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ABSTRACT

The mechanisms of formation of intrachromosomal
amplifications in tumours are still poorly understood.
By using quantitative polymerase chain reaction, DNA
sequencing, chromosome walking, in situ hybridiza-
tion on metaphase chromosomes and whole-genome
analysis, we studied two cancer cell lines containing
an MYC oncogene amplification with acquired copies
ectopically inserted in rearranged chromosomes 17.
These intrachromosomal ampilifications result from
the integration of extrachromosomal DNA molecules.
Replication stress could explain the formation of the
double-strand breaks involved in their insertion and in
the rearrangements of the targeted chromosomes.
The sequences of the junctions indicate that homolo-
gous recombination was not involved in their forma-
tion and support a non-homologous end-joining
process. The replication stress-inducible common
fragile sites present in the amplicons may have
driven the intrachromosomal amplifications. Mech-
anisms associating break-fusion-bridge cycles and/
or chromosome fragmentation may have led to the
formation of the uncovered complex structures. To
our knowledge, this is the first characterization of an
intrachromosomal amplification site at nucleotide
resolution.

INTRODUCTION

The relationships between the two forms of gene amplifica-
tion found in tumours, the intrachromosomal homoge-
neously staining regions (hsr) and the extrachromosomal
DNA molecules, named double minutes (dmins), are not
well established. Dmins may result from the circularization

of a single fragment or from the fusion of several syntenic
or non-syntenic DNA fragments formed after chromo-
some fragmentation/pulverization (1-6). Two models are
proposed to explain the formation of hsr. In the intra-
chromosomal  breakage-fusion-bridge (BFB) model,
multiple cycles of BFB lead to the amplification of a
segment at the site that bears the locus in non-amplified
cells [reviewed in (7)]. This mechanism was demonstrated
in vitro experiments (8—11) and explains the structure of hsr
found in tumours (12—16). In the second model, dmins may
fuse and eventually integrate into a chromosome, giving
rise to hsr (17). The fusion of extrachromosomal molecules
followed by chromosome reintegration has been observed
in several systems (10,11,18-20). Hence, data are now avail-
able, suggesting that fusion and reintegration constitute a
pathway for the evolution of extrachromosomal elements
that may account for the frequent observation of ectopic
hsr in cells of human cancers. However, the site of insertion
of an hsr has never been characterized at the nucleotide
resolution.

We analysed here the structure of rearranged chromo-
somes 17 bearing an hsr harbouring an amplified MYC
region in two human cancer cell lines. The formation of
the double-strand breaks (DSBs) involved in the hsr inser-
tion and the chromosome rearrangements could result
from replication stress. The sequences of the junctions
indicate that homologous recombination was not
involved in their formation. Mechanisms associating
BFB cycles and/or chromosome fragmentation may have
led to the formation of the complex chromosome struc-
tures characterized in these tumour cells.

MATERIALS AND METHODS
Biological material

The glioblastoma (tumour 11) was collected at the Hopital
de la Salpétriere (Paris). Informed consent was obtained

*To whom correspondence should be addressed. Tel: +33 1 56 24 66 85; Fax: +33 1 56 24 66 74; Email: bernard.malfoy@curie.fr

The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

© The Author(s) 2013. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Downl oaded from https://academ c. oup. conmi nar/article-abstract/41/17/8210/ 2411056/ Char act eri zati on-at - nucl eoti de-resol uti on-of -t he
by Bl US Jussieu user
on 14 Septenmber 2017



from the patient. The tumour was grown as a xenograft in
athymic mice, and a cell line (GBM11) was established
at passage 5. The human colorectal carcinoma cell
lines SW613-3 and SW613-Tul were as previously
described (21).

Cell cultures and fluorescence in situ hybridization

The cell lines were grown as previously described (21).
Metaphase spreads were hybridized with bacterial
artificial chromosomes (BAC) and fosmid (Chori-
BACPAC Resources) or chromosome-specific painting
probes (Kreatech Diagnostics) as previously described
(Supplementary Materials and Methods) (1). For the in-
duction of common fragile sites, cells were treated with
aphidicolin (Sigma, 0.6 uM) for 16h before metaphase
spreading. The percentage of breaks in the hsr was calcula-
ted after recording the breaks in ~300 metaphases (22).

