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Interstitial deletions of tumour suppressor genes and
amplification of oncogenes are two major manifest-
ations of chromosomal instability in tumour cells. The
development of model systems allowing the study of
the events triggering these processes is of major clinical
importance. Using the properties of the I-Scel nuclease
to introduce a localized double-strand break (DSB) in
a mammalian chromosome carrying its target
sequence, we demonstrate here that both types of
mutations can be initiated by non-conservative DSB
repair pathways. In our system, I-Scel activity dissoci-
ates a transfectedgpt gene from its promoter, allowing
the isolation of gpt clones. Our results show that
intrachromatid single-strand annealing events occur
frequently, giving rise to interstitial deletions not
accompanied by other chromosomal rearrangements.
We also observed that, when present in the cells,
extrachromosomal DNA molecules are integrated
preferentially at the broken locus. Taking advantage
of the insertion of the I-Scel recognition sequence
telomeric to and close to the dihydrofolate reductase
gene, we show that a less frequent outcome of I-Scel
activity is the initiation of cycles of intrachromosomal
amplification of this marker, from breaks at a site
merging with the enzyme target.
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amplification/I-Scel nuclease/tumour progression

Introduction

Several recent studies point to a major role for double-

selected for among the possible outcomes of fragile site
activation. None of these studies has determined clearly
whether the breakper seor some particular sequences
or structural features of the fragile sites contribute to
initiate the different processes, a question that could also
be addressed specifically with a model system. Thus, it is
of special interest to design vitro systems to study the
various chromosomal consequences of targeted DSBs, to
evaluate their relative frequencies and to analyse the
pathways involved in the formation of these different
outcomes.

Recently, promising experimental approaches based on
the properties of [-Scel, a mitochondrial group | intron-
encoded nuclease d@accharomyces cerevisig®ujon,
1989), have been developed. Because |-Scel is not a
recombinase, it constitutes a particularly interesting system
to study the chromosomal consequences of a targeted
DSB. The 18 bp recognition sequence of the nuclease
(Colleauxet al., 1988) is expected to be infrequent enough
to be naturally absent from most genomes, and can be
introduced in a chromosome by transfection. The I-Scel
recognition sequence has indeed been introduced in the
nuclear genome of various organisms, and induction of
site-specific DSBs by the enzyme has been demonstrated
in a broad variety of eukaryotic cells._I-Scel-targeted
breaks have been shown to stimulate homologous recomb-
ination between extrachromosomal DNA substrates in
yeast (Plessi®t al, 1992), plant (Pucht&t al, 1993),
XenopugSegal and Carroll, 1995) and mammalian (Rouet
et al, 1994a) cells. Homologous recombination events
between transfected substrates and a chromosomal locus
are also enhanced in yeast (Fairhead and Dujon, 1993),
plant (Puchteet al, 1996) and mammalian (Rouet al,
1994b; Choulikaet al, 1995) cells. Finally, homologous
recombination between two chromosomal sequences is
stimulated by I-Scel-mediated DSB in yeast (Fairhead and
Dujon, 1993) and in various mammalian cells
(Lukacsovichet al, 1994; Rouetet al, 1994b; Sargent
et al, 1997).

In order to be able to study the outcomes of DSBs

strand breaks (DSBs) in the well-documented genomic induced by I-Scel, we designed a plasmid in which the
instability that contributes to tumour progression. They I-Scel recognition site was inserted between the bacterial
establish a strong correlation between breaks at geneticallyguanine phosphoribosyl! transferagef{ coding sequence
defined loci, designated fragile sites and chromosomal and the cytomegalovirus (CMV) promoter. Stable trans-
deletions of tumour suppressor genes identified in somefectant clones were obtained from a Chinese hamster
cancers (Roth and Wilson, 1988; Jorsal., 1995; Ohta fibroblastic cell line, and the transgene integration sites
et al, 1996; Sozziet al, 1996; Wilke et al, 1996). were mapped by fluoresceint situ hybridization (FISH).
However, the molecular mechanisms leading to theseIn one clone (112), the construct had integrated close to
rearrangements remain to be characterized. The study ofand telomeric to the dihydrofolate reductase géneRR),

in vitro model systems has shown that site-specific breaksthe amplification of which can be selected for in medium
induced by drugs that activate fragile sites are also able supplemented with metothrexate (MTX) (Schiméeal,

to trigger a complete sequence of events leading to 1978). Clone 112 was chosen for further studies since it
intrachromosomal gene amplification (Coqueb¢ al, would permit analysis of the consequences of a variety of
1997). In this work, only gene amplification could be healing events—including amplification, deletions and
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translocations—at the cytological and the molecular level
in independent clonal cell populations. In this clone, a
structure composed of two short direct repeats of plasmid
sequences flanking a unique 6 kb region containing the
I-Scel recognition site has been formed during the transfec-
tion experiment. We describe here two outcomes, inter-
stitial deletions and intrachromosomal gene amplification,
of a DSB occurring within a single copy locus flanked by
short repeats, a situation mimicking the organization of
mammalian genomes which are punctuated by repeated
sequences such as LINE and SINE elements (Deininger,
1989; Hutchisoret al,, 1989).

