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DNAdouble-strand breaks (DSBs) are associatedwith different physiological and pathological processes in differ-
ent organisms. To understand the role of DSBs in multiple cellular mechanisms, a robust method for genome-
wide mapping of chromosomal breaks at one-nucleotide resolution is required. Many years ago, we detected
large DNA fragments migrating from DNA-agarose plugs in pulsed-field gels, which we named ‘forum domains’
[1,2]. Recently, we developed a method for genome-wide mapping of DSBs that produces these 50–150 kb DNA
domains using microarrays or 454 sequencing (Tchurikov et al., 2011; 2013). Now we have used Illumina se-
quencing to map DSBs in repetitive rDNA units in human HEK293T cells. Here we describe in detail the experi-
mental design and bioinformatics analysis of the data deposited in the Gene Expression Omnibus with
accession number GSE49302 and associated with the study published in the Journal of Molecular Cell Biology
(Tchurikov et al., 2014).

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Experimental design, materials and methods

Sample preparation

DNA-agarose plugs were prepared as described previously [2–6].
The major steps are illustrated in Fig. 1. About 6 million HEK 293T
cells in 2 mL of culture medium were pelleted by centrifugation at
2000 rpm in a MiniSpin centrifuge (Eppendorf), resuspended in
0.3mLof the samemedium, gentlymixed at 42 °Cwith an equal volume
of a solution of 1% low-melt agarose L (LKB) in PBS, and distributed on a
mold containing 100-μL wells. Themold was covered with parafilm and
placed on ice for 2–5 min. The agarose plugs were then placed in Petri
disheswith 5mL of solution containing 0.5M EDTA (pH 9.5), 1% sodium
lauroylsarcosine, and 1–2 mg of proteinase K solution per mL for
40–48 h at 50 °C, and stored at 4 °C in the same solution. Each DNA-
agarose plug usually contained about 15 μg of DNA, corresponding to
about 1 million cells.

To test the quality of isolated DNA, fractionation in pulsed-field gels
was performed as described previously [2,7]. Portions of the original
agarose-DNA plugs (5–50 μL) containing 1–10 μg of DNA were used
for electrophoresis without any restriction enzyme digestion. The DNA
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Fig. 1. Schematic representation of the procedure used for isolation of DNA samples inside 0.5% low-melt agarose.

Fig. 2. Experimental and bioinformatics pipelines. (A) The major steps of the RAFT proce-
dure. (B) Bioinformatics analysis pipeline.
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samples were run in 0.8% agarose gels on a Pulsaphor system (LKB)
using a hexagonal electrode and switching times of 25 or 450 s.

For elution of DNA preparations, fractionation in a 0.8% agarose con-
ventional mini-gel was performed. One-half of the DNA-agarose plug
was washed in 1× TE three times (for 15 min each), followed by
washing (three times) in the same solution containing 17.4 μg/mL
phenylmethylsulfonyl fluoride (PMSF) in ethanol. After fractionation
in the mini-gel, the ethidium bromide-stained DNA band was excised
and electroeluted inside the dialysis cellulose-membrane bag. After
overnight dialysis without stirring against 1 L of 0.01× TE at 4 °C, the
DNA was concentrated with PEG at 4 °C.

