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Materials and Methods

Plasmids

To generate the TetOIScelOTet plasmid, the LacOIScelTetO plasmid (4) was digested
with Xhol to remove the LacO repeats (producing IScelTetO). The Xhol-Sall fragment of
pl6PCbeta containing 96 repeats of the TetO (a gift from Dr. T. Tsukamoto, Chiba
University Graduate School of Medicine, Chiba, Japan) (18), was then subcloned at the
Xhol site to produce TetOIScelTetO. The LacOIScel plasmid was previously constructed

as a step to produce LacOIScelTetO (4).

To generate the retroviral construct TetR-mCherry, the Agel-EcoRI fragment from TetR-
mCherry (a gift from Dr E. Heard, Institute Curie, Paris, France) (19) was cloned into
the pQCXIN vector (Clontech). Similarly, the Nhel-Kpnl fragment derived from
PEGFP-LacR (a gift from Dr M. Dundr, Rosalind Franklin University, Chicago, USA)
(20), was blunted and cloned into the blunted EcoRI-NotlI sites of the pQCXIP vector
(Clontech). Retroviral particles were produced by expressing these plasmids in the

packaging cell line Platinum-GP cells (Cell Biolabs, Inc.) using Fugene HD (Roche).

Using as template the HA-IScel plasmid (21), a polymerase chain reaction-based

strategy was used to construct the mutant form HA-ISceID44A, using the primers:

Forward:

5-CGGTCTGATCCTGGGTGCTGCTTACATCCGTTCTCGTG-3

Reverse:



5-CACGAGAACGGATGTAAGCAGCACCCAGGATCAGACCG-3

To create the TagBFPm53BP1 plasmid, the EGFP cDNA from the EGFPm53BP1 (a gift
from Dr D. Jullien, Institut des Technologies Avancées en sciences du Vivant, Toulouse,
France) (22), was swapped with the Nhel-Sacll fragment of the pTagBFP vector
(Evrogen) encoding the TagBFP protein. Then, using the GENEART cloning system
(Invitrogen) a blasticidin resistance cassette (derived from pGEMT-Eflblasticidin) was

introduced to produce the TagBFPm53BP1Eflblast.

Cell lines

To generate the NIH3T3duo stable cell line, NIH3T3 mouse cells were transfected with
the TetOIScelTetO plasmid and pTRE2Hyg (Clontech) at 10:1 ratio. Cells were selected
in the presence of 400ng/mL Hygromycin (Invitrogen) and monoclonal cell lines were
isolated. A clone containing three TetO integrations was selected for the sequential
integration of the LacOIScel plasmid by cotransfection with the pSV40Zeo plasmid
(Invitrogen) at 10:1 and selected in the presence of 300ng/mL Zeocin (Invitrogen). A
monoclonal cell line with three integrations of the TetOIScelTetO array and one of the
LacOlScel array was isolated for the current study and integrations were verified by
SKY analysis combined with FISH. To stably express the Lac and Tet repressors,
NIH3T3duo and NIH2/4 cells (4) were infected with retroviral particles expressing
GFP-LacR and mCherry-TetR, and stable integrations were selected in the presence of

2ug/mL Puromycin (Invitrogen) and 600pg/mL Geneticin (Gibco), respectively. Cells



with low expression of both repressors were isolated by FACS (FACSVantage, BD

Biosciences).

To exclude the possibility of interference of array-bound LacR and TetR with normal
functions such as replication and transcription (23), the cell line was maintained in the
presence of 5mM IPTG (Sigma) and 1pg/mL Doxycycline (Sigma), which prevent
binding of LacR and TetR, respectively. The presence of the arrays did not interfere
with cell cycle progression as indicated by timelapse microscopy and DNA content
analysis (Movie S1 and Fig. S3A,CE) and NIH3T3duo cells progressed normally
through mitosis and arrays faithfully segregated to daughter cells (Movie S1). For array
visualization IPTG was washed 12 to 24 hours before fixation and Doxycycline for up to
2 days. To stably express BFP-53BP1, NIH3T3duo cells were transfected with the
TagBFPm53BP1Ef1blast plasmid and clones were isolated in the presence of 10ng/mL
blasticidin (Invitrogen). The cells were grown in DMEM with 10% fetal bovine serum at

37°C and 5% CO,, in the absence of drugs for selection.

