclei (Fig. 3). Accord-
ingly, it is possible that a fraction of the exchanges observed in
DMS53 reflect their preferential CT position in normal lung epithe-
lial cells highlighting the possibility of unravelling mechanistically
and clinically relevant non-random chromosome exchanges within
cell/individual sub-sets [57,62]. That said, published karyotypes of
different SCLC cell lines similarly show high levels of structural
rearrangement and, although certain chromosomes are apparently
more frequently involved in exchanges than others e.g. chromo-
some 1, the involvement of common pairs of chromosomes are
seen only rarely [63,64]. For instance Ashman et al. karyotyped
five SCLC lines, with each containing between 3 and 10 exchanges,
yet only a few translocation pairs were identified in multiple lines
e.g. two  lines involved exchanges between chromosomes 9 and
16, interestingly also observed in DMS53 as der(2)t(9;16;2;10)
and der(9)t(16;9;17) (Tables 6 and 7). Elucidating the occurrence

of non-random chromosomal translocations in such highly rear-
ranged genomes is therefore challenged by the limited number of
SCLC lines currently karyotyped.

http://www.rsb.info.nih.gov/
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Table 6
M-FISH karyotype of DMS53.

Cell 1
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),+2,ace(2;6),der(2)t(2;12),der(2)t(7;2;12),der(2)t(9;16;2;10),der(3)t(16;3;5),der(4)t(4;10;16),+5,del(5q),+6,der(6)t(4;7;6;5),der(6)t(12;4;7;6;5),der(6)t(6;15),

der(7)t(13;2;7;14;11),+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;15),ace(12;19;21),del(12q),−13,der(13)t(17;13′;1;5),−14,ace(14p),
der(14;11)t(14;11;X),del(16q),der(17)t(17;18),del(17p),der(18)t(3;18),ace(18q),ace(18q)x2,der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(20)t(5;20)

Cell  2
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(16;3;5),der(4)t(4;10;16),+5,+6,der(6)t(4;7;6;5),der(6)t(4;6;15),der(7)t(13;2;7;14;11),der(8)(1;8)x2,

der(8)t(16;8;1),ace(8q),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,del(12q),ace(12q),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(15)(14;15),del(16q),der(17)t(17;18),
der(17)t(8;17),der(18)t(3;18),del(18q),ace(18q)x2,der(19)t(2;19),ace(19q),der(20)t(9;20)x2,der(20)t(12;20),der(21)t(8;21)

Cell  3
47,X,+X,−Y,der(X)(X;18),der(X)t(X;16;10),der(1)t(1;11),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(3;16),der(4)t(4;10),del(5q),ace(5;12),+6,der(6)t(4;7;6;5),der(6)t(6;15),der(6)t(6;18),der(7)t(13;2;7;14;11),

+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x3,+12,+12,ace(12;19;21),del(12q),del(12q),ace(12),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),
der(15)(14;15),der(16)t(12;16),der(17)t(17;18),der(18)t(18;3;6),ace(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(21)t(8;21)

Cell 4
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11),der(1)t(115),ace(1;13;10),ace(2;6),der(2)t(9;16;2;10),der(2)t(15;2;7),del(4q),der(5;20)t(5;20;12),ace(5;20),ace(5;21),+6,der(6)t(4;7;6;5),der(6)t(1;6),

der(7)t(13;2;7;14;7),+8,der(8)(1;8),der(8)t(16;8;1),−9,ace(9;16),der(9)t(9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;16;19),del(12q),ace(12q)x2,−13,der(13)t(17;135),
−14,der(14;11)t(14;11;X),der(15)(14;15),der(16)t(5;3;16;12),del(16q),der(17)t(10;17),der(17)t(17;18),del(18),ace(18q),der(19)t(2;19),der(19)t(7;19)x2,der(20)t(9;20),der(21)t(8;21),−22