Rapid amplification of forum domains termini (RAFT) procedure

The steps of the procedure are shown schematically in Fig. 2A. About
1.5 μg of isolated DNA (see above) was ligated with 70 ng of double-
stranded oligonucleotide (25-bp long 5′-phosphorylated 5′ pCCCCTGC
AGTATAAGGAGAATTCGGG 3′ oligonucleotide annealed to a 26-bp
long 5′ biotinylated 5′ bio-CCGAATTCTCCTTATACTGCAGGGG 3′ oligo-
nucleotide) in 150 μL of solution containing 0.1 M NaCl, 50 mM Tris–
HCl (pH 7.4), 8 mM MgCl2, 9 mM 2-mercaptoethanol, 7 μM ATP, 7.5%
PEG, and 40 units of T4 DNA ligase at 20 °C for 16 h. After heating at
65 °C for 10min, theDNA preparationwas digestedwith Sau3A enzyme
to shorten the forum domain to the positions of the termini attached to
the ligated oligonucleotide. The selection of such termini was per-
formed in 0.5-mLEppendorf tubes using 300 μL of a suspension contain-
ing Streptavidin Magnesphere Paramagnetic Particles, (SA-PMP;
Promega) according to the manufacturer's recommendations. After ex-
tensive washing with 0.5× SSC to remove DNA fragments correspond-
ing to the internal parts of forum domains, the forum termini (FT)
DNA preparation was eluted from the SA-PMP using digestion with
EcoRI enzyme in a final volume of 50 μL (double-stranded FT). The FT
was then ligated with 100× molar excess of double-stranded Sau3A
adaptor (5′-phosphorylated 5′ pGATCGTTTGCGGCCGCTTAAGCTTGGG
3′ oligonucleotide annealed to 5′ CCCAAGCTTAAGCGGCCGCAAAC 3′ ol-
igonucleotide). In some experiments, the DNA preparation was eluted
from the SA-PMP using heating by incubation at 100 °C for 3 min in
50 μL of 0.01× TE (single-stranded FT). Before heating, the FT prepara-
tion was ligated with 100× molar excess of double-stranded Sau3A
adaptor in suspension with SA-PMP (see above). Both final DNA
samples (double-stranded FT or single-stranded FT) were used for PCR
amplifications. PCR amplification (15–20 cycles) in 30 μL of a solution
containing 67 mM Tris–HCl (pH 8.4); 6 mM MgCl2; 10 mM 2-
mercaptoethanol; 16.6 mM ammonium sulfate; 6.7 μM EDTA; 5 μg/mL
BSA; 1 mM dNTPs; 1 μg of primer corresponding to Sau3A adaptor (5′
CCCAAGCTTAAGCGGCCGCAAAC 3′); 1 μg of primer corresponding to



Fig. 3. Analysis of Illumina readsmapped inside rDNA units. (A) Themapping results of Illumina reads inside rDNA units using UGENE software (http://ugene.unipro.ru/). The reads (1197
rows) that mapped the region of rDNA between 21.2 and 21.5 kb coordinates inside the 43-kb rDNA sequence (accession number U13369) are shown schematically. The region is indi-
cated in panel B as R2. There are regions possessing many more mapped Illumina reads (R4–R9 on the panel B). The bracket at the top shows the region of about 100 bp in length where
DSBs are scattered. The arrow indicates the position of the Sau3A site that delimits the Illumina reads. (B). Comparison of profiles of DSBs determined in independent RAFT experiments
using 454 or Illumina platforms. Hot spots of DSBs are indicated as R1–R9 (Pleiades).
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biotinylated oligonucleotide (5′ CCGAATTCTCCTTATACTGCAGGGG 3′);
and 1 U of Taq polymerase was performed using an Mastercycler Per-
sonal thermal cycler (Eppendorf). Amplification conditions were 90 °C
for melting, 65 °C for annealing, and 72 °C for extension, for 1 min each.

Library preparation

Libraries were prepared according to Illumina's instructions accom-
panying the DNA Sample Kit (Part# 0801-0303). Briefly, DNAwas end-
repaired using a combination of T4 DNA polymerase, Escherichia coli
DNA Pol I large fragment (Klenow polymerase), and T4 polynucleotide
kinase. The blunt, phosphorylated ends were treated with Klenow frag-
ment and dATP to yield a protruding 3′- A base for ligation of Illumina's
adapters, which have a single T-base overhang at the 3′ end. After
adapter ligation, DNA was PCR amplified with Illumina primers for 15
Table 1
Correlation of the data on mapping of DSBs in a rDNA unit obtained by 454 or Illumina sequen

Tracks Relative distances by Kolmogorov–Smirnov test Projectio

Illumina–454 Passed, p = 0.0047 Passed, p

The Illumina's trackwas used as the reference, and the Roche 454 trackwas used as the query. G
we used this type of data for the calculation of correlations. Results that are presented in the tabl
different platforms and independent RAFT experiments.
cycles, and library fragments of ~200–400 bp (insert plus adaptor and
PCR primer sequences)were band isolated from an agarose gel. The pu-
rified DNA was captured on an Illumina flow cell for cluster generation.
Libraries were sequenced on the Genome Analyzer IIx following the
manufacturer's protocols.