Transfection, Immunofluorescence and Western blotting

Cells were transfected using Nucleofector Technology (Lonza) and plated into 384-well
plates coated with Poly-D-Lysine (Cell Carrier, Perkin Elmer). Indirect
immunofluorescence was performed using robotic liquid handling equipment (Biotek)
as previously described (24). Primary antibodies used were: a-HA (3F10, Roche), a-
53BP1 (Novus Biologicals), a-yH2AX (Millipore). Secondary antibodies used were:

AlexaFluor-405 and -647 (Molecular Probes) and DNA was stained with 4',6-Diamidino-



2-Phenylindole (DAPI, Sigma). Western blotting was performed as described (25) using
the primary antibodies: a-Mrell (Cell Signaling), a-DNAPKcs (Neomarkers), o-
LaminA/C (Santa Cruz), a-Ku80 (Santa Cruz), a-CAF1 p60 (Abcam), a-cyclin A (Santa

Cruz) a-pRB Ser 807/811(Cell Signaling).

siRNA and shRNA

For knock-down experiments, siRNAs targeting DNAPKcs and Ku80 or control non-
target (Dharmacon, on target plus) were transfected twice at 50nM into desired cells
using Dharmafect 1 (Dharmacon) (second transfection 48h after the first) and 72 h later
the cells were further transfected for 24 hours with the appropriate DNA plasmids
using the Nucleofector technology (Amaxa). Efficient knock-down was monitored in

each experiment by western blotting. The sequences of the siRNAs used are:

Non-targeting

target sequence 1: UGGUUUACAUGUCGACUAA
target sequence 2: UGGUUUACAUGUUGUGUGA
target sequence 3: UGGUUUACAUGUUUUCUGA

target sequence 4: UGGUUUACAUGUUUUCCUA

DNAPKcs

target sequence 1: GAACAACGCAGGACACUCA

target sequence 2: GGAUCGAGCUGUUCAGAAA



target sequence 3: GCUGAAAUUUCCUAGAUUA

target sequence 4: GAGCUUAGGUUUCAAUAUU

Ku80

target sequence 1: CAAAGAUGAGAUUGCGUUA

target sequence 2: UGGAUUUGAUUCAGCGUGA

target sequence 3: GGACCAACUGGACGUUAUA

target sequence 4$:AAUAAGUCACAUCGAACAA

The shRNA plasmids targeting Luciferase and Mrell were kindly provided by Dr M.
Jasin (Memorial Sloan Kettering Cancer Center, New York, USA) and have been
described elsewhere (26). For knock down experiments using shRNA, cells were
transfected with 12pg of shRNA vector using Nucleofector Technology (Lonza) and 48h
later were further transfected with 10ug of the enzyme or its mutant form for 24h. The

knocking down efficiency was assessed at 72h after the initial transfection.

Inhibitors
The inhibitors used in this study were: Caffeine, 2.5 mM (Sigma); Mirin, 50 pM (Tocris);
ATMi - KU55933, 10 uM (Kudos); DNAPKi - NU7441, 0.5-5 uM (Tocris); DNAPKIi -

NU7026, 5 pM (Sigma); aphidicolin 10uM (Sigma), nocodazole 300ng/mL (Sigma).



Automated Quantitative High-throughput Microscopy

Confocal fluorescence micrographs of multiple fields from each microplate well were
digitally captured using the Opera high-throughput microscopy system (PerkinElmer).
Employing the 40x water immersion objective lens (0.9 NA, Plan Apochromat,
Olympus), the x-y pixel size in the 12-bit depth grayscale images was 0.32um. The
Opera system was used to acquire 35 image fields per microplate well. Image data for
each field consisting of 4 fluorescence channels (1st channel: DAPI, 27d channel: GFP-
LacR, 3¢ channel: mCherry-TetR, 4% channel: anti-HA staining, cells expressing
IScel /IScelD44A) were captured in a single optimal focal plane unless stated otherwise.
Before acquisition of experimental samples, a set of reference images from multi-
spectral microbeads were captured for batch correction of all multi-spectral
experimental images via a proprietary image alignment algorithm (Skew Crop
Correction, PE Opera Software). For each experimental sample 64 microplate wells were
quantified. Typically, 2240 fields were captured per condition and per experiment,

which capture 30,000-60,000 nuclei.

Analysis of translocations in whole-cell populations and cell subpopulations

The captured images were analyzed using a custom image analysis algorithm that was
executed in the Acapella software development/runtime environment (PerkinElmer).
Nuclei were identified based on the fluorescence signal emitted either from the DAPI
stain or nucleoplasmic GFP-LacR fluorescence and subnuclear features were segmented

from the multi-spectral digital images. The positions of the foci in each cell were