Cell 5
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11),der(1)t(115),ace(1;13;10),ace(2;6),der(2)t(7;2;12),der(2)t(9;16;2;10),−3,der(3)t(;16;3),del(4q),+6,der(6)t(4;7;6;5),der(6)t(1;6),−7,der(7)t(13;2;7;14;7),

+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;16;19),ace(12;19;21),del(12q),ace(12),−13,der(13)t(17;135),−14,
der(14;11)t(14;11;X),der(15)(14;15),der(16)t(5;3;16;12),del(16q),ace(16;13;5),der(17)t(17;18),der(17)t(10;17),del(18),ace(18q),der(19)t(2;19),der(19)t(7;19)x2,ace(19q),der(20)t(9;20)x2,der(20)t(5;20),der(21)t(8;21)

Cell  6
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11),der(1)t(115),ace(1;13;10),ace(2;6),der(2)t(7;2;12),der(2)t(9;16;2;10),del(4q),del(5q),+6,der(6)t(4;7;6;5),der(6)t(1;6),−7,der(7)t(13;2;7;14;7),+8,der(8)(1;8)x2,

der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;16;19),ace(12;19;21),del(12q),ace(12),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(15)(14;15),
der(16)t(5;3;16;12),del(16q),ace(16;17;5),der(17)t(17;18),der(17)t(10;17),del(18),der(19)t(2;19),der(19)t(7;19)x2,ace(19q),der(20)t(9;20)x2,der(20)t(5;20),der(21)t(8;21)

Cell  7
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(3;16),ace(3;18),der(4)t(4;10),+5,der(5)t(5;8),+6,der(6)t(4;7;6;5),der(6)t(6;15),der(7)t(13;2;7;14;7),

+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;2;21),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(15)(14;15),del(16q),
der(17)t(17;18),der(17)t(10;17),del(18q),del(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(20)t(12;20;2)

Cell 8
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(16;3;5),ace(3;18),der(4)t(4;10;16),der(5)t(5;15),+6,der(6)t(4;7;6;5),der(6)t(6;5),der(7)t(13;2;7;14;11),

+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,ace(12;19;21),del(12q),ace(12q),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(15)(14;15),
del(16q),der(17)t(17;18),del(17p),del(18q),del(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(21)t(8;21)

Cell 9
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(16;3;5),ace(3;18;5),der(4)t(4;10;16),der(5)t(5;18),+6,der(6)t(11;4;7;6;5),der(6)t(6;15),

der(7)t(13;2;7;14;11;5),+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,der(12)t(12;2;21),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),
der(15)(14;15),del(16q),der(17)t(17;18),del(17p),ace(18q)x2,del(18q),del(18q),der(19)t(2;19),der(19)t(1;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(20)t(12;20),der(21)t(8;21)

Cell 10
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),der(2)t(2;7),der(2)t(9;16;2;10),ace(2;14),der(3)t(3;16),ace(3;18),der(4)t(4;10),der(5)t(5;20),+6,der(6)t(4;7;6;5;2),der(6)t(6;15),der(7)t(13;2;7;14;11),

+8,der(8)(1;8),der(8)t(16;8;1),ace(8q),−9,der(9)t(16;9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,del(12q),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(14)t(17;14;9;12),ace(9;14),
der(15)(14;15),der(16)t(5;16),del(16q),der(17)t(17;18),der(17)t10;17),ace(18q)x2,del(18q),del(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(21)t(21;12;9)

Cell 11
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11)x2,ace(1;13;10),ace(2;6),der(2)t(2;7),der(2;3)t(10;2;3),der(3)t(3;16),der(4)t(4;10),+5,+6,der(6)t(4;7;6;5),der(6)t(6;15)x2,ace(6;9),der(7)t(5;7),+8,der(8)(1;8)x2,

der(8)t(16;8;1),−9,der(7;9)t(17;9;7;14;11),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,ace(12;19;21),del(12q),ace(12),−13,der(13)t(17;135),−14,der(14;11)t(14;11;X),der(16)t(16;2;13),
del(16q),der(17)t(17;18),der(17)t(17;10;9),der(18)t(3;18),ace(18q),del(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),der(20)t(9;20),der(20)t(12;20),ace(20),der(21)t(8;21)