Results

Recovery and analysis of gpt* cell lines with a
transfected I-Scel recognition sequence

Preliminary experiments had shown that GMA32 cells
stably transfected with pl-Scel and expressing up to 10 ng
of the nuclease per #@ells, as estimated by Western blot
guantification, have a normal growth rate (not shown).
This strongly suggests that_I-Scel recognition sequences
do not exist in the genome of these Chinese hamster cells.
An HGPRT derivative of the GMA32 cell line was
transfected with circular plasmid DNA (pci) which con-
tains the I-Scel recognition sequence inserted between the
selectable and counter-selectaBeherichia coli gpgene

and the CMV promoter, and thaeo gene under the
control of the SV40 early promoter (see Materials and
methods). Two days after transfection, the cells were
plated in medium containing G418 and mycophenolic acid
(MPA) + xanthine (X) to select for stably transfected
G418 gptt clones. Such clones were recovered after 10
days and were routinely grown in selective medium. The
transgene was localized by FISH in several independent
clones, using pci as a probe. In one clone, designated
112, the transgene was integrated on the p arm of one
chromosome 2 (Figure 1A). This localization is of particu-
lar interest because chromosome 2p is easy to recognize
both after trypsin/Giemsa (Figure 1B) of,@&@-diamidino-
2-phenylindole (DAPI) banding (Coquellet al., 1997)

and because it bears several markers, includingdtife
locus, for which cosmid probes are available. The results
of a two-colour FISH experiment, in which tHeHFR
genes and the transgene were revealed with rhodaminegFig. 1. Cytological analysis of clone 112. (A) and (B) represent the
and fluorescein respectively, are shown in Figure 1C. The Same metaphase platé\)(FISH with a probe specific for the

. - transgene. The arrow points to the integration si).Giemsa
transgene lies very close to and telomeric to didr banding, the arrow points to the integration site on chromosome 2p,

locus, an appropriate |OC_a|izati_0n to test the ability O_f the arrowhead points to the homologous chromosome &nDouble
I-Scel-induced DSBs to trigger intrachromosomal ampli- colour FISH. Red spotDHFR genes, green spots: transgene.

fication of this marker.

The transgene was then mapped at the molecular level.
DNA from line 112 was prepared and digestedHnoRl, contrary, plasmid sequences (1.5 kb long at most) have
a restriction enzyme which has no site in pci. A unique been duplicated and are organized as direct repeats flanking
12 kb band was detected when Southern blots were probedhe single copy sequence described above.
with pci, a result indicating, as previously suggested by
FISH, that the transgene integrated the cellular genome at aSelection of gpt™ clones
single locus (Figure 4). AEcdRI-I-Scel double digestion ~ The pci plasmid was constructed so as to force a DSB
disclosed a unique 1-Scel site, and further analyses of occurring at the |-Scel site to separate thpt gene
restriction patterns (not shown) allowed us to draw the from its promoter. Imperfect repair events leading to
map presented in Figure 2. It shows that a 6 kb long chromosomal rearrangements such as deletions, trans-
region containing the 1-Scel recognition site, tipgt and locations or gene amplification are thus expected to
the neo genes and associated transcription initiation and generate gptcells. Cells of line 112 were transfected with
termination sequences is present as a single copy. On thepl-Scel or with pcDL-SR296 as control. After 2 days in
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Fig. 2. Map of the transgene in clone 112. Black horizontal line, transgene sequence; grey lines, genomic sequence. Promoters and genes are
represented in boxes; transcription directions are indicated. Black arrows represent the direct repeats. I-Scel: I-Scel recognition ségaBhce. E,
A, Apd.l; B, BarHI; X, Xmni; S, Scd restriction sites.

normal medium, aliquots of the cells transfected with pcDL-SR 296 pI-Sce I
either plasmid were plated in medium containing thioxan-

thine (TX) (T2: 2 days after transfection) or in normal = - Z

medium in which the cells were allowed to grow for 3 7 3 iy .
more days (~6 cell generations) before being plated in ; . i /
TX-containing medium (T5: 5 days after transfection). < e Foo d [