measured using the customized image analysis algorithm. Bright subnuclear foci
features present in the GFP-LacR, mCherry-TetR or immunostaining fluorescence
channel were detected and defined by a proprietary two-dimensional intensity peak-
finding segmentation algorithm (Acapella Software, PerkinElmer). In summary, the
algorithm accepts user specified numerical parameters to determine the properties of
the individual “spot ROIs” that will eventually be segmented. For the entire nucleus,
the algorithm detects all local maxima following application of a linear x-y averaging
filter with a user-defined radius of 1 pixel. If the local maxima intensity value is greater
than the average intensity value for the entire nucleus, then the individual spot is
processed by further subroutines. The algorithm then generates a ‘ring region’
surrounding each local maximum (the radius of the ring region is determined by a user-
defined constant, 4 pixels in this case) and measures the ratio of local maximal intensity
versus the average intensity of the ring region. If this local intensity contrast ratio is
greater than a user-defined constant, final ‘spot ROI" is defined and the associated
positional properties are measured. Parameters of the spot-detection algorithm were
calibrated on maximal projection (5 z stacks, 1.5 pm interval) images of cells with a
LacOIScelTetO integrated (4) and were optimized to minimize false positive detection.
Typical detection rates were above 94% and 91% for LacO and TetO spots, respectively.
The false positive detection rate was 3.2% for the LacO and 0.5% for the TetOs.
Positional measurements of subnuclear foci were derived from the brightest pixel
within each subnuclear region of interest (ROI). Within each nucleus, the algorithm

measured the x-y pixel distances between the closest mCherry-TetR and GFP-LacR foci.



Subnuclear focal ROI positional and intensity measurements were automatically
exported. These “foci-level” data were also associated with positional and intensity data
for the specific parent nucleus, allowing subsequent “cell-level” level analysis (see
below). These measurements were batch exported from the Acapella software. Then
organization and meta-analysis of the exported data were performed using custom
scripts, which were developed in Matlab (The MathWorks, Inc.). The fractions of cells
with the desired criteria (e.g. cells with paired LacO and TetO arrays, <3 pixels distance
of the closest pair) were calculated in Matlab, among cells with defined criteria (e.g cells
containing at least one GFP-LacO and one mCherry-TetO array, expressing the IScel or
not). Mean values for these quantitatively selected cell populations were output for
graphical presentation and the standard deviation was calculated between independent
experiments as stated in figure legends. In addition, histogram data were generated in
Matlab based on user-defined binning criteria. Typically, 30,000-60,000 nuclei per

condition were analyzed.

Detection of proximal pairs, translocations and imaging limitations

The use of ultra-high throughput imaging is required in these experiments to capture
the rare translocation events, however, it comes at the cost of reduced accuracy in
determining localization. A limiting factor in determining spot location and extent of
co-localization is the requirement for use of thresholding to define the fluorescent
signals generated by the LacO and TetO arrays. We used a standardized threshold

routine for all experiments and threshold values were optimized to minimize the false



positive detection rate as described above. Future application of threshold-independent
methods such as spectral precision distance microscopy would be beneficial for the
accurate detection of paired signals (27). The acquisition and processing of very large
numbers of images in ultra-high-throughput microscopy approaches at large scale also
limits the ability to acquire optical imaging stacks and thus the use of 3D distance
information for more accurate determination of the location of signals. The impact of
this limitation is somewhat lessened in our approaches since our N numbers are very
large, typically ranging from 30,000 to 50,000 in imaging experiments and we use
random sampling, thus creating 2D datasets that follow standard stereological
principles in which the accuracy of 2D distance measurements approaches that of 3D

distance measurements (28-30).

To establish the morphological appearance of a translocation, we used for calibration a
previously characterized NIH2/4 cell line that contains a single integration of the IScel
site flanked by the LacO and TetO arrays, mimicking the spatial arrangement of the
arrays as they occur in a translocation (4) (Fig. S2B). For routine measurements a 40x
water immersion objective lens (0.9 NA, Plan Apochromat, Olympus), was used in all
experiments with an x-y pixel size in the 12-bit depth grayscale image (2x binning) of
320nm. In this configuration, more than 99% of GFP-LacR and mCherry-TetR signals
were less than 3 pixels apart in the LacOIScelTetO cell line (Fig. S2B), corresponding to
a maximal pair distance of 960nm. Note that the spatial resolution of the high-

throughput imaging system was not limiting since similar results were obtained with a
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60x water immersion objective lens (1.2 NA, Plan Apochromat, Olympus) resulting in a
107nm pixel size, corresponding to a maximal pair distance of ~321 nm. More than 94%
of GFP-LacR and mCherry-TetR signals in the LacOIScelTetO cell line were less than 3
pixels apart (Fig. S2B) under these conditions. Similarly, when applied to the
measurement of GFP-LacR and mCherry-TetR pairs in NIH3T3duo cells, no significant
differences between the imaging modalities were observed (Fig. S2C). Note that the
definition of optical resolution typically applies to non-distinguishable objects (same
fluorophore for example) and that two spectrally distinguishable objects such as used
here afford higher resolution (27). Importantly, deviations from complete overlap of
two objects with distinct spectral properties and differences in their motion tracks can
be used to enhance spatial resolution. We have applied these principles previously

using the LacOIScelTetO, NIH2/4 cell line (4, 31).