Amplicon analysis

The structure of the amplicons and the location of the hsr
were determined using molecular and fluorescence in situ
hybridization (FISH) approaches as previously described
(Supplementary Materials and Methods) (1). Sequence
data used in this work refer to the human genome
sequence (released February 2009) available at the
UCSC Genome Bioinformatics site (http://genome.ucsc.
edu/) (23).

DNA copy number determination

Copy number alterations were detected as previously
described, using Affymetrix SNP-array 6.0 (Supple-
mentary Materials and Methods) (3). Data were
normalized, analysed and visualized wusing Partek
Genomic Suite version 6.6 (Partek Inc., St Louis, MO,
USA) and the Genome Alteration Print (GAP) software
(24). Microarray data were deposited in the ArrayExpress
database (accession: GBMI11, E-MEXP-3285; SW613-
Tul, E-MEXP-3278; SW613-3, E-MEXP-3277).

RESULTS
Cell line GBM11

In glioblastoma cell line GBM11, the 8q24 chromosome
region containing the M YC gene was amplified as an hsr
localized in 17pll (25). Clones exhibiting dmins were
observed in the multiclonal fresh tumour (26). FISH ex-
periments using an M YC probe revealed the presence of
two chromosomes bearing the hsr in hypo-tetraploid cells
(64-68 chromosomes), indicating that the formation of
the hsr preceded tetraploidization (Figure 1A). Painting
of chromosome 17 arms (Figure 1B) confirmed the inser-
tion of the hsr in the short arm. In addition, a segment
from the long arm was translocated to the end of the short
arm. Three small rearranged chromosomes containing
segments from chromosome 17 short and long arms are
present in the cells, but no normal chromosome 17 is
present.

Quantitative polymerase chain reaction and chromo-
some walking analysis showed that the amplicon
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comprises a single 1.2-Mb fragment amplified ~100-fold.
The two ends of the original fragment were fused, suggest-
ing that the hsr resulted from the integration of extrachro-
mosomal circular DNA molecules (Supplementary Figure
S1). The fusion took place in a 9-bp sequence present at
both ends, indicating a microhomology-based non-hom-
ologous end-joining mechanism (NHEJ) (1). FISH experi-
ments carried out with probes localized in the 17pll
cytoband were used to map the position of the hsr
(Figure 1C) and to find a BAC (CTD-2277H24)
overlapping the site of insertion (Figure 1D). By
counting the frequency of FISH spots located on both
sides of the hsr for a series of overlapping fosmids
covering the sequence of this BAC, it was possible to
localize the site of insertion in a region of ~30kb
(17.714-17.744 Mb, Supplementary Data S1). The exact
position of the hsr was localized between positions
17727235 and 17727 267 by chromosome walking, corres-
ponding to a deletion of 31 bp in chromosome 17 sequence
(Figure 2A and Supplementary Figure S2). Telomeric and
centromeric junctions with the M YC amplicon are at pos-
itions 128402035 and 128046618 of the amplicon, re-
spectively, the two sequences being in opposite
orientation (Figure 2A and Supplementary Figure S2).
No sequence homologies were found between the chromo-
some 8 and 17 sequences involved in the insertion
(Supplementary Figure S2 and data not shown).