Cell 12
47,X,+X,−Y,der(X)(X;18),del(Xq),der(1)t(1;11),ace(1;13;10),ace(2;6),der(2)t(2;7),der(2)t(9;16;2;10),der(3)t(3;16),der(4)t(4;11),der(4)t(4;10),+5,del(5q),+6,der(6)t(4;7;6;5),der(6)t(6;15),der(6)t(6;11),

der(7)t(5;7),+8,der(8)(1;8)x2,der(8)t(16;8;1),−9,der(9)t(9;17),der(10)t(10;18),del(10q),der(11)t(11;12;1),ace(11q)x2,+12,ace(12;19;21),del(12q),ace(12),−13,der(13)t(17;135),−14,ace(14p),der(14;11)t(14;11;X),
der(15)(14;15),der(16)t(162;13),del(16q),der(17)t(17;18),der(17)t(10;17),ace(17;2;14;11),der(18)t(3;18),del(18q),ace(18q),der(19)t(2;19),der(19)t(7;19),ace(19q),ace(19q),der(20)t(9;20)x2,der(21)t(5;21;8)

Karyotypes presented as ISCN (2009) nomenclature. Breakpoints are omitted due to the difficulty in assigning translocation breakpoints.
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Table 7
Clonal chromosome exchanges observed in DMS53.

Clonal exchanges Cell number

1 2 3 4 5 6 7 8 9 10 11 12

der(X)t(X;18) X X X X X X X X X X X X
der(1)t(1;11)  X X X X X X X X X X X X
der(1)t(11;1;5) X X X
ace(1;13;10) X X X X X X X X X X X
ace(2;6)  X X X X X X X X X X X
der(2)t(2;7)  X X X X X X X X
der(2)t(7;2;12) X X X
der(2)t(9;16;2;10) X X X X X X X X X X X
der(3)t(3;16)  X X X X X X X
der(3)t(16;3;5) X X X X
ace(3;18) X X X
der(4)t(4;10) X X X X X
der(4)t(4;10;16) X X X X
der(6)t(1;6) X X X
der(6)t(4;7;6;5) X X X X X X X X X
der(6)t(6;15)  X X X X X X X
der(7)t(13;2;7;14;11) X X X X X
der(7)t(13;2;7;14;7) X X X X
der(7)t(5;7) X X
der(8)(1;8)  X X X X X X X X X X X X
der(8)t(16;8;1) X X X X X X X X X X X X
der(9)t(9;17)  X X
der(9)t(16;9;17) X X X X X X X X X
der(10)t(10;18) X X X X X X X X X X X X
der(11)t(11;12;1) X X X X X X X X X X X X
der(12)t(12;16;19) X X X
der(12)t(12;2;21) X X
ace(12;19;21) X X X X X X X
der(13)t(17;13;1;5) X X X X X X X X X X X X
der(14;11)t(14;11;X) X X X X X X X X X X X X
der(15)(14;15) X X X X X X X X X X
der(16)t(5;3;16;12) X X X
der(17)t(17;18) X X X X X X X X X X X X
der(17)t(10;17) X X X X X X
der(18)t(3;18) X X X X
der(19)t(2;19) X X X X X X X X X X X X
der(19)t(7;19) X X X X X X X X X X
der(20)t(9;20) X X X X X X X X X X X
der(20)t(5;20) X X X
der(20)t(12;20) X X X
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der(21)t(8;21) X X X X

able highlights (marked as X) all chromosome exchanges which were observed in

In conclusion, our findings highlight the importance of cellular
eometry and CT organisation for the induction of aberrations of
arying complexity after exposure to both low and high-LET radi-
tion. We  also provide evidence that certain chromosome pairs
referentially exist as interphase neighbours and that this physi-
al proximity influences their likelihood of forming a chromosome
xchange.
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