Measurement of GFP-LacR/mCherry-TetR pairing does not allow unambiguous
determination of translocation formation in an individual cell. To distinguish a
translocation, represented by permanent pairing of GFP-LacR and mCherry-TetR
signals, from transient pairing events, distance measurements over time were used. We
used the LacOIScelTetO cell line for calibration purposes to show that GFP-LacR and
mCherry-TetR signals were never separated by more than 3 pixels over several hours
(Fig. SB5A). Persistent pairing of a GFP-LacR and mCherry-TetR signals was thus
defined as separation by <3 pixels for more than three consecutive timepoints (Fig.

S5A). In contrast, transient pairs were defined as pairs that underwent frequent
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separations of more than 3 pixels and typically up to 7-10 pixels (Fig. S5A) within any

three hour window.

DNA content analysis by imaging

After experimental treatment, cells were fixed and stained with DAPI and a-HA to
detect HA-IScel. The Opera system was used to acquire 40 image fields per well from 64
microplate wells for each experimental condition. The multidimensional image set for
each field consisted of 4 fluorescence channel signals that were captured at 7 optical

sections, which were each separated by 2 um in the z-axis.

To accurately measure the total DNA content in the 3D volume of each nucleus, the
DAPI channel z-stack images were converted into a mean projection image. This
projection image was used as input for the Acapella nucleus segmentation subroutine.
The mean fluorescence intensity in the DAPI mean projection image for each nuclear
ROI was then quantified in the population and the distributions of these values were
used to generate the cell cycle profiles and define individual cells within a certain cell
cycle phase. The population of cells within each cell cycle phase (G1, S, G2+M) was
defined by applying distinct thresholds (e.g. Fig. S3C, G1: 3x105-5.8x10% S: 5.8x10-
7.6x10% G2+M: 7.6x105-10.4x10%) on the integrated DAPI intensity. For more detailed
analysis (Fig. S3C) six cell cycle phase subgroups were defined by splitting G1, S and
G2+M populations equally in two groups. To measure the central position of each
subnuclear focal feature with high accuracy, the mCherry-TetR and GFP-LacR channel

z-stack images were maximally projected in the Acapella dataspace. These maximal
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projection images were used as inputs for the Acapella subnuclear feature segmentation
subroutine, and the resulting foci positional data were exported for each cell nucleus.
Matlab subroutines were written to efficiently sort and analyze the exported “cell-level”
data according DNA content and foci position. Typically, 30,000-50,000 nuclei were

analyzed per condition per experiment.

Live cell imaging and analysis

Following experimental manipulations, living cells in 384-well microplates were loaded
into the environmental chamber of the Opera microscopy system, and time-lapse
imaging was performed while maintaining the cells at 37°C, 5% CO,, and 60%
humidity. For each experimental condition, images were acquired from 15-60
microplate wells. In each well, 14 adjacent (10% overlapping) fields were sampled in
multiple fluorescence channels at 3 z-planes separated by 2um. The time interval
between identical field images varied from 15 min to 2 hours, depending on the number
of fields/wells/channels acquired. The multidimensional live-cell imaging sequence

was performed for up to 24 hours.

3D image data were analyzed using the Acapella algorithm described above. For a
given time-course experiment, an algorithm consisting of a set of customized Matlab
subroutines automatically organized and analyzed all of the exported “cell-level”
positional information for nuclear and focal body ROIs. "u-track" Matlab source code
(32) was obtained from Dr G. Danuser lab software repository website,

http:/ /lccb.hms.harvard.edu/software.html. Individual nuclear ROIs were linked over
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time by implementing the “u-track” subroutine from within the customized Matlab
algorithm. The nuclear track ROIs in the individual nuclear track data sets were aligned
throughout the time series to compensate for movement and/or rotation of the cells
during the image acquisition. To allow visual inspection and further automated
analysis steps, the specific digital alignment transformation for each tracked nucleus
was also applied to the related focal body ROlIs, positional data, and source image
regions. Focal body ROIs within each nucleus track data set were linked between
sequential time points by re-applying the “u-track” subroutine to the relevant positional
information. The algorithm then calculated the distances between all possible pairs of
mCherry-TetR focal ROI tracks and GFP-LacR focal ROI tracks. The distance of the
closest “mCherryTetR focal ROI/GFP-LacR focal ROI track pair” in each nucleus was
automatically selected for colocalization analysis over the time course. At the first
detection of colocalization (minimum distance <3 pixels), the cell data containing those
LacO/TetO foci pairs were automatically assigned a “relative time stamp value” of
zero. For the data describing that cell, the “relative time stamp value” for each
remaining time point was automatically set accordingly. The distributions of distances
between these LacO/TetO foci in auto-selected cell subpopulations were then
calculated at times relative to the first LacO/TetO foci colocalization. Using this in silico
synchronization approach, statistically significant patterns that were correlated in time
relative to the initial colocalization event could be detected within and between the cell

populations. Typically, 8,000-12,000 cells were imaged per experiment.
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Spectral Karyotyping (SKY) and Fluorescence in situ hybridization (FISH)