The organization of the rearranged chromosomes 17
was studied by single-nucleotide polymorphism (SNP)
analysis and by FISH (Figure 1B and 2B-D, details
of the results are presented in Supplementary Data
S2). The copy number profile of the short arm shows
no rearrangement in the region containing the hsr
(region B-B’, Figure 2B). Thus, the hsr was inserted
without modification of the local chromosome organiza-
tion. FISH experiments with BACs localized in the
regions C-K showed that the long arm of the two
chromosomes 17 bearing the hsr is not rearranged
(Supplementary Data S2 and Figure 2D). The regions
F and J of the long arm and the region B-B’' of the
short arm (Figure 2C and D) were found only in
the chromosomes containing the hsr. These regions
are homozygous (Figure 2B), confirming that the
two chromosomes containing the hsr result from
endoreplication. The K region, corresponding to the
distal part of the chromosome 17 long arm, is also
present only in the chromosomes containing the hsr
(Figure 2C and D). Each chromosome has two copies
of this region, one being translocated to the short arm
where it replaces the distal A region now found only in
the small rearranged chromosomes (Figure 2C and D
and Supplementary Data S2). The K region is hetero-
zygous (Figure 2B), suggesting that the translocated
fragment came from the second chromosome 17 of
the initial cell. The heterozygosity of the other
segments indicates that the three small rearranged
chromosomes also contain segments from this chromo-
some. Thus, the insertion of the hsr in GBM11 caused
few perturbations in the targeted sequence, but other
regions of both chromosomes 17 underwent structural
rearrangements.
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Figure 1. FISH chromosome analysis. (A) GBM11. Hybridization of the BAC RP11-1136L8 containing MYC (red) on the two copies of the hsr
localized in 17pll. (B) GBMII. Co-hybridization of paintings of the short (red) and long (green) arms of chromosome 17. Three small
rearranged chromosomes were labelled in addition to the two chromosomes bearing the hsr. (C) GBMI1I1. Localization of the hsr. Two
abbreviation added in M&M of chromosome 17, RPI11-76J15 (red) at position 17056286-17231335 and RPI1-160E2 (green) at position
18923 089-19081309 hybridized, respectively, in the telomeric and centromeric positions of the hsr. (D) GBMI1I. Hybridization of CTD-
2277H24 (green) both sides of the hsr localized the insertion site in the 17661837-17794698 region of the chromosome 17. The hsr was
labelled in red with BAC RP11-1136L8 (E) SW613-3. FISH labelling of the dmins by the BAC RP11-1136L8 containing MYC (green). (F)
SW613-Tul. Co-hybridization of a chromosome 17 painting (red) and of the BAC RP11-1136L8 containing MYC (green). Cells contains two
normal chromosomes 17 (red arrows) in addition to the rearranged chromosome (green arrow). The distal part of the rearranged chromosome
came from another chromosome, but chromosome 17 was present on both sides of the hsr (red arrowheads). The MYC regions on the two
normal chromosomes 8 were labelled by the probe (green arrowheads). (G) SW613-Tul. Localization of the hsr on chromosome 17. FISH of
BAC RP11-9G4 (position 53239436-53421980). The probe was in a centromeric position of the hsr (red arrow). The two normal chromosomes
17 were also labelled (red arrowheads). (H) SW613-Tul. Localization of the hsr on chromosome 17. FISH of BACs RP11-260G21 (red, position
64038912-64219416) and RP11-162H19 (green, position 53 627465-53781044). Probes hybridized symmetrically on both sides of the hsr
(arrows). The two normal chromosomes 17 were also labelled (arrowheads). (I) SW613-Tul. Localization of the hsr on chromosome 17.
FISH of BAC RPI11-1119G22 (red, position 61934712-62106824). The labelling is observed on both sides of the hsr. This BAC was the
more distal BAC hybridizing on the rearranged chromosome, indicating that the insertion site was in this region. The hsr was labelled in
green by the BAC RPI11-1136L8-containing MYC. Chromosomes were stained in blue with 4’,6-diamidino-2-phenylindoli (DAPI).
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Figure 2. Rearranged chromosomes 17 in GBMI11. Full data are available in Supplementary Figure S2 and Supplementary Data S2. (A) Site of
insertion of the hsr. The insertion was associated with a deletion of 31 bp in the chromosome 17. The junction was between two sequences of the hsr
in opposite orientation. The positions of the junctions in the sequences are indicated in base pairs. (B) Synthesis of the copy number and allelic
variation data from SNP analysis. a and b: alleles; A-—K: chromosome regions with different copy numbers and allelic compositions, B and B’
indicate the regions each side of the hsr; arrows: position of the BAC used for FISH. (C) FISH of BACs localized in selected regions defined in B
(FISH of BAC:s for all regions are presented in Supplementary Data S2). Segments B, F, J and K were present only in the chromosome bearing the
hsr, segment K was duplicated and one copy was translocated to the short arm. Chromosomes were stained in blue with DAPI. (D) Schematic
representation of the chromosome containing the hsr and of the three small rearranged chromosomes. The A-K segments are defined in D, 2

chromosome segment of unknown origin.