Ten days later, some plates were used to compare the T2 | le
frequencies of resistant clones after fixation and Giemsa

staining, and individual colonies were picked in the
remaining dishes. The results of a typical experiment are 3 :
shown in Figure 3. At least 10 independent transfection
experiments were performed, and similar results were —
obtained, leading to the conclusion that after transfection IR R &
with the control plasmid, the frequency of TX-resistant / ' \
colonies is reproducibly close to £t T2 and 2—-% 103 v

at T5. This indicates that the gpthenotype is acquired N O
spontaneously at a significant frequency. After transfection TS| - slisa )
with pl-Scel, the frequency of colonies was generally 2
close to that determined in the control experiments at T2 A

but repeatedly was enhanced at least 20-fold at T5. Such Yo

results clearly show that I-Scel does induce the formation
of TX-resistant clones but that relatively long expression ] o ) ]
Fig. 3. Giemsa staining of gptcolonies after transfection.

time is required for the cells to become phenotypically Left: transfection with the control plasmid, right: transfection with the

gpt. plasmid coding for |-Scel. T2 and T5 correspond to the expression
time (in days) before plating in selective medium.

Characterization of the gpt™ clones.

Thirty two clones, selected at T2 or T5 from transfections

with either plasmid, were analysed further by dot-blot to

Table I. Summary of dot-blot analysis of TX-resistant colonies

determine whether thgpt gene was present or absent in  fransfection conditions No. of clones gptgene

the gpt clones. As shown in Table I, hybridization with analysed

a gpt probe revealed the presence of the gene in all the Present  Absent
eight clones recovered after transfection with plasmid

pcDL-SRx296, suggesting that the ggthenotype prob- ~ PCDL-SRx T2 + T5 8 8 0
ably results from gene extinction or point mutations in ::g—gg: lg 12 ﬁ 111

these cases. After transfection with pl-Scel, eight out of
nine T2 and one out of fifteen T5 clones were similar to
those obtained with the control plasmid. In striking con- control plasmid and in some 90% of the clones obtained
trast, in the last T2 clone and in the 14 remaining T5 at T2 after transfection with pl-Scel. The DNAs were
clones, thegpt gene was lost, as judged by the complete then hybridized with pT7T3, a plasmid which participated
lack of hybridization signal. Thus, the specific increase in to the construction of pci (Figure 4B). With the exception
gpt clones induced by |-Scel parallels the emergence of of one clone I-Scel T2 (I-Scel T2-3), the 12 EcoRI

cells from which the gene is deleted. The DNA of various band typical of line 112 was found, as expected, in
clones was purified, restricted withcoRl and used to  the clones which have retained tigpt and neo genes.
prepare Southern blots. Hybridization with theo gene Strikingly, in seven out of seven clones analysed in which
as probe established that this gene was absent from thahe genes are deleted, a single fragment of constant size
cells of all the clones presenting a deletion of tiyet (~6 kb) was detected, indicating that not all the plasmid
gene, while it was present in all other cases (Figure 4A). sequences have been lost. The transgene sequences
Thus, the gptclones induced by I-Scel exhibited a deletion remaining in these clones were mapped further; the results
of at least theneo and gpt genes. On the contrary, both indicated that one copy of the repeats and the whole
genes were present in all the clones transfected with theintervening sequence have been removed (not shown).
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I-Sce I _ .
Table Il. Analysis of MTX + TX-resistant clones
TS5 T2
WrHz1 2 3 4 5 6 7 8 1 2 3 CIS Transf_ectlon No. of clones DMs BFBs
& [ T T Y TR AR AN SR SO AR S B conditions analysed
Total Londg Shorf
14K pcDL-SRU T2+ T5 7 1 6 6 0
- - s <12 Kb I-Scel T2 3 1 2 2 0
Total 10 2 8 8 0
I-Scel T5 10 1 9 1 8
®Refers to the distance separating the normal copy and the first extra
o IO S s P e NS UG | I A | copy of theDHFR gene on the amplified chromosome 2p (for
B illustration see Figure 5B and C).
-a-14 Kb ) ) .
-« ¥ 12 Kb the breakage—fusion—bridge cycles (BFB) mechanism of
amplification, the landmark of which is a deletion of the
-7 Kb i
_,z-ww W, part of the chromosome arm telomeric to the break from
the amplified chromosome (Figure 6A). This mechanism
T T T T TR Y T B B operates in a cell in which broken sister chromatids have
C fused to form a bridge. At mitosis, the breakage of this
giant inverted repeat leaves each daughter cell with a
8 —u chromatid lacking one telomere. After replication, the
broken sister chromatids fuse again, perpetuating the BFB
e ~7Kb cycles. Amplification occurs in one daughter cell when
breakage at anaphase is asymmetric, leading to unequal
distribution of the sequences lying on the dicentric
Fig. 4. Southern analysis of gptlones. The DNA were restricted chromatid in the daughter cells (Smitit al, 1992a;
ig. 4. Sou ysi . Wi i .
with EcaRlI. Hybridization with @A) the neogene B) plasmid pT7T3 Toledoet al, 1992; Ma.et al, 1993). e .
and C) the I-Scel gene. WT: parental line; eight clones T5 and three In the case of MTX-induce®HFR amplification, the