Metaphase chromosomes were prepared from cultured cells after incubating for 1-2
hours in 0.02 mg/ml Colcemid (Invitrogen; Grand Island, NY) in regular growth
medium. The cells were then incubated in hypotonic solution and fixed in
methanol/acetic acid (3:1). SKY was performed and analyzed as previously described,
using a combination of five different fluorochromes (33). A minimum of 10 metaphases

were imaged and karyotyped using SkyView version 1.6.2 software.

To confirm the location of TetOIScelTetO and LacOIScel, DNA was extracted from
plasmids and labeled via nick-translation with Spectrum Orange (Abbott Laboratories;
Chicago, IL) and Dy505 (Dyomics; Jena, Germany). Whole chromosome paint probes
were generated in-house using PCR labeling techniques: chromosome 1 with Dy505,
chromosome 7 with Spectrum Orange, chromosome 10 with Spectrum Aqua and

Chromosome 8 with Cyb5.

Metaphase spreads were imaged (15-20 images) using the Leica DM-RXA fluorescence
microscope (Leica; Wetzlar, Germany) equipped with custom optical filters and a 40%
objective. Stage relocation was used to recapture the same metaphase once the cells
were re-hybridized with the whole chromosome paints as previously described (34).
Images were acquired at the exact same regions as the first probe panel. All slides were

counterstained with DAPI.
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Motion analysis

For motion analysis cells were transfected with plasmids expressing IScel or ISceID44A
and 12 hours later imaged for 1.5 hours with a 2 min interval in 3D (3 z stacks, 2um
each). The obtained images were projected by maximum intensity in 2D per time point
and movies of individual nuclei were obtained and carefully aligned using the rigid body
type of distortion of the TurboReg plugin of Image J (35). Individual GFP-LacO or
mCherry-TetO spots were tracked by using the Spot-Tracker plugin for Image J (36) and
the absolute distance of each spot traversed between time points was defined. The

Mean Squared Displacement (MSD) was then calculated as:

MSD = [x(t)-x(t+AY ]2 + [y (t)-y (t+AY ]2

where x and y are the spot coordinates in 2D at any time t and At the lag time

The MSD relative to t = 0 was calculated for each time At, and plotted with respect to At.

For the motion analysis in Figure 3B, movies of the indicated conditions that were
automatically selected by the image analysis scripts were projected in 2D and aligned.
Since extensive motion and rotation of the cells is expected during these long-term time-
lapse experiments, in order to avoid rotations and drifts, the distance between two spots
(the GFP-LacO and the closest mCherry-TetO) was measured (37, 38) and the mean
squared change in distance (4d?), which is proportional to the MSD but does not require

a fixed origin (39), was calculated as:

Ad2= [d(t) - d(t + AD]?
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where d is the distance between the LacO and closest TetO at any time t and At is the

lag time.

The distance d between the LacO and TetO spots was calculated at each time point t as:

d= sqrt[(LacOx-TetOx) 2+(LacOy-TetOy) 2] where X, y are the coordinates of LacO and

TetO arrays.

The average squared change in distance (4d?) relative to t = 0 was calculated for each

time At, and plotted with respect to At.

Real time and Ligation-mediated (LM)-PCR

PCR reactions were conducted at 95°C for 2 minutes, followed by 44 cycles at 95°C for
10 seconds and 55°C for 10 seconds on a C-1000 Thermal Cycler, CFX-96 (Biorad).
Sequences of interest were amplified using the SsoFast Eva Green Super Mix (Biorad)
using 60ng of DNA and 0.75uM of each primer per reaction. Amplification of the LacO-
TetO DNA to detect translocations was monitored after insertion of an additional
heating step in the protocol before the plate reading (80°C, 5 sec), which was selected
based on the melting curve and allowed the monitoring of the first full length
LacOIScelTetO amplicon (containing one LacO repeat, the IScel site and one TetO
repeat, see Figure S2D,E). Amplification of the genomic GAPDH locus was used for
normalizing loading variability. Each reaction was carried out in triplicate and
normalized to a standard curve made by dilution series of the sample showing the

highest amplification (for both LacO-TetO and GADPH amplifications). To determine
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the fraction of the NIH3T3duo cells that carried LacO-TetO translocations, we
performed spike-in experiments using known numbers of NIH2/4 cells that mimic

LacO-TetO translocations (Fig. 1D and S2D).