Cell lines SW613-3 and SW613-Tul

These human colorectal carcinoma cell lines were estab-
lished from tumour induced in mice by the SW613-S cell
line, which contains the amplification of M YC in the form
of dmins (21). In SW613-3, the amplified MYC copies
remained in dmins (Figure 1E), and dmins containing a

segment from the 14q24 cytoband was also detected [(21)
and data not shown]. In SW613-Tul, the amplification of
MYC was observed in the form of one hsr located at 17q24,
whereas the 14q24 locus amplification was not detected
[Figure 1F and data not shown; (21)]. The amplification
of the 14924 region in SW613-3 was not further analysed.
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In both cell lines, the M YC amplicon is constituted of
the same 3.1-Mb segment, amplified ~15-fold in SW613-3
and 30-fold in SW613-Tul (Supplementary Figure S3 and
data not shown). The absence of homology between the
sequences of the fused ends and the presence of a single
common base at the junction suggest an NHEJ mechan-
ism during the formation of the initial extrachromosomal
circular amplicon (1).

Chromosome 17 FISH painting showed that two
normal chromosomes are present in pseudodiploid (56—
58 chromosomes) SW613-Tul cells, in addition to the
rearranged chromosome containing the hsr (Figure 1F).
The terminal region of this chromosome underwent a
translocation with an other chromosome fragment, but
sequences from chromosome 17 are present on both
sides of the hsr (Figure 1F). A series of BACs was used
to specify the position of the hsr in the 17q24 cytoband.
Up to position 53.5Mb, BAC signals were localized
centromeric to the hsr (Figure 1G). Between positions
53.5 and 64.2 Mb, BACs hybridized on both sides of the
hsr, yielding symmetrical signals with regard to the hsr
(Figure 1H and I), indicative of a duplication of this
part of the chromosome. BACs with a location more telo-
meric than 64.2Mb did not hybridize to the rearranged
chromosome, indicating that the distal part of chromo-
some 17 was lost and replaced by a segment from
another chromosome. A rough schematic representation
of the rearranged chromosome 17 was deduced from these
data (Figure 3A).

The copy number profile of the region of chromosome
17 containing the hsr, deduced from SNP analyses,
allowed us to decipher more precisely its structure
(Figure 3B and C). Three copies of chromosome 17
sequences were detected up to 53.5Mb (region a in
Figure 3B), corresponding to two normal and one
rearranged chromosome. From 64.2Mb to the end of
the long arm, the two copies present on the normal
chromosomes were scored (region ¢ in Figure 3B). The
segment extending from positions 53.5 to 62.3Mb
(region b in Figure 3B) is present in four copies, located
on the two normal chromosomes and on both sides of the
hsr. The distal region of this segment is complex with two
copies of the 62.3-63 Mb (c) and 63.6-64.2 Mb (d) regions,
lost and gained, respectively.

Starting from the copy number transition regions, the
precise structure of the rearranged chromosome was es-
tablished using chromosome walking. (Supplementary
Figure S3). The global structure of the rearranged
chromosome 17 was deduced from these data (Figure
3C). The previously unidentified fragment at the end of
the rearranged 17q arm proved to be a fragment from
chromosome 7p (junction 1 in Figure 3B). The fusion,
confirmed by FISH (Supplementary Figure S4), was
located between positions 53497490 on chromosome 17
and 23542171 on chromosome 7. The deleted region,
present in two copies (region ¢ in Figure 3B), is 648 502-
bp long and located between positions 62342817 and
62991400. This region, not deleted in SW613-3 (data
not shown), contains several copy number variants
(Supplementary Figure S5). The 3’-end of region d
(Figure 3B) is associated, at position 64418667, with