clones T2 recovered after transfection with p I-Scel are shown. Clone first extra copy of the gene is separated from the normal
T5-8 is the only undeleted T5 clone. CT5: clone T5 obtained after copy by twice the rather long distance separating the gene
transfectlor_l with the control plasmid. Fragment sizes are indicated in and the fragile site (Coquelm al, 1997)_ Obviously, this
kb on the right. . - . . Lo
distance is predicted to be much shorter if the initial
inverted duplication is initiated from a DSB induced at
The constant size and sequence content of the deletionghe nearby I-Scel site. Thus, we selected clones resistant
strongly suggest that homology-driven events are respons-to TX plus MTX after transfection with either the control
ible for their formation. Hybridization of the same blot or the pl-Scel plasmid. Two days after transfection, cells
with the I-Scel gene as a probe (Figure 4C) showed that were plated in MTX+ TX (T2) or in MTX alone, TX
the 7 and the 14 kb extra bands observed respectively inbeing added 3 days later (T5). In control experiments, the
clones I-Scel T5-2 and T2-3 contain the I|-Scel gene cells were challenged at T2 or T5 with TX or with MTX
sequence. This is simply explained if pl-Scel integrated alone. At T2 with either plasmid and at T5 with the
in some transfected cells, even though such events werecontrol plasmid, double-resistant clones appeared with a
not selected for in this experiment. Moreover, the existence frequency corresponding roughly to the product of the
of a 14 kb-longEcdRI fragment, in place of the expected frequencies of each single resistance. On the contrary,
12 kb fragment in clone 1-Scel T2-3, strongly suggests when the cells were transfected with pl-Scel and chal-
that a targeted integration occurred in this case. lenged in MTX and TX at T5, the frequency of double-
Finally, deleted I-Scel T5 clones were analysed by G resistant clones was higher (4-10 times depending on the
banding. Two normal chromosomes 2 were identified in experiment) than expected from the frequencies of clones
each of them at that observation level, a result indicating resistant to TX or MTX alone (not shown). We analysed
that the 6 kb deletion is not associated with extensive 20 double-resistant clones exhibiting an amplification of

chromosomal rearrangements (not shown). the DHFR gene; 10 were obtained upon transfections with
the control plasmid (T2 and T5) or with pl-Scel (T2), and
DHFR amplification in gpt™ clones 10 with pl-Scel (T5). Table Il summarizes the results

To determine whether gene amplification can be triggered obtained by FISH using probes for tdéfr locus and two

by a site-specific break induced by I-Scel, we took cytogenetic markers; marker II-6 which lies close to the
advantage of the localization of the transgene in line 112. telomere of chromosome 2p (Figure 5A) and marker II-4
As mentioned above, it lies very close to and telomeric which is relatively close to and telomeric to both the
to the DHFR gene (Figure 1C). We previously demon- DHFR gene and the transgene (compare Figure 1C with
strated that MTX not only selects for but also induces Figure 5B and C). In all experimental conditions, rare
DHFR amplification because it activates a folate-sensitive clones exhibited extrachromosomal copies of BeFR
fragile site located relatively far away from the selected gene on double-minute chromosomes (DMs), while the
gene, near the telomere of chromosome 2p (Coquelle cytological characteristics of BFB cycles were found in
et al, 1997). The breaks induced at fragile sites trigger the others. In the latter clones, when selected at T2 after
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Discussion