For sequencing the translocated junctions, the PCR product was gel-purified (Qiagen),
ligated to the pGEM-T easy vector (Promega) and transformed. Single colonies were

isolated and sequenced using T7 and SP6 primers and alignment performed in SeqMan

(DNASTAR Lasergene).

Primers used:

LacO Forward: 5'-GCCACATGTGGAATTGTG-3'

TetO reverse: 5-TCGACTTTCACTTTTCTCTAT-3’

GAPDH Forward: 5-GGGGCTGGCATTGCTCTCAATGA-3’

GAPDH reverse: 5-TCAGGTTTCCCATCCCCACATACCA-3

Ligation-mediated PCR was performed using an asymmetric adaptor ligatable to the
IScel overhang as previously described (4). DNA was extracted from cells transfected
with IScel for 12,24 and 36 hours and ligated with the adaptor that is ligatable only to a
perfect IScel overhang. Real time PCR was performed using a primer on the adaptor
and the TetO repeats and conditions that allowed amplification of a single product. The
amplified values were expressed as a ratio to the 12h timepoint values and plotted.

Primers used:
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on the adaptor LM-IScel: 5'-CATCCTACATCGTAGTGATGC-3’

on TetO repeats Forward: 5'-GTTTACCACTCCCTATCAGTG-3'".

Flow cytometry and cell sorting

For DNA content analysis cells were treated as indicated and fixed in ice-cold 70%
ethanol, permeabilized briefly in 0.1% Triton X-100, stained with 50pg/mL propidium
iodide (Molecular Probes). Stained cells were analyzed on a FACS Calibur (BD
Biosciences, San Jose, CA) using the CellQuest Pro software and quantified using

Modfit LT (Verity Software House).

Cell lines were sorted for low expression of GFP-LacR and mCherry-TetR in sorting
buffer (15mM HEPES buffer, 1% BSA, 2mM EDTA, 100U/mL DNase, 100 U/mL
penicillin and 100 pg/mL streptomycin in PBS), on a FACS Vantage SE with DiVa

option (BD Biosciences, San Jose, CA).

For sorting cells based on cell cycle phase, treated cells were fixed in ice-cold 70%
ethanol, permeabilized briefly in 0.1% Triton X-100 and stained with 2 pg/mL DAPI for
20 min (Sigma). Cells in G1 and S/G2/M phases were sorted on MoFlo Astrios

instrument (Beckman Coulter, Fullerton, CA) using a UV 355 nM laser.

Time-lapse microscopy
Time-lapse microscopy acquiring movie S1, was performed on a Zeiss LSM 5 Live
confocal microscope (Carl Zeiss, Inc, Thornwood, NY), equipped with an incubation

chamber to maintain 37°C, 5% CO; and 60% humidity (XL PeCon GmbH, Erbach,
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Germany). Employing a 63x oil immersion objective lens (1.4 NA, Plan Apochromat,

Zeiss), the x-y pixel size in the 12-bit depth grayscale images was 0.24pm.
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Figure S1.

(A) Schematic representation of the design of a cell-based chromosome

translocation system. The rare 18nt IScel restriction site is integrated into multiple
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chromosomes. DSBs are triggered by expression of the IScel restriction endonuclease.
DSB ends can be tracked by fluorescently labeled Lac or Tet repressor proteins bound to
their respective operators (256 LacO copies, 96 TetO copies) flanking the IScel site. A
translocation is indicated by the persistent colocalization of the two colored arrays. (B)
Spectral karyotyping analysis (SKY) of NIH3T3duo cells (left panel). Fluorescence in
situ hybridization (FISH) for the LacO and TetO arrays combined with SKY analysis
identified the chromosomes in which the arrays are integrated (right panel,
chromosomes 1, 7 and 10). (C) Induction of DSBs in cells transfected with IScel.
Colocalization analysis between the LacO and TetO arrays and repair factor 53BP1 or
the phosphorylated form of histone H2AX (yYH2AX) in cells expressing the IScel or the
inactive IScelD44A for the indicated time. Positive colocalization was detected by
automated image analysis (see Materials and Methods) and colocalization was defined
as >50% pixel overlap between detected arrays and foci. Note that TetO arrays are
generally less signal intense than LacO arrays thus reducing the degree of detectable co-
localization with repair factors. Arrows indicate 53BP1 accumulation at GFP-LacR
(green) or mCherry-TetR arrays (red). (D) Ligation-mediated PCR (LM-PCR) using an
asymmetric adaptor ligatable to the IScel restriction site overhang after transfection
with IScel for the indicated times (see Materials and Methods), indicates successful end-