another segment of chromosome 17 starting at position
64420335, inserted in inverse orientation. The inverted
sequence is 840682-bp long and ends at position
63579653. Thus, a head-to-head structure is present,
explaining the doubling in DNA copy number observed
in this region (region d in Figure 3B). At the junction, a
deletion of 1667 bp in the inverted sequence is present.
Finally, the chromosome 17-inverted segment is separated
from the hsr by a small segment from the long
arm of chromosome 21 (156bp, positions 31 154 562—
31154717). The junction with the chromosome §
amplicon takes place at position 127519 888.
Investigations by polymerase chain reaction failed to
detect a deletion at the normal position of the chromo-
some 21 fragment in SW613-Tul cells and showed that the
fusion between chromosome 8 and 21 segments is absent
in SW613-3 cells (data not shown). FISH experiments
revealed the translocation of one of the three chromo-
somes 21 on another chromosome in SW613-Tul cells,
but not in SW613-3 cells (Supplementary Figure S4).
The fusion took place at the centromeres. SNP experi-
ments did not detect copy number abnormalities in
chromosome 21 sequences, indicating the absence of
rearrangements during the fusion (data not shown). One
Alu-repeated sequence is present in the vicinity of the
junctions in the three segments from chromosomes 17,
21 and 8 (Supplementary Figure S6). No sequence
homologies that could support a homologous recombin-
ation mechanism were found at the junctions
(Supplementary Figure S3 and data not shown). Even in
the case of chromosome 17, 21 and 8 segments, where
fusions took place within or near Alu-repeated sequences,
no local homologies were found. Of the five junctions
analysed, microhomologies of 1 and 2bp were found in
two cases, one insertion of 2bp was observed in a single
case, and the fusion was blunt in the last two cases.
Together, these data suggest an NHEJ mechanism for
the formation of the junctions. Thus, the site of insertion
of the hsr in SW613-Tul was complex, and the targeted
chromosome 17 underwent multiple structural
rearrangements.

Common fragile sites in MYC amplicons

The MYC oncogene is located between two aphidicolin
(APC)-sensitive common fragile sites (CFSs), FRA8C
and FRASD (27), and these CFS regions were amplified
in GBM11 and SW613-Tul cells. APC induces breaks by
slowing down the replication forks in these difficult-to-
replicate regions (22,28). The frequency of APC-induced
DNA breaks in CFSs varies between individuals and with
cell type (29). For FRA8C and FRAS8D, data are available
for lymphocytes only, and breaks at these loci amount to
<1% of the total number of breaks (30). After treatment
with APC (Figure 4), breaks in the hsr of GBM11 and of
SW613-Tul cells represent 30 and 18% of the breaks, re-
spectively. This high rate of breakage indicates that the
CFSs present in the M YC amplicons are still sensitive to
replication stress.
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Figure 3. SW613-Tul. Structure of the chromosome 17 bearing the hsr. (A) Schematic representation deduced from FISH analysis. The region
53.5-64.2 Mb is duplicated on both sides of the hsr and is in head-to-head orientation (arrows). (B) SNP profile of chromosome 17q in the region of
the hsr insertion. The total copy number is indicated on the left, and the number of copies present in the chromosome bearing the hsr (after
deduction of the two copies corresponding to the normal chromosomes) is indicated on the right. a—e: regions with different copy numbers. (C) Final
schematic representation of the site of insertion. Lengths of the regions are not to scale. Regions b, ¢ and d and junctions 1 and 2 are defined in B.
The green regions both sides of the hsr are in head-to-head orientation (region b) and contain a deletion of 0.65Mb (region c). An additional head-
to-head duplication of 0.84 Mb is present near the hsr (region c) with a deletion of 1.6kb at the junction (del). A segment of 156 bp from chromo-
some 21 is inserted between the chromosome 17 segment and the hsr. The distal part of the chromosome is constituted by the end of the short arm of
chromosome 7. (D) Model of formation of the rearranged chromosome. A first double-strand chromosome break generated a free DNA end (a), and
after replication, two free DNA ends were present on the sister chromatids (b) The sister chromatids then fused and a dicentric chromosome
containing the head-to-head duplication was formed (c), red cross: deletion. After a break in the dicentric chromosome during mitosis, a chromosome
21 fragment and M YC amplicons were associated (d), and at the end of the process, a double-strand break was formed in the inserted amplified
segment (e). At the following cell division (f), the fusion of the broken sister chromatids generated a new dicentric chromosome with the symmetric
regions centred on the hsr (g). After a new break in the chromosome 17 (h), the BFB cycles were ended by healing the break with the distal region of
the chromosome 7 short arm (i).