The availability of rare cutting enzymes, allowing induc-
tion of DSBs in a defined chromosomal context in mamma-
lian cells, recently has led several groups to reevaluate the
relative contribution of homologous and non-homologous
events in the repair process. With systems designed to
reveal homologous recombination events leading to the
reconstruction of a functional selectable gene from two
inactivated copies or fragments of this gene (gain-of-
function assays), it was demonstrated that the induction
of a break within one of the repeated regions considerably
increases the frequencies of homologous recombination
and of some types of illegitimate events associated with
small deletions correcting insertion mutations (Raatetl.,
1994b). The latter events were shown to depend on Ku-
mediated end joining (Liangt al., 1996), a repair pathway
requiring no homology and which was long considered to
be the more efficient healing process in mammalian cells
(Roth and Wilson, 1988). More recently, a loss-of-function
assay was designed which allowed analysis of a wide
spectrum of events taking place between direct repeats
when a DSB is introduced in one repeated sequence.
Again, it was found that both illegitimate and homologous
recombination are stimulated (Sargental, 1997).

We designed an experimental system allowing us to
analyse the different chromosomal consequences of non-
_ _ conservative DSB repair events, and to compare their
Fig. 5. Two-colour FISH of MTX + TX-resistant clones. relative frequencies. A clone of Chinese hamster fibroblasts

(A and B) Cells of clones from control transfectiond.) (Green signal, . - . . .
marker 1-6; red signalDHFR. Left: red arrows point to the two in which a plasmid containing the_I-Scel site between the

normal DHFR copies. Right: only the green signal is visualized, the gptgene and its promoter was integrated on the p arm of
white arrow shows the amplified chromosome 2p deleted for marker ~ a chromosome 2, close to and telomeric to DidFR

II-6. (B) Green S'g?a'ré“arkﬁr P red S'Q”QHFfF:hThe red amows  gene, was retained for study. In this clone, designated
point to the normal and to the first extra copy of helFR gene, - - : -
separated by a large distance. Two-colour hybridization of co-amplified 112, mteg_ratlc_)n was accompanied by the fo_rmatlon O.f a
sequences discloses the palindromic organization of the initial repeat. Short duplication of vector sequences, organized as direct

(C) Cells of clones recovered after transfection with p I-Scel at T5. repeats flanking a 6 kb long single copy region containing

Green signal, marker |1-4; red sign@HFR. Left: the red arrows the I-Scel target. We selected gmiolonies in order to
point to the normal and first extra copy of tB#HFR gene, lying close study the mechanisms operating when a break Occurring
to each other. Right: only the green signal is visualized, the white . . . . .
arrow shows the amplified chromosome 2p deleted for marker 11-4. in a single copy region flanked by such repeats is repaired

imprecisely. We have shown that a sequence of constant
size, including thegpt gene, was deleted in 14 out of 15
independent gptclones recovered after transfection by a

transfection with either plasmid or at T5 with the control Plasmid coding for I-Scel. The last clone presented the
plasmid, the structure of the amplified chromosome arm Same characteristics as the clones recovered in control
was similar to the one found previously in MTX-induced €Xxperiments, in which deletions were never observed.
DHFR-amplified mutants (Coquellet al., 1997). In par- Further studies of the deleted region showed that in all
ticular, we observed a deletion of the telomeric marker 14 clones, one copy of the direct repeats was retained
11-6 from the amplified chromosome arm (Figure 5A) and, While the second one and all the intervening sequence
as a consequence of the localization of the fragile site, awere lost. At the chromosomal level, the events were not
large initial inverted duplication in which marker I-4 was accompanied by cytologically detectable rearrangements.
co-amplified (Figure 5B). Strikingly, in eight out of nine  The fact that the very same structure was formed repeatedly
clones recovered after transfection by pl-Scel at T5, the indicates that the repair pathway responsible for healing
organization of the extra copies of tBHHFR genes along  is homology driven. The whole set of observations suggests
the chromosome 2p arm was notably different from that that the non-conservative repair mechanism known as the
observed in all the clones obtained in control experiments. single-strand annealing pathway (SSA) (léhal., 1984)

The results are illustrated in Figure 5C: in most cells of (Figure 6B) was triggered at high frequency in our
these clones, the first extra copy of tB#FR gene is experimental system. It is supposed to result from exo-
located close to the normal copy of the gene, while marker nuclease degradation of one strand on each side of the
[I-4 is deleted from the amplified chromosome arm. Thus, break, or from unwinding, until complementary sequences
the initiating break occurred repeatedly between marker of the repeats are exposed and anneal. This mechanism has
lI-4 and the DHFR gene, a result indicating that the been detected frequently in yeast between chromosomal
intrachromosomal amplification process was triggered in repeats and in vertebrate cells between extrachromosomal
these cases by an I-Scel-induced DSB. transfected or injected sequences (Haber, 1992). Our
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Fig. 6. Different outcomes of DSB. See text for a detailed description of the mechani&)nBFB cycles. The chromosome fragment telomeric to