processing and DSB-repair.
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Figure S2. Automated Imaging. (A) HT microscopy and automated image analysis
calculates distances between the closest LacO and TetO arrays. Four channel imaging

visualizes all nuclei (DAPI staining), LacO arrays (GFP-LacR expression), TetO arrays
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(mCherry-TetR expression) and cells expressing the IScel endonuclease or the
catalytically inactive ISceID44A mutant. Custom-designed scripts for the Perkin-Elmer
Acapella software were developed to detect nuclei, measure the intensity of all
channels, detect the LacO and TetO spots and calculate the distance between the closest
LacO and TetO arrays per cell in pixels (indicated in image on right; in cells with a
single array the distance is given as 9999999 and the cell ignored for analysis). (B)
Pairing is defined as less than three pixels distance between the LacO and TetO signals.
For calibration (see Materials and Methods), cells with an integrated LacOIScelTetO
array stably expressing the GFP-LacR and mCherry-TetR (NIH2/4 cells, left panel) were
imaged and analyzed as in A using either 40x or 60x objective lenses resulting in 320nm
and 107nm pixel resolution, respectively. The frequency distribution of distances
between LacO and TetO arrays in NIH2/4 cells under the different resolutions are
shown. (C) Frequency distribution of distances between the closest LacO and TetO
arrays in NIH3T3duo cells imaged under the different resolutions are also shown.
Polynomial fitting is displayed. (D) Electrophoresis of DNA amplified by PCR analysis
described in Fig. 1D. The amplification product of DNA extracted from NIH2/4 cells,
which contain an integrated LacOIScelTetO array (4) is shown in the second lane. (E)
Sequencing of the amplified translocating junctions was performed as indicated in
Materials and methods and individual clone sequences (colony #) were aligned using
the intact TetOIScelLacO sequence (top row) as reference. The IScel restriction site and
the LacO and TetO primer sites are indicated. Missing nucleotides in red indicate short

deletions within the translocated junctions probably due to resection.
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Figure S3. Cell cycle analysis. (A) Comparative analysis of DNA content determination
by flow cytometry and imaging. Asynchronous cells or cells arrested in G1 and G2/M
phases by aphidicolin or nocodazole treatments, respectively, were fixed and stained
with propidium iodide or DAPI. The cell cycle profile of the cells was assessed by flow
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cytometry or imaging as described in Materials and methods. (B) Untreated cells or
cells transfected with IScel or IScelD44A for 24h were stained with DAPI and HT
imaging was performed. Image analysis was used to calculate the integrated intensity
of nuclei stained with DAPI as in A and from the frequency distributions of these
measurements the fraction of cells in each cell cycle phase was calculated and plotted as
mean+SD of three independent experiments. (C) Untreated cells or cells transfected for
24 hours with IScel or ISceID44A were fixed, stained with DAPI and HT imaging
performed to assess the cell cycle status of individual cells and the frequency
distributions of these measurements were plotted as in A. The distribution of each cell
cycle phase was equally divided in two groups (distinct cell cycle phases within red
bars, light blue bars indicate subgroups). The cell cycle profile of an untreated sample
with defined sub-cell cycle groups (G1: iii, S: iii,iv and G2+M: v,vi) of a representative
experiment is shown. (D) The percentage of cells with paired LacO-TetO arrays within
each of the six groups defined in Fig. S3C was determined. Values represent mean+SD
from three independent experiments (P>0.05; one way ANOVA). (E) DNA content
analysis by flow cytometry of cells transfected with the IScel for 24h stained with DAPI.
(F) Cell cycle arrest in G1 phase by contact inhibition. Cells seeded at confluency for the
indicated time and western blotting was performed for the S/G2 cell cycle specific
markers cyclin A and phospho-Rb Ser807/811 and the proliferation marker Caf-1, p60

(40). Lamin A/C served as a loading control.

25



= 6h

m 7h

= 8h

= oh

14, = 10h

. >

= 11h
m 12h
= 13h
14n

= 15h
= 16h
17h
= 18h
= 19h
03 18 27 20h

distance between closest LacO-TetO (um) ® 21h

‘ 22h

Scel 0 J IScelD44A
ce

percentage of cells (%)

®
percentage of cells (%)

03 10 27
distance between closest LacO-TetO (um)

4
2
i
0 0

09 18 27[36 45 54 63 7.2 81 9 9.9 10.811.712.6 13.514.4 153162 17.1 18 189 19.8 207 21.6 09 18 27
distance between closest LacO-TetO (um)

percentage of cells (%)
percentage of cells (%)