Data processing

Fig. 2B shows the bioinformatics pipeline used. Illumina Casava
1.8 software was used for basecalling. All reads were merged in the
one file. Next, reads were trimmed for RAFT primer sequences by
cutadapt v. 1.2.1 using the following options: –minimum-length =
30 –trimmed-only –quality-base = 33 –quality-cutoff = 3 -n 2 -g
CCCAAGCTTAAGCGGCCGCAAAC -g CCGAATTCTCCTTATACTGCAG
GGG. Option “–trimmed-only” was used to remove all sequences
cing.

n test Jaccard test Scaled absolute minimum distances test

= 0 Passed, p = 0.001 Passed, p = 0.017

enometriCorr can process only segmented tracks (not profiles) in formats like BED, and so
e are consistentwith the visual analysis, and support the consistency of DSBmapping using

http://ugene.unipro.ru/
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that do not have RAFT primers. Trimmed reads were mapped
to rDNA (GenBank Accession number U13369) and to hg19/
GRCh37p10 by bwa [8] 0.7.5a using mem algorithm and SAMtools
0.1.12a-r862 [9]. Variant calling was also performed by SAMtools.
Final mappings were converted for further analysis into tables and
formats, including BED and WIG, by ad hoc Perl scripts. The further
genometric analysis was performed using GenometriCorr software
package [10].

Profile-like curves were obtained in the following way. First, the
density coverage for the each alignment file was obtained by BEDTools
[11]: bamToBed -ed. Second, the data were converted by density.bed
to the profile data with F-seq [12]: fseq -f 200 density.bed. The resulting
WIG files were converted to the common ASCII coordinate format files
by our own ad hoc Perl script.

Discussion

The RAFT procedure includes several steps of manipulations with
very long DNAmolecules in solution (Fig. 2A)—from elution of DNA do-
mains to ligation of biotinylated oligonucleotide (steps 2–5 in Fig. 2A).
Although only a gentle mixing of solution after addition of ligase was
performed, a random fragmentation of forum domains cannot be ex-
cluded during these steps. Nevertheless, our data demonstrate that
the level of this randomhydrodynamic fragmentation of DNAmolecules
in the conditions used is much lower than the non-random fragmenta-
tion detected at hot spots of DSBs (Fig. 3). The outline of mapped reads
inside rDNA within one hot spot is shown in Fig. 3A. Nine major hot
spots of DSBs, which we denote as Pleiades, were detected (Fig. 3B).
We are aware that these data correspond to repeated rDNA units.
There are about 300 copies of rDNA genes in the human genome [13].
It follows that to map the hot spot of DSBs with the same robustness
as within unique genomic regions, one needs a higher number of origi-
nal Illumina reads corresponding to the entire genome. Currently, we
perform such analyses using HiSeq 2000 reads.

The validation of the approach was performed by comparison of the
data obtained in different experiments using both the independent
RAFT preparations and the deep-sequencing platforms. In these experi-
ments, the same profiles of DSB hot spots were detected inside human
rDNA units (Fig. 3B). The data regarding the correlation between the
mapping data using GenometriCorr software package [10] are shown
in Table 1.

The data on hot spots of DSBs inside rDNAunits strongly suggest that
the in vivo chromosomal breakage is associated with active transcrip-
tion in these units, producing up to 80% of total cellular RNA in human
cells [13]. Our data indicate that the hot spots of DSBs correspond to
sites that are important for both regulation of expression and for
inter- and intra-chromosomal interactionswith specific regions of chro-
mosomes also possessing hot spots of DSBs [5,14]. These data, taken to-
gether with the data on coordinated expression of genes located in
forum domains that are delimited by hot spots of DSBs and binding
sites of PARP1 and HRNPA2B1 [4], suggest that forum domains share
some properties in common with so-called topological or interacting
domains [15]. The data on mapping of hot spots of DSBs are important
in cancer genomics and for the study of chromosomal translocations, in-
cluding Robertsonian translocations involving five human chromo-
somes bearing rDNA clusters.
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