the break is usually lost. The highly rearranged chromosomes resulting from a single cycle are represented: the telomeric part of the broken
chromosome is deleted in one daughter cell (left), and an intrachromosomal inverted duplication is formed in the other daughter cd)) E§H). (
mechanism. Short direct repeats are represented by the horizontal arrows and the intervening sequence by the black line. One repeat and the whole
intervening sequence are deleted without cytologically detectable chromosomal rearrang€inéftte present in the cell, extrachromosomal DNA
molecules are preferentially integrated within the break.
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results strongly suggest that SSA also constitutes a majorsomal pathway: the chromatid BFB cycles (McClintock,
homology-mediated healing mechanism of chromosomal 1951) (Figure 6A), operating in cells in which two sister
DSBs in the Chinese hamster line studied here: ~1% of chromatids have fused. It was suggested initially that BFB
the cells became gpfafter transfection by the plasmid cycles can be initiated by random breakage of chromatids,
encoding I-Scel while, as juged from control transfections illegitimate recombination events or telomere fusion
run in parallel, only 10—-20% of the cells were transfected (Smithet al, 1992a; Maet al, 1993; Toledcet al,, 1993;
in the experimental conditions we used. Thus, SSA Pouponret al, 1996). More recent work demonstrated that
accounts for some 10% of the repair events if a break most BFB cycles are actually triggered by site-specific
occurs in every transfected cell, or more if a break occurs events induced at fragile sites by some clastogenic drugs
in <100% of the transfected cells. (Coquelleet al, 1997). Here we show that a complete

In vivo, this mechanism would be dependent on breaks sequence of events leading BEHFR gene amplification
occurring at random or within hot spots, and on the through BFB cycles can be initiated by an I-Scel-induced
presence of naturally occurring direct repeats flanking the DSB telomeric to this gene. This indicates that amplific-
breaks. In mammalian cells, repeated sequences represerdtion from fragile sites does not reflect any peculiarity
as much as 20-30% of the chromosomal DNA. In rodent other than their high probability of double-strand breakage.
genomes, for example, the B1 and B2 elements belongingMoreover, in this model system, as in the case of fragile
to the SINEs family of repeats are each present-ir0° site activation by drugs, the efficiency of induction of
copies per genome. The L1 members of the LINE family amplification is low, and amplified mutants have to be
are also repeated ~3Gimes. Each of these repeated selected for among the TX-resistant mutants.
elements is expected to arise every 30 kb on average Deletion of tumour suppressor genes and oncogene
(Deininger, 1989; Hutchisoat al, 1989) and could offer ~ amplification have long been recognized to play a key
a molecular substrate for SSA-driven intrachromatid repair. role in tumour progression (Brison, 1993; Stark, 1993).
A limitation for such homologous events could be due The whole set of results presented here shows that, when
to the fact that individual sequences diverge from the imperfectly repaired, a DSB can trigger both an interstitial
consensus. However, it has been shown that in yeast cellsdeletion and a large terminal deletion coupled to a gene
B2 elements efficiently drive site-specific integration of amplification cycle. We previously have demonstrated that
plasmids into a yeast artificial chromosome containing dicentric and ring chromosomes are secondary products
mouse DNA (Colleawet al., 1993). The operation of the  of BFB cycles (Toledcet al, 1993). This further points
SSA pathway in human cells is suggested by the resultsto DSBs having a key role in the triggering of various
of several studies which have shown that interstitial types of rearrangements observed frequently in tumour
deletions involving repeated elements such as Alul cells. Moreover, hot spots of breakage could contribute to
sequences are frequent in human tumours (Swichl,, targeted viral genome integration vivo. Thus, DSBs
1990; Tadokoreet al., 1992; Nehlst al, 1995; Nystrom- appear to contribute in a major way to oncogenesis,
Lahti et al,, 1995; Mauillonet al,, 1996) and that recurrent  through multiple pathways.
deletions of tumour suppressor genes can be correlated
with conveniently localized fragile sites (Roth and Wilson, ]
1988; Jonewt ai, 1995; Ohtaet al, 1996; Sozziet al, ~ Materials and methods
1996; Wilkeet al, 1996). Cell lines and growth conditions