23h

36 45 54 63 72 81 9 99 10.811.7 126 13.514.4 153 162 17.1 18 18.9 19.820.7 21.6
distance between closest LacO-TetO (um)

o

O

Figure S4. Detection of paired DSBs. (A) Cells were transfected with IScel or the mutant
ISceID44A and HT-time-lapse microscopy was performed as in Figure 2A,B. The
distributions of distances between closest LacO-TetO arrays for each time point were

plotted for IScel (left panel) and ISceID44A (right panel). Box indicates the population
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of cells with distances within 2.7um. (B,C) Cells were transfected with IScel and HT-
time-lapse microscopy was performed as in Figure 2A,B. Maximal projected image
sequences of representative movies capturing a transient pairing event (white arrow, B)

or multiple transient pairing events (white arrows, C) are shown. Scale bar: 5um.
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Figure S5. Detection of persistent pairs. (A) Maximal projected image sequences of
representative movies of NIH2/4 cells containing the LacOIScelTetO array and

transfected with IScel NIH3T3duo cells, capturing transient LacO-TetO pairing events
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or persistent pairing. The distance between LacO-TetO was measured and plotted over
time. In LacOIScelTetO NIH2/4 cell line (grey transparent area) and for persistent pairs,
GFP-LacR and mCherry-TetR signals were never separated by more than 3 pixels
(~0,9um) over several hours. In contrast, transient pairs show distance fluctuations
between 1-10 pixels (~0.3-3um). Scale bar: 5um. (B) Frequency distributions of the
number of TetO or LacO arrays in cells with paired LacO and TetO arrays (LacO and
TetO distance <0.9pum, red) or unpaired arrays (distance >0.9um, black). Values
represent MeanSD from three independent experiments. Statistical comparisons were

performed using the Kolmogorov-Smirnov (K-S) test.
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Figure S6. Distance distributions of pairs. (A) Frequency distributions of distances

between the closest LacO and TetO arrays per cell are shown for cells transfected with
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IScel for the indicated times (upper panel). As a control, the frequency distributions of
distances between the closest LacO and TetO arrays for cells untreated or transfected
with IScel/IScelD44A for 24h are also shown (lower panel). Polynomial fitting is
displayed. Histograms of a representative experiment with a minimum of 103 cells per
condition are shown. (B) Cells were transfected with the IScel or the mutant IScelD44 A
and HT-time-lapse microscopy and image analysis was performed as in Figure 3C,D.
Pairing events between the LacO and TetO were identified and the position of arrays
back-tracked in time (-1h, -4h) and aligned with respect to the colocalization time (t=0).
Groups of cells with transient interaction for 1h, 23h and >5h were separated, and
frequency distributions between the closest LacO and TetO arrays were plotted as a
function of time. Frequency distributions of pooled data from two independent

experiments are shown.
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Figure S7. Effects of the DNA repair machinery on pairing and translocations. (A)

Western blot analysis of knock-down efficiency of cells transfected with siRNAs
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targeting DNAPKcs or Ku80 and shRNA targeting MRE11. For siRNA sequences see
Materials and methods. (B) Cells were transfected with IScel for 24h in the presence of
the indicated inhibitors and PCR analysis to detect LacO-TetO translocations was
performed as in Figure 4B. Values represent meantSD for at least four independent
experiments. (C) Increased frequency of LacO-TetO translocations in the presence of the
DNAPKi inhibitor NU7026. Values represent meantSD from two independent
experiments. (D) Sequencing of the amplified translocating junctions was performed as

in Fig. S2E in the presence of 1 pM DNAPKi NU7441.

Supplemental movies

Movie S1. Time-lapse microscopy of NIH3T3duo cells demonstrates normal cell cycle
progression and faithful segregation of LacO and TetO arrays to daughter cells during
cell division. Images were acquired in 3D (9 z-planes separated by 0.9um) every 15min

for 14 hours. The maximal projection in z is presented (8 frames/sec); scale bar: 10pum.

Movie S2. A representative time-lapse movie capturing transient LacO-TetO pairing
events. Cells were transfected with IScel and 6h later time-lapse microscopy was
performed in 3D (3 z planes separated by 2um) every 15min for 16 hours. Maximal

projection in z is presented (10 frames/second); scale bar: Sum.

Movie S3. A representative movie capturing persistent LacO-TetO pairing originated

from proximally located DSBs. Time-lapse microscopy was performed as in movie S2.
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Movie S4. A representative movie showing persistent LacO-TetO pairing originated

from distally located DSBs. Time-lapse microscopy was performed as in movie S2.

Movie S5. The coordinated motion of the LacO-TetO arrays during persistent pairing is
indicative of their stable joining. Tracks of LacO and the closest TetO are indicated by

blue and green lines, respectively. Time-lapse microscopy was performed as in movie

S2.
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