DISCUSSION

We have analysed at nucleotide resolution the site of in-
sertion of the hsr present in a glioblastoma (GBM11) cell
line and a colorectal carcinoma (SW613-Tul) cell line. In
both cases, the oncogene M YC was amplified, and the hsr
is located at an ectopic position in the short (GBM11) or

observed in the initial tumour for GBMI11 (26) and in a
cell line (SW613-3) derived from the same carcinoma as
SW613-Tul. The presence of the same amplicon in
SW613-3 and SW613-Tul cells indicates that the dmins
and the hsr derived from a single initial event. In
addition, in both cell lines, the initial amplicons were
constituted by a single fragment whose two ends were

the long (SW613-Tul) arm of rearranged chromosome
17. The extrachromosomal amplification of MYC was

fused by an NHEJ mechanism, suggesting the initial for-
mation of dmins (1). These data are in good agreement
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Figure 4. Aphidicolin induction of the common fragile sites FRA8C and FRAS8D in the hsr. (A and B) GBM11. (C and D) SW613-Tul. (A and C)
hsr were visualized in green (arrows) by hybridization of the BAC RP11-76J15 localized in the telomeric position of the hsr (GBM11) or of the BAC
RP11-1136L8 containing the gene MYC (SW613-Tul). FISH signals were also observed on normal or rearranged chromosomes without amplifica-
tion (arrow heads). Chromosomes were stained in blue with DAPI. (B and D) Reverse DAPI staining, a break was present in the hsr (arrow heads)
(in GBMI11 the second hsr was not broken). The broken chromosomes were enlarged in the inserts.

with a mechanism where the first step of the amplification
was the formation of dmins from the region containing
MYC of chromosome 8, which was later integrated into
chromosome 17.

Involvement of the replication stress

Homologies were not found between the sequences
involved in the insertion sites of the hsr or in the other
rearrangements (Supplementary Figures S2 and S3). This
lack of homology precludes homologous recombination
mechanisms. The structure of the junctions, where
microhomologies of a few base pairs were found in some
cases, supports the involvement of an NHEJ process in
fusing DSBs.

In cancer cells, replication stress is considered as a main
cause of chromosome instability induced by DSBs
(31-33). Our data on GBM11 and SW613-Tul cell lines

support a role for such a stress in the formation of the hsr
and of the rearranged chromosomes where they were
inserted.

It was reported that in Chinese hamster cells, the repli-
cation stress caused by drugs, such as APC, induces breaks
in CFSs present in dmins, driving their fusion and their
ectopic reintegration into chromosomal CFSs, generating
hsr (10). The presence of CFSs inducible by replication
stress in the MYC amplicons (Figure 4) suggests that a
similar mechanism may have existed in GBMI11 and
SW613-Tul cells for the formation of DSBs in the
dmins before their integration. In contrast, the association
of the sites of insertion with intrachromosomal CSFs is
difficult to establish, as the CSF potentially present in
these regions (FRA17C in 17pll and FRAI7E in
17q24-25) is poorly mapped (30). However, replication
stress may induce numerous breaks across the genome
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(34), and the breaks targeted by the dmins could occur
outside known CFSs.

Mechanisms of formation of the hsr in GBM11 cells

GBMI11 cells contain two identical rearranged chromo-
somes 17 bearing an hsr (Figure 1A), an indication that
hsr formation preceded the endoreplication in these
pseudo-tetraploid cells. No normal chromosome 17 is
present, but three small marker chromosomes were
labelled by chromosome 17 painting (Figure 1B). FISH
and SNP experiments showed that various heterozygous
fragments from the short and long arms of chromosome
17 are distributed in these rearranged chromosomes
(Figure 2B and Supplementary Data S2), indicating that
some translocated segments came from the second
chromosome 17 initially present in the cell. This complex
situation suggests that chromosomes 17 were fragmented
at the time of the formation of the rearranged chromo-
somes. Chromosome fragmentation (also named pulver-
ization) is one of the models proposed to explain the
formation of complex dmins in human tumours (3,35,36)
and of extensive intrachromosomal rearrangements
(chromothripsis) [review in (32,37)]. It has been shown
that this chromosome destabilization can be caused by a
replication stress experienced by chromosomes trapped in
micronuclei (38). Thus, DSBs induced by a replication
stress in dmins and in chromosomes 17 trapped in a
micronucleus may have initiated the formation of the
rearranged chromosomes. However, hsr formation was
not the consequence of the fusion of dmins with two frag-
ments from different regions of chromosome 17, as the hsr
is inserted in the middle of a non-rearranged region
(Figure 2C). The insertion took place in the first exon of
the sterol regulatory element-binding transcription factor
1 (SREBFI) gene located within the Smith-Magenis
syndrome region (39). This region is prone to chromosome
rearrangements found in several genetic diseases.
However, the site of hsr insertion is not located in one
of the low-copy repeats involved in these rearrangements.
In the hsr, two sequences in inverse orientation and
located >350kb apart in the initial amplified segment
were involved in the fusion (Figure 2A). It is not
possible to determine whether this structure is the result
of the fusion mechanism or corresponds to a previous re-
arrangement of the inserted sequence. In contrast, the
31-bp deletion in chromosome 17 is likely because of
the insertion mechanism or because of the processing of
the DSBs before fusion. However, beyond the involve-
ment of an NHEJ process, the available data do not
shed light on the details of the mechanism of insertion.