The unselected integration of pl-Scel has been observedrhe wild-type GMA32 cell line, its HGPRTderivative and normal
in two out of 11 clones analysed. Strikingly, one of culture medium have been described previously (Debatisak, 1977).
these events occurred within the 12 EooRI fragment TLri‘”ieCtri]?]“ IeXPe”me“_trS] were Pf;ftgfcfgf?eléii;%iepnogggtimi’t‘ﬁemsfeagliif;t
_contalnl_ng the tranSgen_e' The structure created by _’[hls\(/viltr:a aeSCh t?;egﬁz)r,lt.uzogtinely? 10-20% of the cells we)r/e tran;‘ggted
integration was not studied further. However, a classical in these conditions. The selection and counterselection of gptls
homologous integration event occurring between extra- were performed respectively in medium supplemented with 0.05 mM
chromosomal and intrachromosomal vector sequencesMPA (Sigma) plus 1 mM X (Sigma) (Mulligan and Berg, 1981), and
would require an extensive degradation of the intervening With 0.6 mM TX (Sigma) (Besnarét al, 1987). G418 (Gibco BRL)

- . was used at 2 mg/ml to select faeoresistant clones. Two or 5 days
sequence around the chromosomal break, ,'ndu,dmg theafter transfection with pBceé, the cells were plated to select for mutants
neogene. The fact that theeogene was retained in the  with amplified DHFR genes; cells were plated in 9 or 18 ng/ml MTX
genome of this clone rules out this hypothesis. As observed(Sigma). The independent colonies obtained in MTX were expanded to
by others (Ells and Bensiein, 1989 Berinstminal, 10 e e T o o e e e o v
1992;_R0ue‘3t al, 1994b)’ th_e transfected DNA could have_ described (Toledet al, 1992) and uséd for F‘?SH studies. P Y
been integrated by a one-sided homologous recombination
event. It is also possible that a homology-independent pjasmid constructions
mechanism preferentially drives the extrachromosomal Plasmid pci was constructed in two steps: (i) tiedlll-Scd fragment
DNA molecules to DSBs (Figure 6C). This could account of plasmid pMSG (Pharmacia) containing tiecoli gptgene and the
for the recurrent integration of transfected DNA in cultured SV40 polyadenylation sequence was inserted in the bacterial vector

. . pAF100 (a generous gift of B.Dujon) restricted withindlll and Scd.
cells (RaSSOOEt al, 1991; Smithet al, 1992b) and of In this construction, thegpt gene is brought to 45 bp from the

viral genomes in tumours (PQpeSCU, 1994, Chnbcal.., I-Scel recognition site. (i) ThéanH! fragment containing the 1-Scel
1996; Wilkeet al, 1996) at loci previously characterized recognition site, thegpt gene and the SV40 polyadenylation sequence
as fragiles sites. were recovered and cloned at the uni@aerH| site of pPCB6 (a generous

. : gift of D.Russel); pci is one of the clones in which tBanHI fragment
We were able to analyse also the contribution of DSBs was inserted in the orientation allowingpt transcription from the CMV

to th_e_ ini;iation of gene amplification.. In some cases, promoter in mammalian cells.
amplification proceeds through an entirely intrachromo-  Plasmid pl-Scel was constructed by inserting a 734 BgrH|
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fragment containing the 1-Scel synthetic coding sequence (Colleaux Colleaux,L., D’Auriol,M., Betermier,M., Cottarel,G., JacquierA.,
et al, 1986) inBanH|-restricted pcDL-SR296 plasmid (Takebet al,, Galibert,F. and Dujon,B. (1986) A universal code equivalent of a
1988). A clone in which the I-Scel gene was inserted in the correct  yeast mitochondrial intron reading frame is expressedHistcherichia
orientation with respect to the very efficient SRa promoter was used for  coli as a specific double strand endonucle&l, 44, 521-533.

transient transfection experiments. Colleaux,L., D'Auriol,L., Galibert,F. and Dujon,B. (1988) Recognition
and cleavage site of the intron-encoded omega transpdaase Natl

In situ hybridization and Giemsa-trypsin banding Acad. Sci. USA85, 6022—-6026.

FISH was performed essentially as described (Pirdelal, 1988; Colleaux,L., Rougeulle,C., Avner,P. and Dujon,B. (1993) Rapid physical

Tkachuket al., 1990). Cosmids KP 454 and KZ 381 (a gift of J.Hamlin) mapping of YAC inserts by random integration of |-Scel sitdsm.

were used to probe thghfr locus. Cosmids II-4 and 1I-6 [isolated from Mol. Genet, 2, 265-271.

a Chinese hamster chromosome 2-specific library (M.Debatisse, B.Labidi Coquelle,A., Pipiras,E., Toledo,F., Buttin,G. and Debatisse,M. (1997)
and P.Metezeau, unpublished)] were used as markers of chromosome Expression of fragile sites triggers intrachromosomal mammalian
2p. The probes were biotinylated by nick translation (BioNick Labeling gene amplification and sets boundaries to early amplicOerd, 89,
System kit; Gibco-BRL) or labelled with digoxigenin by using the DIG 215-225.

DNA labelling kit (Boehringer). The labelled probes were purified by Debatisse,M. and Buttin,G. (1977) The control of cell proliferation by
filtration through Quick Spin Columns (Sephadex G-50; Boehringer). preformed purines: a genetic study. |. Isolation and preliminary
Slides, treated with RNase and proteinase K, were hybridized with  characterization of Chinese hamster lines with single or multiple
different combinations of the four cosmids as previously described defectsin purine ‘salvage’ pathway®omatic Cell Genet3, 497-511.
(Toledo et al,, 1992, 1993). For hybridization with the pci probe, the Deininger,P.L. (1989) SINESs: short interspersed repeated DNA elements

hybridization mixture [1Qul per slide containing 50 ng of labelled plasmid in higher eucaryotes. In Berg,D.E. and Howe,M.M. (eddpbile
and 100 ng of Chinese hamster competitor DNA, 50% formamide, 1%  DNA. American Society for Microbiology, Washington, DC, pp.
Tween-20 (Pierce), 10% dextran sulfate (Pharmacia)>nSSC] was 619-636.

heated for 10 min at 70°C and immediately applied to slides. For two- Dujon,B. (1989) Group | introns as mobile genetic elements: facts and

colour FISH experiments with both cosmid and pci probes, incubation = mechanistic speculations—a revie@ene 82, 91-114.

was performed for 8 h with the pci probe alone as just described, then Ellis,J. and Bernstein,A. (1989) Gene targeting with retroviral vectors:

the cosmid probe treated as previously described (Toktdal., 1992, recombination by gene conversion into regions of nonhomolilgy.

1993) was added and incubation was continued for a further 16 h.  Cell. Biol., 9, 1621-1627.

Biotinylated probes were developed with alternating layers of fluor- Fairhead,C. and Dujon,B. (1993) Consequences of unique double-

esceinated avidin (Vector Labs) and biotin-conjugated goat anti-avidin ~ stranded breaks in yeast chromosomes: death or homozytrsiis.

antibody (Vector Labs); digoxigenin-labelled probes were revealed by  Gen. Genet.240, 170-178.

successive treatments with mouse anti-digoxigenin (Sigma), rhodamine- Haber,J.E. (1992) Exploring the pathways of homologous recombination.

conjugated rabbit anti-mouse (Sigma) and rhodamine-conjugated goat Curr. Opin. Cell Biol, 4, 401-412.

anti-rabbit antibodies (Sigma) as previously described (Toletal, Hutchison,C.A.lll, Hardies,S.C., Loeb,D.D., Shehee,W.R. and

1992). Chromosomes were stained with 0.1 mg/ml of DAPI in phosphate-  Edgell,M.H. (1989) LINEs and related retroposons: long interspersed

buffered saline (PBS) and mounted in Vectashield (Biosys S.A.). Slides repeated sequences in the eucaryotic genome. In Berg,D.E. and

were observed with an Axiophot (Zeiss) equipped with a precision pass- Howe,M.M. (eds) Mobile DNA American Society for Microbiology,

band filter, the Zeiss filter combinations 487709 and 487715 and a  Washington, DC, pp. 593-617.

double band-pass filter (Omega opticals) or the Zeiss filter combinations Jones,Cet al (1995) Association of a chromosome deletion syndrome

487701, 487709 and 487715. Image processing was achieved using with a fragile site within the proto-oncogene CBLRature 376,

Photoshop. 145-149.

Giemsa-trypsin banding was performed by incubating the slides for Liang,F., Romanienko,P.J., Weaver,D.T., Jeggo,P.A. and Jasin,M. (1996)
12 s in trypsin 0.8 mg/ml in X PBS at 37°C. The slides were then Chromosomal double-strand break repair in Ku80-deficient deits:.
rinsed quickly in X PBS, stained for 7 min in 3% Giemsa, pH 6.8 and Natl Acad. Sci. USA93, 8929-8933.
washed in water. Lin,F.L., Sperle,K. and Sternberg,N. (1984) Model for homologous

recombination during transfer of DNA into mouse L cells: role
for DNA ends in the recombination proceddlol. Cell. Biol, 4,
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