Mechanisms of formation of the hsr in SW613-Tul cells

In these cells, the hsr is located in the long arm of a single
rearranged chromosome 17 (Figures 1F and 3C). We
propose that this hsr was formed during BFB cycles
undergone by chromosome 17, by the insertion of fused
dmins (see earlier in the text). Two BFB cycles can explain
the formation of the symmetrical structures present in the
rearranged chromosome 17 (Figure 3D). The BFB model
predicts that the sequences on either side of the junction

Nucleic Acids Research, 2013, Vol. 41, No. 17 8217

should be identical. However, during the fusion of the sis-
ter chromatids in the first cycle (b and c in Figure 3D), a
deletion of 1.6 kb occurred in one of the chromatids (red
cross Figure 3D). Erosion of the chromatids in a few kilo
base pairs before fusion was previously documented in
similar contexts (40,41). It was proposed that the erosion
resulted from single-strand exonuclease digestion of one
sister chromatid during an aborted attempt of strand
invasion and repair via homologous recombination (40).
During the insertion of the hsr (d and e in Figure 3D), the
presence of Alu sequences in the vicinity of the junctions
may have favoured the association of the segments from
chromosomes 8, 17 and 21, but this does not imply that
the events were concomitant. The detailed mechanism of
junction formation between chromosome 17 and the hsr
could not be precisely established, and several BFB cycles
with DSBs within the hsr cannot be ruled out. However, in
fine, a symmetrical organization on both sides of the hsr
was obtained (f and g in Figure 3D). The BFB cycles were
then ended by healing the break in the chromosome
17 with the chromosome 7 short-arm fragment (i in
Figure 3D). In contrast with the classic BFB model that
results in an in loco intrachromosomal amplification with
the formation of a ladder-like structure with a head-to-
head organization, in the model proposed here, the region
of insertion gained only a few copies.

The presence of the chromosome 21 fragment is likely
related to the formation of the rearranged chromosome 21
observed in SW613-TUl but not in SW613-3 cells
(Supplementary Figure S4). However, we failed to detect
a deletion at the site of the fragment and its mechanism of
formation remains an open question. The origin of the
chromosome 7p fragment seems clearer. In SW613-3
cells, four normal chromosomes 7 are present, whereas
in SW613-Tul cells, only three normal chromosomes 7
remain in the cells (Supplementary Figure S4). Thus, the
distal part of the chromosome 7 p arm, which is fused with
the rearranged chromosome 17, likely came from the frag-
mentation of the lacking chromosome, whose other parts
were lost. The deletion encompassing the 62.3-62.9-Mb
region of chromosome 17 (Figure 3C) arose before or
during the BFB cycles, as it is present on both sides of
the hsr. This region contains several known copy-number
variants (Supplementary Figure S5), and copy-number
variants-like gains and losses can be induced throughout
the genome by a replication stress (34). Thus, it can be
proposed that a replication stress induced this deletion
and the breaks in chromosome 7.

CONCLUSIONS

In conclusion, we have shown that several mechanisms
driven by replication stress, such as BFB cycles and/or
chromosome fragmentation, could be involved in the tran-
sition between extra- and intrachromosomal amplifica-
tion, resulting in the formation of ectopic hsr. The
presently available data are not sufficiently informative
to have a full understanding of the insertion process but
rule out homologous recombination and support NHEJ
mechanisms. To the best of our knowledge, this work is
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the first characterization at nucleotide resolution of sites
of insertion of hsr. A complete picture of the multiple
mechanisms leading to their formation will be possible
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